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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, In,O3; and SnO, 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, In,03 and SnO, 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 NWSs. 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 SnO, NWs. A transient THz transmission spectroscopy based on the

pump-probe technique has been developed for measuring the complex response 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.




Nepidnyn

Avvopikn Twv @opéwv Kat 16iotnteg Metadopdg o Hulaywyitkd Navovipato

Aqpuntpa I'ewpyiov Todkkov, [Havemoto Kompov, vtofailetor oto TAAIGIO EKTAPOONG

OTTOLTIGE®V Y10l TV amOKTNOT AO0KTOPIKOD TITAOV

Ta Npuoyoywd vovoviuato Topéyovy eEQPETIKEG TPOOTTIKES Y10 LEALOVTIKY TOVG
EPOPUOYN OE ONTONAEKTPOVIKEC GLOKEVEG Kot owoOntnpeg oepimv, kvpiog AOY® TV
NAEKTPOVIKOV KOl OTTTIKMOV TOLG WO10THT®V. [0 va yivel @ikt 1 EUmopELUATOTOINGT TETOIWV
GLOKEVMV, TPOTOPYIKN aVAYKN €lval 1 evoeheyng HEAETN TV OELEMMOI®Y TOVG 1O10TNTMV,
GUUTEPIAOUPOVOUEVOD TNG OTOOIEYEPONG TOV QOPEMY KOl TOV WIOTATOV UETAPOPAS TOV
vavovnpuatwv. H otk @oaouatooKontio Le T ¥PNOoT VIEPTOYEDY TOAUDY EVOL 1] LOVOOIKT
TEXVIKN OV TPOGPEPEL TN OLVATOTNTO PEAETNG TNG AAANAETIOpaoNG HETAED aKTvOPBoATaG Ko
VANG pe ypovikn dlakprtiky kavotnto femtoseconds kobiotdviag v 1oyvpd epyoreio yo
TNV KaTovonon Tov dadtkactdv arnodiéyepons ota GaN, In,03 kot SNO; vavovipata.

H obOvBeon tov GaN, In,03 kot SnO; vavovnudtov €xel Yivel ypnoLLOTOIOVTIOS TNV
TEYVIKN YMUKNG eVOTOOEONC OTUAOV GE ATHOCPALPIKY TIECT, HECH TOL UNYAVIGHOV OEPLOG-
vypNc-otepeds @dong. H Peitiotomoinon TV YOPOKTNPIOTIKOV TOV  MHOYOYIKOV
VOVOVIULATOV €XEL TPUYLOTOTOMNOEL e TN XPNON TOV TEXVIKOV NAEKTPOVIKNG UKPOCKOTIOG
chpwong, mepiblaong axtivov X Kot pacpotockomniog petddoons. H pelé kot katovonon
NG OLVOUIKNG TOV POPEMV OTO LITO UEAETN VOVOVIAHOTO £YEL TPOYHOTOTOmOel HEo® ™G
pueBodov TG YPOoVIKNG €EEMENG ™G amoppOENONG UETAPAAAOVTOG SLAPOPES TEIPOLATIKEG
TAPOUETPOVG, TNV VTAoT TNG OEoUNG JEYEPONG KOl TO UNKOG KOUOTOG €lte NG OEGUNG
déyepong, eite g déoung aviyvevone. H cuoyétion 1ov TEpapaTiKdv amoTeEAEGUATOV Kot 1
TPOCAPLOYT BE®PNTIKOV HOVIEA®V OTO TEPAUATIKA dEGOUEVO 0dNYNoAY GTNV €VPEST TOV
UNYXOVICU®V Kol TOV ¥pOVEOV OTodEYEPONS TOV QOPEMV. ATO TO TEPANATIKE dedouEval
QOVEPMVETAL 1] TOPOVGIO Kol 0 POAOG TOV EVEPYELNKDV KATAOTAGEMV AOY® ateieldv. Emiong,
Ol HETPNOELS TNG YPOVIKNG €EEMENG TG amoppdPNONG GLVAPTNGEL TNG EVTOONG NG OEGUNG

OLEYEPONG PAVEPMVOLV TNV TOPOLCi. TOV @ovopévov AUger ce ovTtég TIG VOVOOOUEC.




[Tepartépm, YPNOYOTOUDVTOG TO TEPOUOTIKA OTOTEAEGLOTO TOL £YOLV TPOKVYEL, £YOLV
oynuotiotel Ta gvepystakd swaypdupata tov GaN, In;03 kot SNO; vavovipotov.

["a Tov TPocdopIG O TOV WOTATOV HETAPOPAS 6Ta SNO2 VOVOVILOTA, 1) TEPALOTIKT
owitagn g  teyvikng oeoacpotookomicg THz petdooong é£xel  Koataockevoaotel Kot
evbuypoppotel. Méow avtig ™G TEYVIKNG £YOLV TPAYUATOTOMOEL TEPALATO YPOVIKNG
eEEMENC TV QOPEMY, EVD M KOTAYPOON TNG KLHATOROPENS Tov THZ mAextpucov mediov
£0GE TN OLVOTOTNTA TNG UEAETNG TOV OTTIKMV 1O10THTMV Kot WI0THTOV HETAPOPES 6ta SNO,
vavovipata. Avéilvon g ayoyudtrog, oAAd kKot TG eotoaymyiudmrag ota SnO;
vovoviuate. €yve €QIKTH péocw tov poviédov Drude-Smith kot @avepdvouv Tov ympikod

TEPLOPIGUO TV POPEDV GTO VAVOVILOLTAL.
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Chapter 1

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, In,O3; and SnO, 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?".' 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.? 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.® 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.* 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.*®
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.” 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 catalysis® and sensing.’

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.’® 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,** V-shaped,** T-shaped,'® core-shell and axially
modulated heterostructure NWSs.* In the last ten years, a variety of inorganic elemental and
compound NWSs have been synthesized and their growth conditions have been extensively
investigated. Such systems include Si,**> germanium (Ge),*® zinc oxide (Zn0),*" indium oxide
(In203),"® tin oxide (Sn0,),* gallium oxide (Ga,03),* aluminum nitride (AIN),?* gallium
nitride (GaN),?* indium nitride (InN),? tin nitride (SnxN,),** indium arsenide (InAs)® and
gallium arsenide (GaAs).”> In fact, there are only a few systems that have not been
synthesized in the NW form. Even in the case of magnesium nitride (MgsN,) 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 MgsN, NWs inside carbon nanotubes.?®

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 NWSs 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.%” Whiskers have the same shape as NWs, but have
larger diameters between 200 nm to few pum. In this process, a vapor phase reactant silicon
iodide (Sil,) 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 NWSs.?** 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.*® 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,” where no catalyst is needed and the self-
catalysis mechanism,* 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.>**3* 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,** Ge,* zinc selenide (ZnSe),*
nitrides, as GaN* and AIN,*” and oxides,***° including ZnO, In,03, Ga,03 and SN0, NWs.

N/
@ - L g |

Figure 1.1. The different steps of the VLS mechanism are shown. In Step I, metal nanoparticles are
deposited onto the substrate. In Step Il, alloying occurs at elevated temperatures, as the source
materials are absorbed by the nanoparticles. In Step I, supersaturation of the alloy droplets takes
place and NWs start to grow at the edge of the nanoparticles. Finally in Step 1V, 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 Il). 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 I11). 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 1V). The NW diameter is mainly determined by the size
of the metal nanoparticles*® and therefore smaller nanoparticles result in thinner NWs, while

their length depends on the growth rate and time.**
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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 (I1) and growth of Si NWs (111) starts.*?

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.”* 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.**
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 a liquid Au:Si droplet (Step I). As the concentration of Si into the alloying droplet
increases (Step 1), supersaturation occurs and solid Si NWs can grow (Step 1l1) 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,” 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, In,O3
and SnO, semiconducting NWs using ultrafast spectroscopy.

The interesting properties of the GaN are well known. Group IlI-nitride compound
semiconductors, especially GaN, InN and AIN, 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.”®*® Most notably, the ability to tune the bandgap of GaN,
which is a wide band gap semiconductor (Eq = 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 LEDs and lasers.”™> > GaN is also promising for the
fabrication of UV photodetectors due to its wide direct band gap.>* In addition, GaN has been
used in high temperature power electronic devices,™ such as field effect transistors.”®>’
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.

In,O5 and SnO, are considered important n-type wide band gap semiconductors. In,O3
has an energy band gap between Eg = 3.5-3.75 eV at room temperature, while SnO, 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 them 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.”® ®® 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."®® 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, SnO; and In,O3 NWs are of interest to the sensing communities, since they
have demonstrated greater room temperature sensitivity and selectivity than their commercial
thin film counterparts. In,O3 NWs are suitable for detection of toxic gases such as NO,, NO,
and NH3.6”"% On the other hand, SnO, NWSs have been proposed for the detection of CO, NO
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and C,HsOH.”® " Up to now SnO, NW-based nanodevices such as field effect transistors,”
field emission devices,”* ultraviolet sensors™ and gas sensors’®’® have been successfully
fabricated in the laboratories. In view of these, there has been growing interest in the synthesis
of In,O3 and SnO, 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, In,O; and SnO, NWs. The synthesis conditions of In;03,
SnO, 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 methods 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 SnO, NWs provided the mean
of developing transient terahertz (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 SnO, 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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Chapter 1: Introduction

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 methods 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 In,O3 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 influence 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 SnO, NWs are
discussed. The results for carrier dynamics of SnO, NWs obtained from the time resolved
absorption spectroscopy and time resolved THz transmission spectroscopy experiments are
presented and explained. The optical constants for the SnO, NWs from time domain THz
experiments are derived. Finally, time domain and time resolved THz transmission
spectroscopy methods are used to calculate the intrinsic conductivity and photoconductivity
spectrums of SnO, 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 1960"° and has enable
the observation of nonlinear optical effects.® 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.** 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 = &,y E, where & is the vacuum permittivity and y 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 3x3 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,

P :g{zlif)lzj +D) QB E, + > ri0E,EE +] 1.2
i

ik ikl

where 7 is the first order susceptibility responsible for linear effects and y® are the i"
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 (E,(t)=E,e'",
E, (t) = E,,e"*") that propagate at the same direction, have the same polarization and different

frequencies w1 and w», 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.

|E1|2 eZia)lt +|E2|2e2ia)2t n 2E1E2ei(wl+a)2)t
PP (@, @, t)= 7P| +EE e + E[E,e(* ) (1.2)
+2E,E, +2E,E,

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
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the initial frequencies (w, =@, +®,), an effect known as sum frequency mixing. In the next

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

(w; =, —w,), 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 Ak 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 (uU(@)=c/n(w)). 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 I (= #/4Kk). 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 = 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 w
interacts with a weak beam at frequency w; in a nonlinear medium. As @, > ®, and phase
matching condition is fulfilled, photons with frequency @, =@, — @, 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.®* 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.®*® Nowadays, ultrashort pulses with time duration below 10 fs are
routinely achieved.®® 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) = E,e'™") and a pulse can be consider, as seen in the Fig. 1.3

(@). 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
(@). 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) = Eoeimot—Ft2 (1.3)

where wy is the central frequency of the pulse. 7" is the shape factor, which is related to the

pulse duration t,=~2In2C .
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(a) (I) Continuum wave (Il) Gaussian pulse

(b) (1) Continuum wave

Figure 1.3. (a) Time evolution of the electric field of (I) a monochromatic plane wave and (Il) 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 (1) 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.
1 % . 1 7 .
T ot T ot 1.4
E(t) mLE(w)e da), E(w) \/E:[OE(t)e dt (1.9)

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(w) = E,0(@w— @,) ), whereas another Gaussian function is derived

_ _ 2
for a Gaussian ultrashort pulse (E(w) =E, em(%j} 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 44 ~ 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.

AE-At>1/2 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.
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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.®” The gain medium
must have a broad bandwidth to allow a large number of longitudinal modes (~ 10* — 10°
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
Av = ¢/ 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 phase-
locked, 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-*® or a saturable absorber -
passive mode locking.*

Nowadays, generation of ultrashort pulses in a cavity oscillator is accomplished via
Kerr-lens mode-locking technique (or self-mode locking technique),®® 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 that is a third order nonlinear effect, becomes apparent and is responsible for changes in
the material refractive index, which becomes linearly dependent on the light intensity. For
third order nonlinear effects to be observed, a centrosymmetric crystal should be chosen, so

that second order susceptibility to be zero, since usually ¥ >> »®. 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 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 titanium-
doped aluminum oxide (Ti:Sapphire — Ti**:Al,O3) crystal, because it exhibits an optical gain
bandwidth over an exceptionally broad wavelength ranging from 650 nm to 1100 nm.** 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

91

band between 400-600 nm and a maximum at ~ 500 nm.”~ 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
fr—H
|
Output )
Coupler Ti:ALO, Highly
~800 nm Reflective
~MHz P, Mirror
~nJ/pulse P, I
N Grating Pair : Eag nm
~mJ/pulse
Grating Pair !
Q-Switched ngle
Solid State
Laser o
N4 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 ~10%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 pump-
probe technique seems to be the best choice.”” All experimental setups used in this work for

time resolved absorption or THz spectroscopy experiments are based on this technique, which
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is schematically presented in Fig. 1.6. In this technique, a small part of the ultrashort pulses is

used for detection purposes.
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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 the carriers, while the probe beam

reaches the sample with a time delay 4t 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 At
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 At 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 At < 0, the probe beam reaches the sample before the
pump beam and no changes are detected. For At > 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
method utilized in the investigation of ultrafast carrier dynamics is time resolved absorption
spectroscopy. This method 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.®** 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 Train of phase locked white
pulses at 800 nm light continuum pulses

1111 1112

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.”® For femtosecond pulses, white light can be
easily created by strongly focusing a few uJ 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.”” 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.”® These techniques
have attracted a lot of attention due to the variety of information that can be obtained for
many different species 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.

Measuring the photoconductivity in semiconducting NWs, is a challenging problem
because of the inherent difficulty of attaching electrodes to nanometer sized objects, which is
a difficulty that must be overcome when performing measurements with conventional
techniques. On the other hand, THz spectroscopy is a non-conduct techniques ideally suited
for probing the photoconductivity and charge transport properties in nanomaterials. In this
work our main objective was the development of THz spectroscopy technique for the
determination of transport properties in NW systems.

THz radiation covers frequencies, ranging between 0.3-10 THz (4 = 30 um-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 materials™*®

and difference frequency mixing in non-
centrosymmetric crystals.’”*'%? 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 non-
resonant 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

method results in the generation of shorter pulses.
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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 v, and v, 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
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, y® =90 pm/V .'% Furthermore, it

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

E, =2.4 eV "* 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

195 \which is a

frequency is confined by the transverse-optical phonon resonance at 5.3 THz,
limited factor expected to constrain the bandwidth of the pulses below 4 THz. Also, ZnTe
crystal shows excellent phase matching properties.'® In the case of THz radiation and optical
pulses at 800 nm, perfect phase matching occurs at frequencies near ~ 2 THz.!® The

coherence length is in the millimeter scale and remains high for frequencies below 3 THz.
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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.

(a) ZnTe detector A4 Wollaston Balanced
crystal waveplate prism detector
Probe
pulse /7 /7
THz s-polarized component
pulse
- -—- —-—— -— ———@-——— — - ——————— -
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(b)
Without
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e - =

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.

To detect THz radiation pulses free space electro-optic sampling, a coherent detection
technique is used.’®"1% 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
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
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nm along with the high non-linearity, indicates that it is also a suitable material for the
detection of THz pulses.

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,%°

d
A=< (n, —n)d = ==nr,Er, (L6)

27w C
where o the probe frequency (@ = 7 2 =800 nm), n = 3.22 the refractive index of ZnTe

at 800 nm,'® d the crystal thickness, c the speed velocity in vacuum and the electro-optic

coefficient of ZnTe is r,, =4.04 pm/V 19 To determine the phase change, a quarter wave

plate that introduces a phase shift of n/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
(AV =V, —V,) 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 4V is given by equation 1.7,***
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AV =V,on’r, E,, zi(cosa sin2¢ + 2sina cos 2¢) (1.7)
c

where Vj is the voltage detected by each of the detectors when they are illuminated with the
probe beam and no THz field is applied, « the angle between the THz polarization and the

crystal axis and ¢ 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,

AV (1) o @ N°Eq, (1) 1, d

vV, 2c (18)

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 pulse 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.**#*** 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.
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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.

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.

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.***
These photogenerated carriers will undergo several stages of energy relaxation and spatial
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.
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Non-radiative recombination

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

after photoexcitation.*

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.”™® 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 1-V) included in the hot-carrier and isothermal regimes,

are shown in Fig. 1.10.

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,
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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.
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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.

b) Non-Thermal Regime

Following the coherent regime, carriers will acquire excess energy resulting in a non-
thermal 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% s, as
seen in Fig. 1.9 (b). The thermalization time depends on carrier concentration and the lattice

temperature.
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Figure 1.10. Different relaxation mechanisms are shown, (l) intraband relaxation, (Il) interband
transition, (I11) excitonic recombination, (IV) band-to-band recombination and (V) donor-acceptor

recombination.

(c) Hot-Carrier Regime

The processes that take place in non-thermal regime result 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 1). In
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addition, intervallley scattering can be observed in this time scale denoted as Mechanism 11 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 non-
radiative processes and finally carriers return back to equilibrium. Excitonic recombination
(Mechanism 1) or band to band recombination (Mechanism IV) occur in the nanosecond
regime for direct band gap semiconductors. In indirect band gap materials, carriers recombine
via non-radiative processes in a time that reaches values in the microsecond (us) 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 non-
radiative 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.*®

Auger recombination involves three free carriers where an electron leaves an energy state and

38 |



Chapter 1: Introduction

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, .n*, where Cayger is the Auger

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.

39 |



Chapter 2: Experimental Methods

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, In,O3 and SnO, 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 complex
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 In,O3, SnO, 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 Afomate. It is consists of a 25 mm quartz tube
heated by resistive coils capable of reaching 1100 °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.
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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 (N>), 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 a 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 (O;), ammonia (NH3) and a mixture of nitrogen/hydrogen
(N2/5% H,). The products are deposited onto the substrate in solid phase, while gaseous by-
products 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
flows 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 um. 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 In,O3; nanocrystals on silicon substrate synthesized via APCVD.

Typical SEM images of In,O3 nanocrystals on Si substrate synthesized via APCVD at
900 °C under continuum flow of O, 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 In,O; 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 ~ 500 nm and density 1 NCs/um? while larger

octahedrons are almost 2 um and density 0.01 NCs/um?.

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 10-80° at a rate of angle step between 0.01-0.02°.
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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(1). When light normally
incidents on a thick sample transmission signal T(1) is related to absorption coefficient a(1)

via a simple relation as described by equation 2.1,""’

T(2) =(1-R(1)*exp(-a(2) d) (2.1)

where R(1) is the reflectance signal and d the thickness of the material. Furthermore, near the
high absorption region (a > 10* cm™), 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) oc (hv—E,)" (2.2)

A plot of o' with respect to Av and extrapolation to a straight line at o' = 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 NWSs 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 pump-
probe 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:YVO, 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 10° 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 provides 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.®*® 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 um 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 is 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 ~10° 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 centered 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 UV-
pump 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 that of the excitation beam via nonlinear optical effects. For the
investigation of wide band gap semiconductors, UV pulses are needed to excite the carriers
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 (3-BaB,0,) crystal
in combination with a third harmonic BBO crystal are used to convert the initial 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 pJ/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

90° 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 the 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/cm?™® The intensity of the optical beam was measured in front of the ZnTe
crystal and found to be equal to 250 uJ/pulse. Therefore, this energy corresponds to fluence
that incident onto the sample equals to ~ 2 mJ/cm?, which is below the damage threshold of
the crystal. Behind the nonlinear crystal a high density polyethylene is positioned to block any
residual fundamental light transmitted through the ZnTe crystal that may damage the optical
elements in the setup.

Alignment of the 90° 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 90° 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 90° 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 90° 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.’*® 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 90° 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

um 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 90° off-axis parabolic mirror, until it 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 um 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 At 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.
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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 4t = 0 ps and the probe beam that reaches the sample with a
time delay 4t 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.

59 |



Chapter 3: Analysis of Ultrafast Spectroscopy Measurements

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 4A(t) is related to transmission change AT(t) and reflectance change 4R(t) signals at

different delay times between the pulses as described by the equation 3.1,

AA(D) _ (AT(D) +AR()
A A

(3.0)

where AA(t) is the absorption change induced by the pump beam at time delay At =t and 4o 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 4t = 0 ps is also included, along with the probe beam that incidents onto the
sample at a delay time At. Absorption change induced on the probe beam is measured at
different delay times At before and after photoexcitation of the sample. The time delay At
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

120 shown with a

energy states by photo-generated carriers in what is known as state filling,
green line in Fig. 3.1. A simplified 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 4t = 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
follow the energy relaxation of the photogenerated carriers as they move toward equilibrium.

(a) At=0 ps (b) At>0 ps (c) At>>0ps
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Figure 3.2. Schematic diagram of carrier evolution in a semiconducting material, to explain state
filling effects. (a) At 4t = 0 ps, the pump beam excites a number of electrons into the conduction band
and at the same time the probe pulse incidents onto the sample and tries to excite more carriers from
the valence band states. (b) At 4t > 0 ps, a number of carriers leave the conduction states and thus
there are more available states for carriers to be excited by the probe beam. (c) At times At >> 0 ps,
only a small number of carriers still exists in conduction band states and evidently a larger number of

carriers can be excited by the probe beam.

At times At < 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 Wj; of an electron to leave its

initial state i, as it absorbs a photon with energy E; (= E; - E;) and be excited to a final state f.
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2w
Wi :7MEP(Eﬁ) (3.2)

It is observed that the transition rate Wi depends on the strength of the coupling

between the initial and final states, which is described by the matrix element of interaction Mj

[Mif :J'\P:V ‘I’id3rJ. Furthermore, the transition rate is dependent on the density of the

available states p(Es) for the transition to occur. Following excitation of carriers, the available
states for transitions to occur are reduced, due to the occupation of the conduction band states
and consequently the absorption of incident light is smaller.

At times At > 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 4t > 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 beam will undergo larger absorption and the final signal
will appear to be less negative. For times 4t >> 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.’** 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 At > 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 4t >> 0 ps, only few carriers remain into the detected states and the

absorption change becomes almost zero (Fig. 3.3 (c)).

(a) At=0ps (b) At>0 ps (c) At>>0ps
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Figure 3.3. Schematic diagram of carrier evolution in a semiconducting material, which explains free
carrier absorption effects. (a) At 4t = 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 At > 0 ps, a number of carriers leave the detected states and therefore
fewer carriers are further excited by the probe beam. (c) At times At >> 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 further 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 of the overall absorption change 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 where many body effects are negligible, the absorption
change signal corresponds to the carrier density occupying the probed states. 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 1
=-n - (33

dt g,
Therefore, the carrier density evolution n(t) and consequently absorption change is described
by exponential decay, n(t) = N,e'*. When fitting the experimental results to an exponential
equation, carrier lifetime t; 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_: en(t)=3 ¢ e (34)
i=1

where m is the total number of relaxation processes occurring in the sample until it returns
back to equilibrium state and t; is the relaxation time for i mechanism. In the case where the

normalized absorption change signal is used, ¢; is a weight number, which its square
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represents the percentage of carriers that leave the state through i mechanism and should
satisfy the following equation 3.5.

>l =1 35

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 accessed 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. This type of experiments
may reveal the presence of many body effects, which are strongly dependent on the photo-

excited electron density, such as band gap renormalization'?? 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 E(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 E,(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 E,.(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 crystal®® and phase mismatching between the THz and probe

beams.?
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Figure 3.5. Typical THz electric waveform E(t) measured in the presence of nitrogen. In the inset of
the figure, the normalized frequency domain THz spectrum E,(Vv) is shown. It is seen that only the
main absorption peak of water is still evident (1.70 THz), while the absorption peak at 2.20 THz 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(w), discrete Fourier transform has to be

applied to the time domain data. This is defined as follows,

E,(0) = Y E, (e ™" (36)

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 E,(w, ¢), including the amplitude
En(w) and the phase gn(@) (En(w,p) = Ex(w)e”™). 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.'® 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 travels 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 1.70 THz 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.*® 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 to 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 4x 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: v; = 1/24t,
where At = 24x/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
vs Will be shifted at frequencies below v; . Using a step of 4x =5 um, 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 Av of the THz signal is determined by the total
length of the time domain measurement. The following equation quantifies the spectral
resolution, Ay =1/ Nat, where N is the total number of data points and At (= 24x/c) the time
step. For the rest of measurements, the experiments were carried out with a step of Ax = 2 um,

that corresponds to a time step of 13.3 fs.
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Figure 3.6. Reference THz electric waveform E,(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 At,

(Ax = ¢ At/2n), the thickness of the crystal can be estimated. In Fig. 3.6, the two signals have

a time difference of At = 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 Egm(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
padded to zero. This is acceptable because no significant contribution of the main part of the
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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 1.70 THz are still evident. However, the water absorption peaks are almost

eliminated when the nitrogen runs into the system for 40 min. In addition, for these
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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(w) and the absorption coefficient a(w) 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 Er(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 to obtain the spectral amplitude E(w) and phase component ¢(w) 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(w). According to equation 3.7, the ratio of complex

spectra gives the transmission function of the sample T(w).
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In the case of bulk materials, it is straightforward to calculate the frequency-dependent

complex refractive index N(w) (N(w)=n(w)+ik(w)), and subsequently absorption

coefficient (a(w) = i—” k(w) ). The transmitted reference electric field Eef(w) -empty sample
0

holder- and the electric field after the propagation into the sample Esan(w) are determined by

equations (3.8a) and (3.8b) respectively,

iwd
ref (0)) € o EO (383.)
iond
Esam(a)) = taur samtsam—alre y Z{ sam-air exp(ZICOd ﬁ/C)}k EO (38b)

. 2n m —n;
where d the sample thickness, tjj (: — ] and rij [: — Jare the Fresnel transmission
n, n+nm.

and reflection functions between i and j mediums, respectively.*?” Then, the transmission

function for an air/film system is derived, according to equation 3.9.

4 iond) & iond\]" 20
o gien( %) S ) "

The equation 3.9 consists three terms and is valid for plane parallel samples. The first

3I 3I

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 in
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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.

(P (@) — @rer (@) 1 (3.10a)
B w d |

a(w) :_Eh‘{ Eam(®) L+ n)Z] (3.10b)
d Eref (60) 4n

n(w)

One can then derive the complex dielectric constant and conductivity. The frequency
dependence of the complex dielectric constant e(w) (= e1(w) +e2(w)) is equal to the square of

the complex refractive index (07, = &y, )- Also, the dielectric constant is related to the

complex conductivity as shown in equation 3.11,

io(w)

ew)y=¢_+

(3.12)

we,

where & _ is the high frequency dielectric constant and ¢y 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, 2%

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 propagates through the air/substrate
Eretf(w). The refractive index of the substrate n, and its thickness d, are known. Then, the THz
electric field through air/NWs/ substrate Esam(w) is measured. In this process an assumption is
used, that the NWs form a thin film on the substrate with thickness d;. Further, it is taken into

account that the THz pulse incidents onto the sample at a normal incidence.

.........
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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 nyw = n + ik, where n is the real
refractive index of NWs and k the extinction coefficient. The transmitted reference electric
field Eref(w) and sample electric field Esam(w) are determined by equations 3.12a and 3.12b,

respectively.

io(md;+n,d,)

B (@)=t te ¢ E, (3.12a)
" Gy ly) & 2iadngy /cqk (3.12h)
Eam(@) = tiywtywatas €°° Z{erervvle R, '
k=0

Fabry-Perot term, due to multiple reflections of the THz field at 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 and no signal of the main THz pulse is expected at these times. On

2 A k
the other hand, Fabry-Perot term (= Z{rNWZrNW:LeZdelnNW/C} J has to be considered in the
k=0

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, nwd/c << 1,

the transmission function T(w) is calculated, as described by equation 3.13.

— Esam(a)) _ Es (a))¢s ((0) _ Iml 2
= (@ E@b@ crny ™ D (313)

Using that the frequency dependence of complex dielectric constant e&(w)
(¢(®) = &,(w) + &,(w)) is equal to the square of the complex refractive index (n%,, = &y, ). the

real and imaginary parts of the dielectric constant are given by the following equations 3.14a

and 3.14b, respectively.
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(@) =~ S, )sin(g, —¢) +1 (3.14a)
(@) =—C %(1+n2)(cos(¢s—¢r)+1) (3.14b)

Then, the refractive index n(w) and extinction coefficient k(w) are found as described

in equations 3.15a and 3.15b, respectively.

n(o) = —15 (1(@) + (&) (@) + &7 (@) )" (3.15a)
1
_ _ 2 2 1/2\1/2 (3_]_5b)
k(o) —ﬁ( & (@) + (& (o) + &, (0))™7)

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.**® 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 (01 :la%j is
+wT

expected to show a maximum at w=0 that decreases monotonically for larger frequencies,

whereas the imaginary part (62 = %) is positive and shows a maximum at w = 7.

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

h,"®! to explain localization of carriers in

model usually used was proposed by Smit
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,

(3.16)

ol
po-[1) L)

n!

where 7 is the average time between successive collisions. The current density j(t) is given by

equation 3.17.

i(t) = j(0)exp (—t/z‘){1+ icn(EJn / n!} (3.17)
T

n=0

Since the complex conductivity o(w) is the Fourier transform of the current density

(a(a)) = _[ j(t)e““dt], conductivity yields to obey the relation 3.18,

0
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o, = C,
o(w) = — {LL”Z_;‘—(l—ia)r)”} (3.18)

where ¢, 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 a
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 c; increases a suppression of
real part of conductivity is observed. For ¢, > - 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
backscattering of carriers after a collision, which prohibits the long range carrier transport.
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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 photoexcite 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.™ The ratio between the measured difference THz electric field
AE in the presence and absence of pump beam and the THz electric field through the
unexcited sample E is defined as,

E: fs(E; — ES) (3 19)
E fE,+Q-f)E '

air
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where E is the THz electric field after transmission through the photoexcited (non-

s"(s)
excited) sample/substrate and E_, is the THz electric field taken in air. By rearranging the

equation shown above, it can be written in the form 3.20.

E_S:A_E(l+—(1_ fS)&J_Fl (320)
E. E . E

S

It is revealed that one has to calculate the ratioE; /E,. The term E,, /E, 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/fNWs/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,

iwd I _id,n, / - 2icdyn, / ook
ES :tair—NW thfsts—aire ' el 2 CEOZ:{rNW—erW—aire ek C} (3213.)
k=0
. o My /i, o= N 2ty 1ok
Es = tair—NW* tNW*—stS—ai"e € = Z{er*_s Mow—air® ¥ (3.21b)

k=0

where (*) presents the photoexcited state, di) is the thickness of NW layer (substrate), ni) is
the refractive index of the NWSs (substrate), respectively. The last term presents the Fabry-
Perot 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,

e (D - () D € ) 3.22)

Es nl( (nz + n;)(n; +l) - (n;c _ nz)(n; _1) e2icu nyd, /c \J
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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 (nwdi/c << 1). Thus, the exponential can be written in

iwdin /c

the form e ~1+iwd;n, /c. Then, the ratio E_ / E can take the simple form described by

equation 3.23.
E. 1+n,—(n?+n)iad,/c

— = = - (3.23)
Es  1+n,—(n +n,)ied, /c

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,

* 2
o=ws|i(e, +n,)+ CE (1—%}(1+ nz)—i% (3.24)
wd s

E E
' ES ES
where ¢ is the permittivity of free space and &_ 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 NWSs growth have been with carbon
nanotubes or porous alumina membrane acting as a template, thus spatially confining the NW
growth.**!¥n 1997, Han et al. have synthesized GaN NWs using carbon nanotubes through
a gas reaction of Ga,O with flowing ammonia (NHs) at 1173 °C. 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,
metalorganic CVD,"** molecular beam epitaxy,™ but also via the arc discharge method,**
pyrolysis™’ and pulsed laser ablation.**®

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.*° In this
process, a mixture of Ga, SiO; and Fe,O3 was used as a source material. At high temperature,
(T = 950 °C), Ga reacts with SiO; to form Ga,O 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), 2%

although
Ga,05 film**? and mixtures of Ga/GaN powder'*® have also been reported. A common issue

when using these precursors is that the synthesis of GaN NWs is achieved at temperatures

84 |



Chapter 4: Carrier Dynamics in GaN Nanowires

higher than 900 °C. This is attributed to the reduced vapor pressure of Ga at lower
temperatures.** 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.'*
This compound starts to vaporize at a temperature between 130-185 °C 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 (CaF,), to
synthesize GaN NWs at 650 °C on a Ni-coated Si substrate.'*®> CaF, is an inert salt with a high
melting point (1360 °C) and therefore does not chemically react with NHs. 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 metal Ga is dispersed to CaF;, 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.?? Transition metals such as Fe,” indium
(In),?* cobalt (Co)? and especially nickel (Ni)*** *** 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.*** 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 °C on an Au-coated Si substrate.*® After
that, several groups have used this metal for the growth of GaN Nws. 474

There is a drawback when using transition metals as catalysts for GaN NWs.
Transition metals have a low defect formation energy that result 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.* 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 NWSs, 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.

Name Gas flow Temperature Duration

(sccm) (°C) (min)

1 System Purging 500 Ar 25 10

2 Rise of Temperature 100 Ar 25 > 950 61

3 Growth Process 75 Ar, 950 60
25NH;3

4 System Cooling 75 Ar 950 > 25 60
25NH;3

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 (Al,O3) and
quartz (SiO,) via APCVD through direct nitridation of metal Ga with NHs. Initially, a thin
film of Au with thickness of ~ 0.5 nm was deposited on Si (111) or Al,O3 via sputtering at a
slow rate 5 A/ s using an Ar ion plasma under a pressure 10*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% H,, 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 °C/min, under a steady flow of 100 sccm of Ny:5%H,.
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%H,. 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%H, for 1h. Upon removal from the reactor the Si or Al,O3 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 NH; 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
H, to the gas flow, during the temperature ramp and growth step, is crucial to prevent the
oxidation of Ga from residual O, 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 N into the Au.**® 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 H;, 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 GaH,, which has low formation energy and is a gas at the growth
temperature.™ 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.

WD: 1.6764 mm
View field: 4.80 ym

Digital Microscopy Imaging &

Figure 4.1. SEM image of the GaN NWs on Au/Al,Ozsubstrate.

Typical SEM images of the high density GaN NWs grown on 0.5 nm Au/Al,O3 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.

SEM MAG: 3.50 kx VEGAW TESCAN

Figure 4.2. SEM image of the GaN NWs on Au/Al,O3 substrate.

Fig. 4.3 shows the XRD pattern of the GaN NWSs 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 ¢ = 0.518 nm.**
No diffraction peaks of other phases or other materials, such as Ga,O3 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.'>**°
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.?******" From
room temperature PL. measurements reported by Chen et al. for Fe-catalyzed GaN NWs, band
edge emission as well as yellow emission were 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.'*®

While the dynamic carrier behaviour has been extensively investigated for bulk
GaN,"* " 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.®>*® 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 the 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 Eq = 3.4 eV (4 = 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 I'-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
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located at energies within the band gap. These two optical setups for white light continuum
generation utilized to optically investigate the GaN NWs, are described in detail in Chapter 3.
In all measurements, time evolution 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/cm?. 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 (E4 = 9.1 eV)

and its high crystallinity.
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Figure 4.4. Nondegenerate, time resolved, transient absorption measurements of the GaN NWSs 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 (Epnoton = 3.54 €V), as seen in Fig. 4.6. Measurements were performed

for pump fluences between 110-975 pJ/cm?.
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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 p/cm?,

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.*®*

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/cm?) 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.
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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..™>* 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..*® In this study, non-
degenerate 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).'®

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.™

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 w/cm? 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)=N,exp(-t/t)+ N,exp(-t/t,)) 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.™® 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 (Epnoton = 3.1 €V). 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 pJ/cm?.
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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 €V), 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 these experiments range
between 1 and 21 pd/cm? These measurements were repeated at Mprobe = 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 pd/cm® 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 pJ/cm?, a change in the temporal behavior of
the induced absorption is observed. It appears that carrier relaxation becomes faster at 21
wl/em?, 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

(AE = 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 is
essential for the growth of GaN NWs. Further, the characteristics of these NWs were
examined via SEM methods. GaN NWs have a diameter of ~ 100 nm and diameter up to few
microns. Additionally, their wurtzite structure was determined via XRD methods.

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
APCVD 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 the three distinct regions of states namely, shallow donor, midgap and
deep acceptor states, 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 pl/cm?
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 free-

carrier 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 In,O; Nanowires

The study of carrier dynamics in In,O3 NWs is the main focus in this chapter. The
chapter begins with an overview of the synthesis of In,O3 NWSs. The optimum experimental
conditions for the synthesis of the In,O3 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 In,O; 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 non-
equilibrium 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 long-
lived periodic oscillations were evident due to the generation and propagation of coherent
longitudinal acoustic phonons in these 1,03 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 In,O3; NWs that also includes the relaxation mechanisms

detected in our experiments, is presented.
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5.1 Synthesis of In,0; Nanowires

In what follows, a short overview of synthesis methods approached by many groups
for the growth of In,O3 NWs is given. The synthesis method and the optimum conditions of
In,O3 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 In,03; Nanowires

Similarly, as for GaN NWs a lot of effort has been given in the past decade for
determining the synthesis conditions of In,O3 NWs. In,O3 NWs have been synthesized by a
variety of methods. Many studies can be found in the literature that report different
experimental conditions for In,O3 NWs growth via CVD. They have also been synthesized by
other methods such as laser ablation'®” and electrodeposition.'®®

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
In,O3 powder at temperatures above > 980 °C to synthesize In,0; NWs.'***"® A different
approach has been reported by Cai et al. where they utilized In spheres and water. At 850 °C a
gas reaction between the evaporated source material and vapor water occurs and 1n,O3 NWs
grow via vapor-solid process.

Metal In has also been used as a source material. In,O3 NWSs have been synthesized by
direct oxidation of In at high temperatures (1200-1300 °C) using a continuum flow of a
mixture of O, and Ar.}?!® 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.

109 |



Chapter 5: Carrier Dynamics in In,03; Nanowires

The metal that had been used mostly as a catalyst for the synthesis of In,0O3 NWs via
VLS mechanism is Au. Liang et al. were the first to report the synthesis of In,03 NWs by
heating an InP substrate coated with a thin Au layer at 1080 °C under Ar/O, atmosphere.*”
Few years later from Liang’s study, Kar et al. have reported the synthesis of In,0;3 NWs by
thermal evaporation of In metal when using continuum O, flow at 1000 °C.*" Similar process
has been also used by Yan et al., although O, flow was introduced into the system only before
the entire experiment process.'’® Alternately, a different method has been followed by Wang’s
group that has grown In,O; 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 °C for 20 min in Ar atmosphere and then the temperature elevated at 400 °C
for 10 min. In,O3 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

d.'”” Another way to achieve growth of In,03 NWs

that contain an amount of oxygen were use
via VLS mechanism is through direct hydrogen reduction of In,O3, as suggested by Zhang et
al.. They have synthesized In,03 NWs at 700-750 °C, while Ag nanoparticles were used as a

catalyst.*’81"

5.1.2 Optimum Growth Conditions

Following a careful analysis of previous reports by other groups on synthesis of In,O3
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 In,O3 NWs using APCVD
are discussed in detail. The different steps of the recipe for the In,O3 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. In,O3 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™* 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 O, 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, In,O3 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.

Name Gas flow Temperature Duration
(scecm) (°c) (min)
1 System Purge (a) 50 0, 25 10
(b) 500 Ar 25 10
2 Rise of Temperature 100 Ar 25->700 22
3 Growth Process 100 Ar 700 90
4 System Cooling 100 Ar 700->23 60

Table 5.1. Growth parameters of In,O3 NWs using APCVD technique.

No NWs were obtained on plain Si (111), suggesting that the In,O3; NWs grow via the
VLS mechanism as has been also reported by other groups.*”>*"**® Although Au-In alloy
starts to occur at temperatures above 450 °C, no deposition occurred for temperatures lower
than Tg = 700 °C 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 O, 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 In,O3 NWs were obtained for T < 900 °C under a flow of O, 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 O, and leads to the formation of a large density of
octahedral In,Os; nanocrystals with an average diameter of 500 nm.'®' Consequently,
oxidation of In under a flow of O, during growth does not lead to the formation of In,O3; NWs
and so it is essential that the O, level is maintained low which is consistent with the use of 5%
H, in the growth of In,O3 NWs by Yan et al..}"®

5.1.3 Characterization of In,0; Nanowires

Typical SEM images of the In,O3 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 In,O3 NWs is clearly
apparent and the NWSs 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 NWs on 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 In,O3 NWs. Similar observations have been
observed by other groups in the case of In,0;3 NWSs."**"" 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 1n,03 NWs.*#?
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VEGAW TESCAN

Figure 5.1. SEM images of the In,03; 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 In,03 NWs grown at Tg = 700 °C on
silicon are characterized by intense reflection peaks corresponding to the (2 1 1), (2 2 2),
(411),(400),(440),and (6 2 2) crystallographic planes of In,O3 having the cubic bixbyite
structure, also called C type rare earth oxide structure with a lattice constant a =10.11 A.*"®
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Figure 5.2. X-ray diffraction pattern of the In,O; NWs grown on quartz. The peaks shown are
attributed to crystallographic planes of 1n,0; NWSs, 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
In,O3 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 In,O3; 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 In,O; NWSs on quartz. The inset shows the absorption

coefficient of In,O3 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 In,Oz NWs, which is found to be equal to Eg = 3.5 eV (4 = 354 nm).
This result is in good agreement with the literature reported values.®® 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 the NWSs used in this study in comparison with the

exciton Bohr radius, which is equal to 2.4 nm in the case of In,05.*%*
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Figure 5.4. Square of absorption coefficient vs the photon energy, which provides an estimation for
the bandgap of the In,O3 NWs.

5.2 Carrier Dynamics in In,0; Nanowires for Above Band Gap Excitation

Previous investigations of photoluminescence in nonintentionally doped In,O3; NWs
have revealed peaks with energies below the band gap, which are associated with oxygen
defect states, such as vacancies and antisites."’%*"**">'% 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 In,O3 NWs and other
important physical properties. To study carrier dynamics in the In,O3 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 (1 = 350
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nm), are necessary to generate carriers into the conduction band of In,O3 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 €V) 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 pJ/cm?. In the investigated spectrum region,
no contribution of the quartz substrate is expected, due to its large band gap (Ey = 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 measured 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.
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Figure 5.5. Non-degenerate, time-resolved, transient absorption measurements of the In,Os; NWs

using ultrafast excitation pulses at 320 nm and probing pulses in the range of 340-980 nm.

Above band gap excitation (4 = 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 edge and are associated with oxygen defects in the In,O3 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.!”#17317>18 |n addition, indium interstitials, as detected in the case of In,Os
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octahedrons, may also be a contributing factor to the presence of energy states within the band
185

gap.

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
In,O3 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 In,O3 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 further discussed 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 three
regions at the same 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 In,0; 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 few tens of 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 1n,03 NWs, 1%
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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 stress'®
and heat-induced thermal stress.*® The linearity of oscillation period is indicative that
coherent longitudinal acoustic phonons are the origin of the oscillating response. This

1.1 and recently extended by Wu et al..*® In

behaviour was firstly explained by Thomsen et a
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 a

distortion of the lattice equilibrium. By weakening the interatomic bonds, the lattice constant
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increases and induces 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.
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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 In,O;3 NWSs. 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),

A

oo 2nv, cos @ (5.2)

where 2 is the probing wavelength, n is the refraction index, which is equal to n = 1.98 at 500

nm in the case of In,03,'*

Vs IS the sound velocity in the material, and 6 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 10° 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 In,O3
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 pJ/cm? 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. Time resolved transient normalized absorption measurements of the In,0; NWSs 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 (4 = 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 pd/cm® 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

(AA() = Ajexp(—t/t,)) is observed with a time constant of t; = 1.5 ns.
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Figure 5.10. Time resolved transient normalized absorption measurements of the In,0; 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 (1 = 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,
(AA(t) = a, exp(-t/t) +a,exp(-t/t,)), where a; represents the percentage of carriers which
participates in each mechanism. A fast relaxation time of 15 ps (a; = 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 (a; =
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.

125 |



Chapter 5: Carrier Dynamics in In,03; Nanowires

1.0 - — 600 pJ/icm’
o) — 280 pJ/cm?
2 —— 160 pJicm’
2 0.8+ — 72 pJicm?
O
[
e}
= 0.6 -
(@]
()]
0
< 04
o
()
N
4y}
€ 0.2
o
Z
0.0 1

i I y I R I i I i I
0 50 100 150 200 250 300
Time Delay (ps)

Figure 5.11. Time resolved transient normalized absorption measurements of the In,O; NWSs 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, a, = 60%) attributed to non-

radiative recombination.
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a t: az t;

(ps) (ps)

Conduction band states 1 1500
Band-tail states 0.2 15 0.8 1500
Midgap states 0.4 26 0.6 300

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 non-
degenerate measurements using pump wavelength at 400 nm (Ephoton = 3.1 €V) 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 V).

5.2.4 Band diagram of In, O; Nanowires

To clarify carrier dynamics obtained from time resolved absorption spectroscopy
experiments, a diagram of the band structure of In,O3 NWSs 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 In,O3 NWs is 3.5 eV.

Under UV ultrashort excitation at 320 nm (Epnoton = 3.87 €V), 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 In,O3 from the edge of the conduction band.
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Figure 5.12. A schematic band diagram of In,O; 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, In,0O3 NWs are grown via APCVD and thermal evaporation of In at
700 °C in Ar atmosphere. In this process, it was found that introduction of a small amount of
O, 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 In,0;3 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 In,O3 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 pd/cm?) 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 In,O3 NWs to be
Vs = (4.1 + 0.5) x 10° cm/s.
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Chapter 6

Carrier Dynamics and Transport Properties in SnO,

Nanowires

In this Chapter, the experimental results for SnO, NWs are presented. Initially, a brief
overview on the work that has been carried in the past on the SnO, NWSs synthesis is given.
Then, the optimum growth conditions of these SnO, NWs via APCVD, as well as low
pressure CVD are described. The characterization of SnO, NWSs has been done using SEM,
XRD, steady state absorption spectroscopy and PL spectroscopy measurements.

The main focus in this Chapter is ultrafast characterization of SnO, 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 SnO, NWs is presented. Furthermore, TDTS has been used to
derive the complex optical constants and intrinsic conductivity spectrums in SnO, 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 SnO, NWs are extracted.
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6.1 Synthesis of SnO, Nanowires

In this section, a brief overview for the growth of SnO, NWs is given. Then, the
optimum conditions of the SnO, NWs synthesis via APCVD and low pressure CVD
techniques are discussed. In addition, the characteristics of SnO, NWSs determined via SEM,
XRD, steady state transmission and PL measurements are presented and discussed. For TRTS
measurements, a smaller fraction of SnO, 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 SnO, Nanowires

1-D SnO; nanostructures, and especially NWs, have been synthesized by a variety of
techniques, including CVD,"*™ laser ablation of pure tin in an oxidizing Ar/O;
atmosphere,” oxidation of electrodeposited Sn wires'® and solvothermal synthesis.**® High
quality SnO, NWs have been obtained using electrodeposition, where NWs have grown in
porous alumina membrane in an oxidizing atmosphere.?®® A drawback of this process is that it
involves long growth times.

Different methods have been reported on the synthesis of SnO, NWs via CVD
technique. Several studies report the growth of SnO, NWs via carbothermal reduction of
Sn0O, powder.*¥? 1% 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 °C) at low pressure (107
Torr)'*® or thermal evaporation of Sn at 900 °C at atmospheric pressure.#*%

In most cases, the synthesis of SnO, 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 SnO, NWs by Li et al. via direct evaporation of SnO nanoparticles at
1550 °C.**
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6.1.2 Optimum Growth Conditions

In our case, SnO, 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 um 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 °C using a ramp rate of
30 °C/min under 100 sccm Ar flow. During the growth process, the temperature of the reactor
and Ar flow were maintained at 800 °C and 100 sccm, respectively for 60 min. For these
NWSs, no oxygen had to be introduced into the system during the growth process, as has been
observed in the case of In,O3 NWs. In the last step of the experiment, the sample was cooled
down under a 100 sccm Ar for 45 min, while the sample was removed from the reactor after

cooling down to room temperature.

Name Gas flow Temperature Duration
(scecm) (°C) (min)
1 System Purge 500 Ar 25 10
2 Rise of Temperature 100 Ar 25->800 26
3 Growth Process 100 Ar 800 60
4 System Cooling 100 Ar 800->25 45

Table 6.1. Growth parameters of SnO, NWs using APCVD technique.

SnO, NWs were also observed at temperatures as low as 700 °C, but at a lower yield.
Optimum temperature to obtain high yield of SnO, NWs and a uniform coverage of the

substrate is 800 °C. Our observations are in agreement with the optimum conditions reported

196 197
l. l.

by Johnson et al.” and Mazeina et al.”" that have synthesized SnO, NWs without any use of

oxygen during the growth process at 900 °C. 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 SnO, NWs growth, in agreement with other reports with similar experimental

conditions.'*®*¥’
Name Gas flow Temperature Duration

(scecm) (°c) (min)

1 System Purge 500 Ar 25 10

2 Rise of Temperature 100 Ar 25>800 26

3 Growth Process 600 Ar 800 60
10 0,

4 System Cooling 100 Ar 800~>25 45

Table 6.2. Growth parameters of SnO, NWs grown using LPCVD technique.

SnO, 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"® mbar. SnO, NWs were grown on 1 nm Au/Si (001) via thermal oxidation of Sn powder
at 800 °C under a flow of 600 sccm Ar:10 sccm O, for 1 hr. The growth conditions are
summarized in Table 6.2. These growth conditions are similar to that used by Yang et al..'*
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 SnO, 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 SnO, NWs have diameters of 50-100 nm and lengths up to micrometer scale.
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Figure 6.1. Typical SEM images of SnO, NWs; (a), (b) SEM images of APCVD-grown SnO, NWs on
Si substrate; and (¢) SEM image of LPCVD-grown SnO, NWSs on Si substrate.

Furthermore, the diameter of the SnO, 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 SnO, NWs have
lengths up to few micrometers (< 5 um).

A SEM image of the SnO, NWs grown via LPCVD is shown in the Fig. 6.1 (c). The
main difference observed between the SnO, NWSs synthesized via LPCVD is their longer
length exceeding the 10 pum. Similar results have been obtained for SnO, NWs grown on

quartz substrate.

135 |



Chapter 6: Carrier Dynamics and Transport Properties in SnO, Nanowires

800
700 -

600 -

(110)
(101)

500 -

Al

400 1

211)

300

Intensity (cps)

200 1

100

20 30 40 5 60 70 80
20/6 (deg)

Figure 6.2. XRD spectrum of the SnO, NWs grown at 800 °C on 0.5 nm Au/quartz. The peaks shown
are attributed to crystallographic planes of SnO, 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 SnO, NWs grown at the optimum temperature i.e. Tg = 800°C
on quartz are characterized by the (110),(101),(211),(220),(310),(301),(321)
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 SnO,, with lattice constants of a = 4.734 A and ¢ = 3.185 A ?*

In Fig. 6.3 the absorption coefficient spectrum of SnO, 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 In,O3
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 SnO, NWs. In this case, by extrapolating the
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linear region of square of absorption coefficient («°) versus photon energy plots to a” = 0, the

band gap of the direct semiconductor SnO, NWs is found to be 3.77 eV.
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Figure 6.3. Steady state transmission measurements carried out on SnO, NWSs 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 SnO, NWs in the region between 1.8 - 3.7 eV. These states are usually
attributed to defects generated into the SnO, NWs during the growth process. The first band is
located just below the band gap of the SnO, 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-

2.5 eV, is attributed to the surface plasmon resonance of Au nanoparticles.

137 |



Chapter 6: Carrier Dynamics and Transport Properties in SnO, Nanowires

600

500

u.)
N w B
o o o
o o o
1 1 1

PL spectrum (a.

-

o

o
1

o
1

I D T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 6.4 PL spectrum of as-grown SnO, 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 SnO, 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 SnO, NWs on Si substrate is shown in the Fig. 6.4.
A Dbroad 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 197204203206 £rom these studies, no band edge emission UV

luminescence has been observed for SnO, NWs.
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6.1.4 Nanowire Transfer

Following SnO, NWs synthesis, part of the NWSs had to be transferred onto a different
substrate for the fabrication of lower density SnO, 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.

s Pa S
M HV: 30.00 kV WD: mm )
fiew field: 59.55 ym  Det: SE Detector 20 pm VEGAW TESCAN

- - - -
WD: 9.3736 mm
lew field: 8.08 um Det: SE Detector VEGAW\ TESCAN

Figure 6.5. SEM images of (a) as-grown SnO, 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 SnO, NWs.
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The process of transferring the NWs is as follows: initially, the as-grown SnO, 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 SnO, 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 SnO, NWs onto a different
substrate is shown in the Fig 6.5 (c). The only difference observed between as-grown and
transferred SnO, NWs is that few NWSs 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 SnO, NWs (black line), (b) transferred SnO, NWs using IPA
as a solvent (red line) and (c) previous sample after heated at 100 °C 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 SnO, NWSs onto a different substrate, PL measurements were taken at room
temperature. PL measurements performed on as-grown SnO, NWs (black line) and
transferred SnO, NWs when IPA is used as a solvent (red line) when using excitation at 266
nm, are seen in the Fig. 6.6. In both cases, SnO, 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 SnO, NWs, a broad band between 400-800 nm is seen. In addition
with the peak related to the SnO, NWs, an extra broad peak is evident in the PL spectrum of
the transferred SnO, NWSs, 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 SnO, 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 °C) to evaporate the solvent prior to
further investigation. Therefore, the transferred SnO, NWs were heated at 120 °C 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 SnO, Nanowires

Until now, the optical properties of SnO, 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 SnO, NWSs 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 In,O;3 NWs, a schematic
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representation of a band diagram of the SnO, NWs based on our experimental results is

proposed.

6.2.1 Carrier Dynamics in SnO, 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 SnO, 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
(3.2).

6.2.1.1 Probing Wavelength Dependent Measurements

The experimental results of differential absorption in SnO, NWSs using excitation
pulses at 310 nm (Epnoton = 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 pJ/cm?.

Excitation of SnO, 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.
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Figure 6.7. Non-degenerate, time-resolved, transient absorption measurements of the SnO, 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 SnO,
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 (4 = 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 wavelengths 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 SnO, NWSs. 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 SnO, NWs, similar to the results obtained for In,O3
NWs.

6.2.1.2 Pump-Fluence Dependent Measurements for Conduction Band and

Shallow Donor States

To further investigate the relaxation dynamics in the SnO, 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 degenerate transient
normalized differential absorption for excitation fluences covering a range between 50 to 500
nJ/cm? and time delays up to 500 ps.
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Figure 6.8. Time resolved transient normalized absorption measurements of the SnO, NWSs on quartz
substrate using ultrafast both pumping and probing pulses at 310 nm for different pump fluences
between 50-500 pJ/cm?. 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 a 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 is 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 SnO, NWs.
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Given that Auger recombination is considered negligible at the lowest pump fluence
(= 50 pJ/cm?) 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 t; = 2.4 ps (18%), which we believe is attributed to
carriers moving out from the conduction band states into shallow donor states. The two slower
relaxation components obtained from the fit were t, = 68 ps (22%) and t; = 2.3 ns (60%).
Taking into account that no luminescence is observed for SnO, NWs from the band edge near
3.77 eV and the fact that the lowest band to band transitions are symmetry forbidden,?’ the
slow relaxation time cannot be assigned to recombination of carriers from the conduction
band edge. Therefore, we believe that the slow relaxation time is associated with the time
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 (t, = 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 SnO, 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, a simple
model was used 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!
cm®/s.

Furthermore, pump fluence dependent non-degenerate measurements were performed
upon photoexcitation of SnO, 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 SnO, 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 pJ/cm? and for times up to 500 ps, are

shown in the Fig. 6.9.
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Figure 6.9. Time resolved transient normalized absorption measurements of the SnO, NWSs on quartz
substrate using ultrafast using excitation pulses at 310 nm and probing pulses at 350 nm for different
pump fluences between 50-500 pJ/cm?. 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 SnO, 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, carrier relaxation times
were derived. 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 relaxation time
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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 t, 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 SnO, 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 SnO, 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 SnO, 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 5x10™ cm™® and 5.6x10* cm™. 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 SnO, NWs for carrier densities
between 0.5-5.6 10™ carriers/cm?, 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.**®

N ON{) .,
o 7 N (t) (6.2)
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where N(t) corresponds to carrier density, 7 is the recombination time and y the Auger
coefficient of SnO,. This differential equation has an exact solution. The recombination time ¢
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 z = 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, steady state transmission 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 y in SnO, NWs, which is the fitting
parameter in this process, is determined to be equal to y = (7.2 + 2.0) x 10 cm®/s, which is
in agreement with values reported from the time resolved absorption measurements in SnO,
NWs.

6.2.3 Band Diagram of SnO, Nanowires

A schematic representation of a band diagram for the SnO, 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 SnO,
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, located below the conduction band.
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Figure 6.11. A schematic band diagram of SnO, 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 states 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 SnO, Nanowires in THz Region

TDTS measurements were performed to determine the optical properties and the
intrinsic conductivity of SnO, NWs in the THz region. In these measurements, transmission
of the THz electric field through the SnO, NWs and quartz substrate, and only through the
reference quartz substrate, were taken in order to estimate their optical properties and intrinsic

conductivity.

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 (4t = 3.38 ps)

can be used to make a rough estimation of the real refractive index of quartz. Knowing the
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At c
sample thickness and using the relation, n :1+T’ 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

quartz, the equations 3.10a and 3.10b were used.

150 . . . . . .
(@)

100 -

Phase (radians)

(a.u.

Amplitude

0.00 - T . T

0.0 0.3 0.6 0.9 1.2 1.5 1.8 21 2.4
Frequency (THz)

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 were obtained in the region between 0.25 and 2.1 THz and are shown in Figs. 6.14
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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(w) is very small in the THz region and takes values below 5 cm™ 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 elsewhere

for the quartz substrate.?®®
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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 SnO, Nanowires

in THz Region

In the following pages, the TDTS measurements that were performed for the
calculation of optical and transport properties for SnO, NWs on quartz substrate, are
presented and discussed. To obtain quantitative information from non-excited SnO, NWs, a
thick sample is necessary to cause detectable changes in the THz waveform. Therefore, the
growth process during the SnO, 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 um.
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Figure 6.15. Temporal profile of THz pulse electric field transmitted through SnO, 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 SnO, 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 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 SnO, NWSs 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 SnO, NWs. The Fourier transformed amplitude, as well as the phase of
SnO, NWs on quartz substrate (red line) and only that of 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 SnO, NWs were extracted using the analysis followed in the
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case of thin 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 SnO, NWs using an effective medium approximation to account the fact that the
THz pulse propagates not only through SnO, NWs, but through a mixture of SnO, NWs and
air. In this model, the sample is consisted by SnO, NWs that cover the substrate with a filling

factor fs, considering the approximation, &4 (@) = f.e4 (@) + (L— f,)&,, (@), where eeimy(w) is

the dielectric constant of composite (air). Using this model the contribution of the NWs on the
frequency dependent dielectric constant enw(w) is calculated. This method has been used
previously for carbon nanotubes®®® and InN nanorods.?® No differences in the refractive index

and absorption coefficient spectrums were obtained when this approach was utilized.
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Figure 6.17. (a) Refractive index and (b) absorption coefficient of SnO, NWs in the region between
0.25-1.6 THz.
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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 SnO; in the visible region, i.e. n ~ 2.2

On the other hand, the absorption coefficient is
monotonically increasing in the probed region from 110 cm™ at 0.25 THz up to 300 cm™ 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

SnO, 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,”*? InN nanorods®® and ZnO NWs™* 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 SnO, effective electron mass m” = 0.275 my,
where my is the bare electron mass (mo = 9.1093897 x 10" kg).*** 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 Némec et al. to calculate the conductivity spectrum in
the THz region.”* 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 c; 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 SnO, NWSs is determined to be
n=(3.3 + 0.4) x10" cm™, whereas the scattering time 7 equals (75 + 7) fs. Furthermore, the

persistence of velocity is determined to be ¢; = - 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 ¢; and scattering time correspond

to a macroscopic dc mobility of 4 = x4 (1+c)) = (72 + 10) cm?/Vs, where 1, is the respective

bulk mobility.
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6.4 Investigation of Transport Properties in Photoexcited SnO, Nanowires

To further improve our understanding on the transport properties of the carriers in
these SnO, NWs, measurements were performed after photoexcitation of the sample. These
measurements are further analyzed to extract the photoconductivity of the SnO, NWs.
Measurements were 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 SnO, NWs in its

equilibrium state, in the absence of any excitation.
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Figure 6.19. Reference THz signal (black lines) taken for the unexcited SnO, NWs/quartz substrate
and the differential THz electric field propagated through the photoexcited SnO, NWs/quartz
substrate, when using different pump energies in the region between 20.9-1.8 pJ/pulse corresponding

to carrier densities between (0.5-5.5) x 10* carriers/cm®.
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The temporal profile of the differential change of the THz transmitted electric field as
it propagates through the optically excited SnO, 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 uJ/pulse that corresponds
to carrier densities between (0.5 -5.5) x 10" carriersicm®. Measurements were carried out
with the probe beam delayed at toump-prone = 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 SnO, 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 SnO;
NWs has an opposite sign from the THz electric field of unexcited SnO, NWSs. 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 SnO, 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 the 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 f; 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

SnO; 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

case of SnO, is equal tog, =3.9.%°

2000 4 19 -3
. B 55x10 cm
c 19 -3
S B 3.0x10 cm
¢ 1600 - 19 -3
~ 2.3x10 cm
> 19 -3
= [ ] 1.3x101gcm
= -3
(:531200' u cm
O
c
o
@)

Y
o)
T
@©
o
©
()]
n'd
T T T u T T T T T T

S :
0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
Frequency (THz)

Figure 6.20. Real part of conductivity spectrum of SnO, NWs (dot lines) at different photogenerated
carrier densities between (0.5-5.5) x 10" carriers/cm?, at toump-proe = 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 SnO, 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 SnO, NWSs (dot lines) at different
photogenerated carrier densities between (0.5-5.5) x 10" carriers/cm®, at tyumpprone = 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

112 and

by the surface plasmon resonance model*® as has been proposed for GaAs NWs
nanoporous TiO,.?" 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

216

materials. As discussed by Pitarke et al. for the case of cylindrical structures,” the plasmon

frequency ws in NWs which is the characteristic frequency that zero frequency crossing point

in the imaginary part, is related to the bulk plasmon frequency by a)s:\/ia)p, where

2 1/2
W, =( Ne *] , Where N is the carrier density, and &, the high-frequency dielectric
&€, M

response of the NWs. This is valid when the THz electric field polarization is normal to the
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NW surface. As it can be observed the plasmon frequency is carrier density dependent. For
the SnO, NWs and carrier densities considered here, a careful estimate of the SnO, NWs
plasmon frequency indicate that it is out of the frequency range measured here (>14 THz,
when Ng = 0.5x10" carriers/cm®) 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 z and persistence of velocity c; for the different pump energies

utilized in this work.

No x 10" N x 10" T Cr
(carriers/cm?) (carriers/cm®) (fs)
55 45+0.2 70 + 4 -0.94 + 0.01
3.0 09+0.1 110+5 -0.93+0.01
2.3 05+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

Table 6.3. Parameters of carrier density N, scattering time z and persistence of velocity ¢, 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 tyumpproe = 5 PS after photoexcitation, most of the photogenerated
carriers in the SnO, 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 SnO, NWSs, 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 (= 4.5x10™ carriers/cm®) is close to the initial
absorbed carrier density (= 5.5x10" carriers/cm®). 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 fluence used. This behavior suggests a strong localization of carriers in the
SnO, NWs, since transport of carriers between different SnO, 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.?*®

As a consequence of the low
volume filling factor of the SnO, NWs on the substrate used here, few interconnections
between adjacent SnO, NWs exist. In addition, the SnO, NWs are placed onto the insulating
SiO, 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 SnO, 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 SnO, 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

SnO, NWs are grown via APCVD using thermal evaporation of Sn at 800 °C in Ar
atmosphere. In addition, SnO, NWs were obtained via direct oxidation of Sn at 800 °C using
APCVD. NWs with a diameter of 50-100 nm and length up to micrometer scale were
obtained. VLS mechanism is responsible for the SnO, NWs growth and Au is an appropriate
choice of a catalyst.

In conclusion, we have investigated the ultrafast dynamic behavior of SnO, 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 SnO, NWs. In addition, these absorption bands
appear to influence the relaxation of the photogenerated carriers in the NWSs. 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 pJ/cm?), however at fluence of 50 wJ/cm? Auger recombination appears to be
negligible. Transient absorption intensity measurements provided us with an estimate of the
Auger coefficient for the SnO, NWs to be approximately (7.5 + 2.5) x 10! cm®/s.

Further investigation of carrier dynamics in SnO, NWSs 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 Auger coefficient was determined to be
y = (7.2 £ 2.0) x 10" 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 SnO, NWs using the Drude-Smith model. We demonstrate that the intrinsic
conductivity and photo-conductivity is affected by carrier localization in the SnO, NWs,
which is a result of the diameter and low density of SnO, NWs on the substrate. From
photoconductivity measurements and carrier densities between (0.5-5.5) x 10™ cm™, 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 SnO,
NWs was determined to be (72 + 10) cm?/Vs.
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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 revolutionized 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, In,O; and SnO, 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, In,O3 and SnO,
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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 pulses 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 SnO, NWs, an experimental setup for time resolved THz
spectroscopy has been designed and constructed providing subpicosecond temporal
resolution. Recombination mechanisms, optical constants, intrinsic conductivity, as well as
photoconductivity have been investigated using this method. 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, In,03 and SnO, 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 °C 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 In,0;3 NWSs has been accomplished via thermal evaporation of In
powder at 700 °C in the absence of continuum flow of oxygen. However, a small amount of
oxygen had to be introduced into the system at the beginning of the experiment to obtain
In,O3 NWs with sufficient length. From the characterization of In,O; 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 3.5eV.

Finally, SnO, NWs have been grown via thermal evaporation of Sn powder at 800 °C
in Ar atmosphere. These NWs have a uniform diameter between 50-100 nm and length of few
microns. Moreover, SnO, NWs have also been synthesized via LPCVD at 800 °C under a
flow of 600 sccms Ar:10 sccm O, at 1x10° mbar. The different lengths between the APCVD-

170 |



Conclusions

grown SnO, NWs and LPCVD-grown SnO, NWs are the only difference obtained. LPCVD-
grown SnO, NWs have lengths larger than 10 microns. The energy band gap in SnO, 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 was 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/cm?). 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 pJ/cm?, or to deep acceptor states via a slower relaxation time of ~ 350 ps.

Similar measurements have been performed in the case of In,O3 NWSs. 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 In,O3 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 In,0; NWs was found to be equal to vs= (4.1 + 0.5) x 10° 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 In,O3 NWSs in comparison to GaN NWs. A schematic of a band diagram for
In,O3 NWs following carrier dynamic measurements has been proposed.

Carrier dynamics of SnO, 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 SnO, NWs was estimated using a simple
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model and fitting the experimental data. The coefficient is determined to be equal to
y = (7.5 + 2.5) x 10™*' cm®/s when time resolved absorption measurements were used whereas
y = (7.2 + 2.0) x 10°' cm®s from the TRTS measurements.

Furthermore, TDTS and TRTS were utilized to investigate the complex refractive
index, intrinsic conductivity and photoconductivity in SnO, NWSs. The refractive index of
SnO, 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™ to 350 cm™. Intrinsic conductivity, but also
photoconductivity spectrums of SnO, 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.™® 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 SnO, NWSs is determined to be
n = (3.3 + 0.4)x10% cm™, the scattering time 7 equals (75 + 7) fs and the persistence of
velocity ¢; = - 0.85 + 0.02, indicating suppression of long carrier transport in these NWs.
Also, the macroscopic dc mobility has been calculated to be equal x ~ (72 + 10) cm?/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 10 cm™ to 5.5 x 10" cm™. 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 time
constants change. For example, 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, In,O3 and SnO, NWs were investigated
using ultrafast characterization methods. 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 nanoparticles is responsible for the observed signal. This
behavior has been observred for In,O; NWs and SnO, 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 pJ/cm?. 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. 5.3. This effect induces an extra
reduction in the transmission signal, and subsequently an increment in the absorption
coefficient, as observed in the region between 520 and 600 nm. In time resolved absorption
change signal, 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 coefficient in steady state
transmission measurements and coincides with the minimum at the steady state transmission

spectrum of In,O3 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.”"® 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.?**

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 (4A= A-Ay)
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
interactions®®® and then lose their excess energy via electron-phonon interactions resulting in
an equilibrium of electrons and lattice temperature.””> 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.**
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 multi-
exponential 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 used (= 490 wJ/cm?), 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 In,O3
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.?*
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THz spectroscopy has been applied to investigate the photo-induced and intrinsic conductivity in
SnO, nanowires using the Drude-Smith model. The refractive index of the nanowires was found to
decrease from 2.4 to 2.1 with increasing THz frequency and the dc mobility of the non-excited
nanowires was determined to be 72 + 10 cm?/Vs. Measurements reveal that scattering times are
carrier density dependent, while a strong suppression of long transport is evident. Intensity-dependent
measurements provided an estimate of the Auger coefficient found to be y = (7.2 + 2.0) x 10" cm%s.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698097]

Tin oxide (SnO,) is considered an important n-type
wide-bandgap semiconductor which has 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
sensitivity to certain gasses which make it technologically
important for the fabrication of optoelectronic devices'™ and
sensors.* Furthermore, in recent years, the field of semicon-
ducting metal oxides has benefited a great deal from the
development of one-dimensional nanostructures such as
nanowires (NWs) and nanorods (NRs) due to their interest-
ing properties arising from their small size and high surface-
to-volume ratio.” In view of this there has been growing
interest in the synthesis of SnO, NWs, the study of their fun-
damental electronic and optoelectronic properties and finally
device applications.°® Time domain THz spectroscopy
(TDTS) and time resolved THz spectroscopy (TRTS) have
been recently used to provide insight into the physical prop-
erties of semiconductor nanostructured materials, such as
nanoparticles”'? and nanowires.'"'? A significant advantage
of these techniques is the ability to distinguish between free
or localized carriers, excitons, and surface plasmon resonan-
ces, since they have different signatures in the photoconduc-
tivity spectrum.'® Another advantage is that the transport
parameters such as mobility can be measured without the
need of fabricating contacts thereby providing rapid feed-
back for optimisation and the use of NWs for applications in
transistors and transparent conductive electrodes.'*!?

In this work, we have utilized TDTS to investigate the
optical properties and intrinsic conductivity of SnO, NWs in
the THz region. Furthermore, TRTS measurements were
used to probe the carrier dynamics and transport properties
on ps timescale. Time resolved measurements revealed that
Auger recombination is negligible for carrier densities
smaller than 5 x 10'® carriers/cm’. Furthermore, carrier den-
sity studies have determined a recombination time of 2.5ns
and an Auger coefficient of y=(7.2+2.0) x 10" cm®%s.
The conductivity measurements reveal localization of car-
riers and strong suppression of long transport. From the
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intrinsic conductivity data, we have estimated a mobility of
(72 * 10) cm?/Vs. Moreover an analysis of the photoconduc-
tivity 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 10"cm™ to
55x 107 cem .

A Spectra Physics Tsunami Ti:Sapphire oscillator and a
Spitfire regenerative amplifier were used to generate output
pulses of 100 fs at 800 nm, with a repetition rate at 1 kHz
and energy of 1.1 mJ/pulse. These, pulses are introduced into
a conventional TRTS experimental apparatus.'> UV was
used to excite carriers into the conduction band states since
Sn0O, is a wide bandgap semiconductor. This was achieved
via third harmonic frequency mixing, providing pump pulses
at 266 nm and energy up to 70 uJ/pulse. The generation of
THz pulses was accomplished by nonlinear optical rectifica-
tion in a 0.5 mm (110) ZnTe nonlinear crystal, and detection
was achieved via free-electrooptic sampling technique using
a second 0.5 mm (110) ZnTe crystal.

SnO, NWs were grown on 1 nm Au/Si(001) using a low
pressure chemical vapour deposition reactor at 800 °C under
a flow of 600sccms Ar: 10sccms O, at 1 x 107> mbar for
1h, described in detail elsewhere.® The SnO, NWs have
diameters of 50-100 nm and lengths up to >10 um. For the
measurements the SnO, NWs were transferred on quartz
substrate by drop casting after being harvested from the par-
ent substrate by sonication.

Initially, the carrier dynamics of the SnO, NWs were
measured by photoexciting at 266 nm and sampling the
change in the peak of the THz transmission signal as a func-
tion of temporal delay between pump and probe pulses. Fig-
ure 1 shows the negative change in THz pulse transmission
within a time window of 400 ps for different excitation car-
rier densities between 5 x 10" cm ™ and 5.6 x 10" cm 2.

By comparing the normalized pump fluence-dependent
transmission traces shown in the inset of the Fig. 1, it is
obvious that carrier relaxation becomes progressively faster
as the photogenerated carrier density increases. Such behav-
iour is expected when Auger recombination effects contrib-
ute to the carrier relaxation. To verify the validity of this

© 2012 American Institute of Physics
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FIG. 1. Time resolved change in the THz transmission (dotted lines) using
different pump fluences corresponding to carrier densities between
(0.5-5.6) x 10" cm ™. For comparison purposes, the inset shows the nor-
malized change in the transmission signal.

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

dN(1) N(r)

——___'\3
e YN (), (1)

where N(f) corresponds to carrier density, 7 is the recombina-
tion time and y the Auger coefficient of SnO,. The recombi-
nation time t of the system was determined at the lowest
carrier density where Auger recombination is considered
negligible. Best fits were obtained when using a single expo-
nential decay with a recombination time of Tt=2.5ns. The
Auger coefficient y in this NW system, was determined to be
equal to y= (7.2 + 2.0) x 107" cm®/s, which is in agreement
with values reported in the same NWs elsewhere.”

TDTS measurements were utilized to determine the op-
tical properties and the intrinsic conductivity of SnO, NWs
in the THz region. Initially, measurements of the temporal
THz electric field transmitted through SnO, NWs grown on
Au/quartz without optical excitation, but also through plain
quartz substrate were determined. The refractive index of the
quartz substrate, was determined to be nearly constant ~ 2.0
over the spectral region between 0.25-2THz, while the
absorption coefficient was considered negligible (<5cm™ "),
in agreement with values reported elsewhere.'” The proper-
ties of the SnO, NWs were extracted using the analysis fol-
lowed for thin films."® No differences in the results were
determined when an effective medium approximation
(EMA) analysis was utilized."” The inset of Fig. 2 shows the
refractive index (red squares) and absorption coefficient
(black squares) calculated in the region of 0.25-1.6 THz.
Clearly evident is a larger index of refraction than the refrac-
tive index of bulk SnO; in the visible region, n ~ 2,20 which
decreases monotonically from ~2.4 to ~2.1 with increasing
THz frequency.

On the other hand, the absorption coefficient is monot-
onically increasing in the probed region from 110cm ™" at
0.25 THz up to 300 cm ™' at 1.6 THz. Furthermore, Fig. 2 dis-
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FIG. 2. Real (black squares) and imaginary (red circles) parts of the intrinsic
conductivity in SnO, NWs for the region 0.25-1.6 THz. Solid lines have
been obtained using the Drude—Smith model. The inset shows the frequency
dependence of the refractive index (red squares) and absorption coefficient
(black squares).

plays the real (black squares) and imaginary (red circles)
parts of the frequency dependent intrinsic conductivity deter-
mined from the analysis of the data. Here we should point
out that the real part of the conductivity increases monotoni-
cally, while the imaginary part of the conductivity appears to
be negative. Similar behaviour has also been observed in Si
nanocrystals,10 InN nanorods,21 and ZnO NWs,11 which is
described by the Drude—Smith model®* and is attributed to
the localization of carriers. This model, as described by
Eq. (2), includes additional terms to modify the classical
Drude system and incorporates the effect of incomplete ran-
domization of carrier momentum after collisions

2 e ,
o(w)zL 1—&-2# ; 2

m*(1 — iot) = (1 —iwty

where e is the electron charge, m" the effective electron
mass, T the scattering time, and c; the persistence of velocity
after a number of j collisions. In the above equation we uti-
lized the effective electron mass m = 0.275 mg (mg the bare
electron mass) for bulk SnO,.** In practice, only the first
term of the summation of Eq. (2) is taken into account. In an
attempt to give a physical meaning to the persistence of ve-
locity Monte Carlo simulations have been performed for the
case of free charge carriers localized in semiconducting
nanoparticles.24 It was found that when the nanostructure
dimensions are comparable to the mean free path, similar
observations with that given by the Drude—Smith model can
be expected, where the persistence of velocity cy is related to
the possibility that carriers backscatter at the surface of the
nanostructure. Clearly, the Drude—Smith model fits very well
the experimental data shown in Fig. 2 as denoted by red and
black lines for real and imaginary part of conductivity. The
intrinsic carrier concentration in the SnO, NWs was deter-
mined to be n=(3.3 = 0.4) x 10'®cm™> whereas the scatter-
ing time t (75*7) fs. Furthermore, the persistence of
velocity was estimated to be ¢; = —0.85 = 0.02. Given that
the persistence of velocity is less than —0.5 this indicates
suppression of long carrier transport due to the spatial local-
ization of carriers. The estimated value of c¢; and scattering
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time correspond to a macroscopic dc mobility of
w=,(1+cy)~(72=*=10) cm?/Vs, where 1, is the respec-
tive bulk mobility.

To further improve our understanding on the transport
properties of the carriers in photoexcited SnO, NWs, photo-
conductivity measurements were performed. Here it is im-
portant to note that it is necessary to account for the filling
factor of the NWs f; on the substrate in order to obtain reli-
able values for the measured photoconductivity. Following
careful examination of different SEM images the filling fac-
tor was estimated to be approximately 0.25. We should point
out that a similar procedure has been previously applied for
GaAs NWs (Ref. 12) in extracting the photoconductivity. In
our measurements we utilized ultraviolet pulses at 266 nm at
various pump energies in the range between 20.9-1.8 ulJ/
pulse. Measurements were carried out with the probe beam
delayed at ~5 ps following the excitation pulse, where the
THz signal has reached a maximum plateau, and before sig-
nificant recombination of carriers could occur. We notice
that the frequency dependence of the real part of the photo-
conductivity is similar to that obtained for the non-excited
SnO, NWs, as seen in Fig. 3(a). On the other hand the imagi-
nary part of the photoconductivity shown in Fig. 3(b) is more
complex. It appears to be negative at low frequencies and
becomes positive at larger frequencies. At first glance such
behaviour can be explained by either the Drude—Smith
model or by the surface plasmon resonance model® as has
been proposed for GaAs NWs.'? However, a careful estimate
of the SnO, NWs plasmon frequency for the carrier densities
considered in this work indicate that it is out of the frequency
range measured here (>14THz, when Ny=0.5 x 10"
carriers/cm’) 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.

2100 T T4 3 T T Ty T
| m 5.5x10  cm (a) ]
1800 -m 3.0x10 cm
1500 L ™ 2.3x1019 cm.
l m 1.3x10 _cm

]
1200 - m 0.5x10

cm

900 [ -

Conductivity (S/cm)

-100

-200

0.3 0.6 0.9 1.2 1.5 1.8

-300 b——
Frequency (THz)

FIG. 3. (a) Real and (b) imaginary parts of conductivity spectrum of SnO,
NWs (dot lines) at different pump energies corresponding to carrier densities
No=(5.6-0.5) x 10cem ™3, 5 ps after photoexcitation. Solid lines corre-
spond to best fits using the Drude-Smith model.
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3(a) and 3(b) corresponding to the best fits. Table I display
the extracted best fitting parameters using the Drude-Smith
conductivity for carrier density N, scattering time t and per-
sistence of velocity c; for the different pump energies utilized
in this work.

From the Table I it appears that a larger fraction of the
photo-generated carriers contribute to the photoconductivity
with increasing pump fluence. This is to be expected given
that, 5 ps after photoexcitation, most of the photogenerated
carriers in the SnO, NWs lose their excess energy and relax
to the bottom of the conduction band or move into shallow
defect states or surface states. For such high pump fluences,
we expect that these states are saturated by the photoexcited
carriers in SnO, NWs as has been previously observed.® In
addition to the fact that no band to band recombination of
carriers is expected, since no band edge photoluminescence
has been observed from these SnO, NWs, a large number of
the initial carriers that are generated remain in conduction
band states. These free charge carriers are likely to contrib-
ute to the photoconductivity. Therefore, in the case of the
highest pump fluence it seems that the majority of photoin-
duced carriers contribute to the conductivity signal and the
estimated carrier density (/~4.5 x 10" carriers/cm?) is close
to the initial phogenerated carrier density (5.5 x 10" car-
riers/cm®). 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 flu-
ence decreases the number of initial carriers contributing to
the photoconductivity becomes lower, since more carriers
are trapped into defect/interface states. Furthermore, the per-
sistence 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 SnO, NWs, since trans-
port of carriers between different SnO, NWs is inhibited.
There are several ways that carriers may transport into adja-
cent NWs, such as diffusion through pathways between con-
nected NWs, tunneling or hopping.26 As a consequence of
the low volume filling factor of the SnO, NWs on the quartz
substrate few interconnections between adjacent SnO, NWs
exist. In addition the SnO, NWs are placed onto insulating
Si0, and are surrounded by air so the potential barriers at the
surface of the NWs are high, thereby preventing tunneling or
hopping of carriers into different NWs. Moreover, the per-
sistence 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 a limited number of pathways exist for

TABLE I. Parameters of carrier density N, scattering time 7, and persistence
of velocity ¢, extracted by fitting experimental data of Fig. 3 to Drude-
Smith conductivity model.

No x 10" Nx 10"

(carriers/cm®) (carriers/cm®) T (fs) C,

55 45*0.2 70+ 4 —0.94 £0.01
3.0 09=*0.1 1105 —0.93 +0.01
2.3 0.5=*0.1 1194 —0.91 £0.01
1.3 0.40 = 0.08 1206 —0.90 £0.01
0.5 0.15+0.05 130+ 6 —0.90 £0.01
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carriers to move into a different SnO, NW, so 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 SnO, 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.

In summary, intensity dependent carrier dynamics have
been measured and the time dependence of the photogener-
ated carriers modelled by including Auger recombination
in a rate equation. This gave an Auger -coefficient
y=(72%2.0) x 103"cm®s and a recombination time of
2.5ns. We demonstrate that the intrinsic conductivity and
photo-conductivity is affected by carrier localization in the
SnO, NWs, which is a result of the diameter and low density
of SnO, NWs on the substrate. For carrier densities between
0.5-5.5x10"cm™, we find that the scattering time
decreases from 140 to 70 fs. The refractive index varies
between 2.4-2.1 in the probed region, while the mobility of
Sn0O, NWs was found to be (72 *+ 10) cm?/Vs.
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Carrier relaxation in GaN nanowires, grown by atmospheric pressure chemical vapor deposition, via
direct nitridation of Ga with NH; at 950 °C has been investigated in detail. Differential absorption
measurements reveal a large number of defect states located within the band gap. 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.
Measurements suggest that Auger recombination is not a contributing factor in carrier relaxation
even at the highest fluence (~1 mJ/cm?) used in this work for carriers located within the
conduction band. On the contrary, Auger recombination has been observed when probing the
shallow donor states for fluences above 40 uJ/cm?. Measurements at the lowest fluence reveal a
biexponential relaxation for the donor states with the fast component (~50 ps) corresponding to the
relaxation of carriers into the midgap states and the slow component of 0.65 ns associated with the
relaxation into the deep acceptor states. Measurements reveal free-carrier absorption contribution
from the deep acceptor states to the U-valley with an observed threshold limit of 3.5 eV suggesting
the U-valley is located approximately 4.7 eV from the valence band. © 2009 American Institute of

Physics. [doi:10.1063/1.3212989]

I. INTRODUCTION

Group II-nitride (ITI-N) compound semiconductors, and
especially GaN, InN, AIN, and their ternary or quaternary
alloys, have proven to be useful for electronic and optoelec-
tronic devices and have been investigated extensively over
the past decade.'” GaN epitaxial layers are an interesting
material for optoelectronic devices emitting in the blue and
ultraviolet (UV) regions and have already been utilized not
only in commercial light emitting diodes and lasers®™ but
also for the fabrication of UV photodetectors9 due to the
direct band gap, which is equal to 3.4 eV at room tempera-
ture (RT). Additionally, GaN has been used in high tempera-
ture, power electronic devices'’ field effect
transistors.'"'> On the other hand, III-N nanostructures, and
especially nanowires (NWs), are interesting, since 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. In view of this, a great deal of work
has been done in determining the growth conditions and in-
vestigating the structural, optical, and electrical properties of
GaN NWs."? GaN NWs have already been grown not only
by different methods, such as chemical vapor deposition

such as
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(CVD),"” metal organic CVD,'" and molecular beam
epitaxy,15 but also via the arc discharge method,'®
pyrolysis,17 and pulsed laser ablation.'®

Given the potential impact that GaN may have in opto-
electronic applications, it is of great importance to under-
stand not only the fundamental behavior of photogenerated
carriers upon excitation and their subsequent relaxation, but
also the dominant relaxation mechanisms in this nanostruc-
tured material. Previous studies on the optical properties of
GaN NWs have focused on steady-state photoluminescence
(PL) measurements.>'>*° While the dynamic carrier behav-
ior has been extensively investigated for bulk GaN,”'® car-
rier 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 have been repor'[e:d.24’25 In this work, tran-
sient absorption measurements were performed in GaN NWs
using a nondegenerate pump-probe technique with above and
below band gap excitation. Femtosecond laser pulse excita-
tion provides the required temporal resolution for investigat-
ing carrier dynamics on an ultrafast time scale and so time
resolved absorption spectroscopy provides an important in-
sight into relaxation of the photogenerated carriers into en-
ergy states located above and below the conduction band
(CB) edge.

Il. EXPERIMENTAL PROCEDURE

GaN NWs were grown, initially, on n type Si (111) and
then on sapphire (Al,05) via atmospheric pressure CVD and
direct nitridation of metal Ga with NHj;. Initially a thin film

© 2009 American Institute of Physics
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of Au with thickness of ~0.5 nm was deposited on Si(111) or
Al,O; via sputtering at a slow rate <5 A/s using an Ar ion
plasma. Before the deposition of Au film, substrates were
cleaned in HF, rinsed in ionized water, and dried with nitro-
gen. The Au-coated substrate was placed in an alumina boat
and then ~0.3 g of pure metal Ga (Aldrich 99.99%) was
carefully placed in the boat <5 mm upstream from the
sample. The boat was then loaded at the center of a 25 mm
quartz tube directly above the thermocouple used to measure
the heater temperature. Initially, the tube was flushed with
500 SCCM (SCCM denotes cubic centimeter per minute at
STP) of Ar and 500 SCCM of N, containing 5% H,, for 10
min in order to eliminate residual oxygen and moisture con-
tained in the reactor. Afterwards, the temperature of the fur-
nace was increased to 950 °C with a ramp rate of
15 °C/min, under a steady flow of 100 SCCM of N,:5%H,.
Subsequently, the temperature was maintained at 950 °C for
1 h and NH; was allowed to flow at 25 SCCM using a
reduced flow of 75 SCCM of N,:5%H,. At the end of the
growth period the reactor was allowed to cool down to RT in
flows of 25 SCCM of NH; and 75 SCCM of N,:5%H,.
Upon removal from the reactor the Si or Al,O3 substrates
were covered with a white-blue colored layer. The morphol-
ogy of the GaN NWs was investigated by using a TESCAN
scanning electron microscope (SEM), and the crystal struc-
ture and phase purity of the NWs were determined by x-ray
diffraction (XRD) using a SHIMADZU XRD-6000 diffrac-
tometer and Al holders.

Transient absorption measurements were performed us-
ing two different ultrafast amplifier laser systems in a typical
supercontinuum pump-probe conﬁguration.26 The first sys-
tem contains a self mode-locked Ti:sapphire generating 35
fs, 5 nJ pulses at ~800 nm with a repetition rate of 100
MHz. A regenerative amplifier is used to intensify the pulses
approximately 10° times at a repetition rate of 5 kHz. An
optical parametric amplifier was utilized to generate excita-
tion pulses in the UV region of the spectrum for above band
gap excitation of the GaN NWs. A small part of the funda-
mental energy was used to generate a supercontinuum white
light in the visible/near infrared region of the spectrum for
transient nondegenerate absorption measurements. Addition-
ally, a second harmonic crystal was used in a different setup
to double the frequency of the fundamental light for the gen-
eration of white light continuum in the UV region. Moreover,
a second ultrafast amplifier system uses a similar apparatus
to produce excitation pulses at 400 nm with time duration of
100 fs and a repetition rate of 1 kHz.

lll. RESULTS AND DISCUSSION

So far GaN NWs have been grown by the direct nitrida-
tion of metal Ga with NH3,13 21729 at temperatures above
900 °C due to the reduced vapor pressure of Ga at lower
temperatures. In order to enhance the vapor pressure of Ga at
lower growth temperatures Chang and wu™ used Ga acety-
lacetonate as a precursor, and, more recently, Yu et al®" used
a mixture of Ga and Can.31 Different metals have been used
as a catalyst for the synthesis of GaN NWs, such as transi-

. . 272831 13113 13
tions metals Ni,”">”" Fe, ” In, ~ and Co. ~ However, contro-
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FIG. 1. SEM image of the GaN NWs on Au/Al,O3.

versial results have been reported when Au is used as a cata-
lyst, since Cai et al”’ reported the synthesis of GaN NWs
with this catalyst, while Zhang and Zhang28 mentioned that
no wires were formed. A typical SEM image of the high
density GaN NWs grown on 0.5 nm Au/Al,O5 is shown in
Fig. 1. Straight wires with uniform diameters of ~100 nm
and lengths up to a few microns are observed. Figure 2
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 ¢
=0.518 nm.” In agreement with previous investigations on
GaN Nws, 2772 high growth temperatures =900 °C are
necessary for the growth of GaN NWs by direct nitridation
of metal Ga with NH;. NWs were also obtained at 900 °C,
but their density was higher at 950 °C. We also found that
the addition of H, to the gas flow, during the temperature
ramp and growth step, is crucial to prevent the oxidation of
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FIG. 2. XRD pattern of GaN NWs on sapphire.
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FIG. 3. (Color online) 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 state filling mini-
mum is shown vs probing wavelength.

Ga from residual O, in the reactor. In addition when NHj;
was included during the temperature ramp it leads to the
nitridation of the Ga upstream, which in turn reduced the
vapor pressure at the growth temperature. No GaN NWs
were obtained on silicon or sapphire alone confirming that
the GaN NWs grow by the vapor-liquid-solid mechanism. In
contrast with a previous study28 Au is a proper choice for the
growth of GaN NWs.

Figure 3 shows transient absorption nondegenerate mea-
surements using UV femtosecond pulse excitation and, in
particular, the time evolution of absorption change for exci-
tation pulses at 320 nm (3.87 eV) and different probing
wavelengths ranging between the UV and near IR region of
the spectrum. Measurements were carried out for delays up
to 500 ps, although only 50 ps are shown in Fig. 3 for clari-
fication purposes. The absorbed pump fluence for these data
was estimated to be ~0.5 mJ/cm?. Also seen as an inset in
Fig. 3 is the state filling minimum signal, which is plotted as
a function of probing wavelength. Clearly evident from the
data in Fig. 3 is the different temporal behavior of the in-
duced absorption for probing wavelengths corresponding to
photon energy above and below the band edge of the GaN
NWs. 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 avail-
able energy states near the excitation region. As a conse-
quence 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.” This is a positive contribution to
the induced absorption and it usually competes with state
filling, which is negative. Normally state filling is the domi-
nant contribution when probing above the band edge,
whereas free-carrier absorption is the dominant process when
probing below the band edge. It is interesting to point out
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FIG. 4. (Color online) 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.

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 con-
tribution. Although this is not expected, we believe that as a
consequence of strong coupling between the photogenerated
carriers and energetically higher states with an energy differ-
ence 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 ob-
served for all probing wavelengths 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. 3 where state filling minimum versus
wavelength is shown and which to a first approximation re-
flects the density of states at the probing wavelength.

To further investigate the transient behavior of the GaN
NWs, intensity measurements have been carried out at the
probing wavelength of 350 nm, as seen in Fig. 4. Clearly
evident is the initial negative state filling, which is intensity
dependent. 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.*
Nevertheless, in nondegenerate transient absorption mea-
surements, band gap renormalization would be expected to
be observed first, followed by state filling when the carriers
reach the probing state. Furthermore, the maximum positive
signal and its temporal behavior do not exhibit any depen-
dence on the incident fluence and thus on the photogenerated
carrier density. In view of the above, it is believed that the
positive signal in Fig. 4 is not associated with band gap
renormalization, but rather with free-carrier absorption.

In what follows we will explain in more detail the ob-
served free-carrier absorption at 350 nm. It is important to
point out that the different temporal behavior observed for
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state filling and free-carrier absorption suggests that these
contributions are related to different energy states. The 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 CB by the photogenerated carriers. It is worthy to
mention that with increasing pump fluence, state filling ap-
pears to take longer, suggesting that Auger recombination is
negligible for states in the CB located around 3.5 eV, even
for the highest fluences (~1 mJ/cm?) used in this work. For
longer delay times free-carrier absorption appears to domi-
nate. Furthermore, the relaxation of this signal appears to be
almost identical for all pump fluences as seen in the inset of
Fig. 4. 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 measure-
ments of Fig. 3, no free-carrier absorption is observed for
probing wavelengths larger than 350 nm (3.5 eV), 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 and the indirect satellite valley of the
CB. The possibility that free-carrier transitions may occur
between states in the CB is ruled out given the intensity
dependent measurements of Fig. 4. In interpreting our ex-
perimental results we took into consideration a theoretical
model for the distribution of defect states in GaN proposed
by Shalish et al.* According to this model, deep acceptor
states correlated with the yellow luminescence 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 observa-
tion 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 result 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.*' No changes in the
energy states are expected due to quantum confinement ef-
fects, since the diameter of the wires is much larger than the
exciton Bohr radius for this material.**

To help the reader obtain a clear picture of the dynamics
in GaN NWs we have included a schematic band diagram
model (Fig. 5) showing the various defect states and relax-
ation mechanisms utilized in our interpretation. The main
relaxation mechanisms within the band gap are identified as
“A-D.” The transitions discussed above, between deep ac-
ceptor states (~1.2 eV) and states within the U-valley
(~4.7 eV), and observed when the probing energy is larger
than 3.5 eV are also shown with an arrow.

To further improve our understanding of the carrier dy-
namics in the GaN NWs intensity measurements have also
been carried out at 370 nm thus probing energy states placed
just below the direct band edge. The intensity measurements
are normalized for comparison purposes and are shown in
Fig. 6. The observed state filling is attributed to the occupa-
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FIG. 5. (Color online) Schematic energy band diagram of GaN NWs. The
excitation at 320 nm generating carriers within the CB is depicted as a
vertical dashed arrow. Relaxation mechanisms within the band gap are iden-
tified as A-D (dot arrows). Free-carrier absorption from the deep acceptor
states to the U-valley (AE~3.5 eV) is also shown in the diagram.

tion of shallow donor energy states due to nitrogen vacancies
and oxygen impurities35 by the photogenerated carriers.
Clearly evident from the normalized data is that carrier re-
laxation becomes faster with increasing pump fluence indi-
cating that Auger recombination is present. Given that Auger
recombination was negligible for the carriers within the CB
energy states (Fig. 4), we conclude that the observed Auger
effects must arise from interactions of carriers within the
defect-related states. Relaxation times for the lowest pump
energy of 11 wJ/cm?, where Auger recombination is ex-
pected to be negligible, have been estimated using multiple
exponential decays. Best fitting was obtained using a biex-
ponential decay corresponding to two relaxation mecha-
nisms. The first mechanism with a time constant ~50 ps

o
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FIG. 6. (Color online) 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.

Downloaded 30 May 2010 to 194.42.23.188. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



054311-5 Tsokkou, Othonos, and Zervos

0_
(?A
S -1
X
S
S 2. ——500 nm
5 —— 550 nm
c — 600 nm
2 ——650 nm
571 ——700 nm
2 ——900 nm
< —980 nm
-4
0 100 200 300 400 500

Time Delay (ps)

FIG. 7. (Color online) Nondegenerate transient absorption measurements of
the GaN NWs using ultrafast excitation pulses at 400 nm and probing pulses
in the range 340-980 nm.

(30%) is attributed to carriers originating from native de-
fects, or due to the surface of the NWs and relaxing to the
midgap states. This mechanism is identified as mechanism A
in Fig. 5. 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 i.e.,
mechanism B. Here we should point out that the latter
mechanism may be responsible for the observed yellow lu-
minescence (~2.30 eV) in GaN.* However, we cannot rule
out the possibility that carriers may relax to lower shallow
acceptor states or recombine.

To further investigate carrier dynamics within the defect-
related states that are energetically located inside the band
gap, nondegenerate time resolved absorption measurements
have been performed using excitation at 400 nm (3.1 eV).
The temporal measurements are shown in Fig. 7. The esti-
mated absorbed pump fluence in these measurements is
~10 wJ/cm?. 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 (=1.9
eV), even for pump energies ten times higher than the energy
used at 400 nm, confirming that a much lower density of
states exists in this region. Clearly evident from Fig. 7 is the
dominant state filling, which prevails over free-carrier ab-
sorption 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. A
comparison of the dynamics above and below band gap ex-
citation reveals similar time constants when the absorption
fluence was kept approximately constant.

Finally, intensity measurements were performed for ex-
citation pulses at 400 nm, probing wavelength at 550 nm and
for absorption fluences ranging between 1 and 21 uJ/cm?.
Figure 8 shows the normalized intensity measurements for
comparison purposes. The fast relaxation component as seen
in the inset of Fig. 8 becomes slightly slower, i.e., increased
from 6.5 to 12 ps (60%), as the fluence increased from 1 to
11 wJ/cm?. This is due to the larger number of carriers that
occupy the defect-related states, and as a result these carriers
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FIG. 8. (Color online) Nondegenerate transient absorption measurements of
the GaN N'Ws using ultrafast excitation pulses at 400 nm and probing pulses
at 550 nm for different pump fluences.

need longer times to leave the probing region. It is believed
that the fast relaxation time is associated with mechanism C
in Fig. 5, which is the required time for probed carriers to
relax to energetically close states. The slow relaxation com-
ponent is estimated to be ~350 ps (40%) and is probably
associated with nonradiative transitions to the lower acceptor
states, which is identified as mechanism D in Fig. 5. For
fluence higher than 11 wJ/cm?, a change in the temporal
behavior of the induced absorption is observed. It appears
that carrier relaxation becomes faster at 22 uJ/ cm?, indicat-
ing that Auger recombination is present for the midgap states
when a threshold in carrier density is exceeded.

IV. CONCLUSIONS

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 prob-
ing 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 lo-
cated 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 CB 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 uJ/cm?. 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 com-
ponent of 0.65 ns associated with the relaxation into the deep
acceptor states. Differential absorption measurements when
probing above the band gap reveal free-carrier absorption
contribution corresponding to coupling between the deep ac-
ceptor states located at 1.2 eV from the valence band and the
indirect U-valley. The observed threshold limit of 3.5 eV to
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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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Ultrafast carrier dynamics in In,O5; nanowires with an average diameter of =100+ 20 nm grown by
the vapor-liquid-solid method have been investigated in detail using differential absorption
spectroscopy with femtosecond resolution. Measurements revealed that state filling is important for
states above the band gap and states just below the band edge, thus demonstrating the critical role
that shallow traps play in the relaxation of the photogenerated carriers. Furthermore, time-resolved
intensity measurements revealed the importance of Auger recombination in the relaxation of carriers
in the In,0; nanowires and provided the maximum fluence (~3 uJ/cm?) where this recombination
mechanism may be considered negligible. Transient measurements in this low-fluence regime for
carriers above the band gap revealed single exponential recovery (~1.5 ns) associated with
recombination of the photogenerated carriers. Similar behavior has been observed for the
photogenerated 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. Finally, long-lived oscillations
in the transient reflection were detected, which corresponds to the presence of longitudinal acoustic
phonons in the In,O5 nanowires. © 2009 American Institute of Physics. [doi:10.1063/1.3245339]

I. INTRODUCTION

Indium oxide (In,O3) is an important, n-type semicon-
ductor oxide,’ due to its large band gap, ie., Eg
=3.5-3.75 eV and has been utilized for applications in elec-
tronic and optoelectronic devices, such as window heaters,
flat planet displays, solar cells, and organic light emitting
diodes.”™ In addition, In,O; nanowires (NWs) are suitable
candidates for gas sensors and the detection of toxic gases
such as NO,, NO, and NH; (Refs. 5-7) due to the enhanced
surface-to-volume ratio but also as field effect transistors.®
Furthermore In,O; NWs grown by the vapor-liquid-solid
(VLS) mechanism can be readily integrated with mainstream
Si devices since the issue of lattice mismatch is not so criti-
cal; i.e., NWs can be grown with relative ease by the VLS
mechanism on a large variety of substrates. Consequently, in
addition to quantum confinement, their electronic and opto-
electronic properties are expected to be also dependent on
the surfaces states and properties. Previous investigations of
photoluminescence in nonintentionally doped In,O; NWs
have revealed peaks with energies below the band gap,g_12
which are associated with oxygen defect states, such as va-
cancies and antisites. However, there has been no detailed
investigation using ultrafast time-resolved spectroscopy
which can provide a more detailed understanding of the na-
ture of the electronic states in In,O; NWs and other impor-
tant physical properties. Consequently, we have undertaken a
detailed investigation of the carrier dynamics and relaxation
mechanisms in In,O; NWs that were grown by chemical
vapor deposition (CVD). We find that the relaxation times of
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carriers excited into the conduction band (CB) are similar to
those in shallow, defect related states, which are energeti-
cally situated just below the CB edge. In contrast, we find
that midgap states have a different temporal behavior, while
long-lived oscillations in the reflection were also detected
due to longitudinal phonons. These findings are discussed in
detail in addition to extracting relaxation times and the ve-
locity of sound in In,O3; NWs.

Il. EXPERIMENTAL PROCEDURE

Indium oxide NWs were prepared using an atmospheric
pressure CVD reactor consisting of four mass flow control-
lers (MFCs) and a horizontal quartz tube furnace, capable of
reaching a maximum temperature of 1100 °C. High purity
indium powder (Aldrich, Mesh —100, 99.99%) was used and
about ~0.2 g was weighed and loaded into a quartz boat.
In,0; 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~ mbar. After loading the In powder and Au/
Si(111) samples into the quartz boat, it was inserted into the
reactor and positioned directly above the thermocouple used
to measure the heater temperature.

Initially, oxygen was admitted into the reactor at a flow
of 50 SCCM (SCCM denotes cubic centimeter per minute at
STP) for 10 min at room temperature (RT). Following this
the O, flow was terminated and argon (Ar) was introduced at
500 SCCM for 10 min after which the temperature was in-
creased up to 700 °C, using a ramp rate of 30 °C/min. Dur-
ing growth the temperature and flow of Ar were maintained
constant at 700 °C and 100 SCCM, respectively, for 90 min.

© 2009 American Institute of Physics
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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 RT. 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 graylike,
spherical drop. For the purpose of ultrafast spectroscopy,
In,O3; NWs were grown directly on quartz which was also
coated with ~0.5 nm of Au.

The morphology of the In,0; NWs was examined with a
Tescan scanning electron microscope (SEM) while the crys-
tal structure and the phase purity of the NWs were investi-
gated using a Shimadzu, XRD-6000, x-ray diffractometer
and Cu Ka source. A scan of #-26 in the range between 20°
and 80° was performed for the In,O; NWs that were grown
on Si(111) and quartz. Following this the optical transmis-
sion spectrum was obtained by a standard UV/visible spec-
trometer (Perkin Elmer Lambda 950). Furthermore, transient
nondegenerate absorption spectroscopy was performed using
a typical supercontinuum pump-probe conﬁguration.13 The
initial femtosecond laser source used in the experiment was a
self-mode-locked Ti:sapphire oscillator generating 45 fs, 5 nJ
pulses at 790 nm with a repetition rate of 100 MHz. These
pulses were amplified ~10° times in a typical regenerative
amplifier system producing 45 fs pulses at a repetition rate of
5 kHz. Part of the output energy was then directed into an
optical parametric amplifier generating femtosecond pulses
in the UV spectral region. A small part of the fundamental
energy was also used to generate a supercontinuum white
light by focusing on a thin sapphire plate. Two such setups
were utilized in order to broaden the range of selected prob-
ing wavelengths. The first setup is used to generate the con-
tinuum white light in the region between 400 and 1000 nm,
while the second one produces wavelengths in ultraviolet
region between 300 and 400 nm, by using an additional sec-
ond harmonic crystal. The desired probing wavelength was
selected by using a band-pass filter and transmission and
reflection changes were detected by Si detectors.

lll. RESULTS AND DISCUSSION

Indium oxide NWs have been grown by a variety of
methods including CVD via carbothermal reduction of In,04
and active carbon at 980 °C,14 direct oxidation of In under
high temperatures (=1000 °C) '"*'3'® and thermal evapora-
tion of In, in the presence of H,O vapor at 850 °C and a
flow of 50 SCCM Ar."” Moreover, Zhang et al. 18 synthesized
In,O; NWs by using hydrogen and Ag as a catalyst. In ad-
dition, In,0O; NWs have been grown by annealing of Au/In
films at 400 °C.""*° A typical SEM image of the In,O; NWs,
grown at 700 °C directly on the Au coated quartz substrate,
is shown in Fig. 1. A high density of In,0O; 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. 1. It should be pointed out that the diameter
of the NWs is not uniform along their length and they are
tapered at their edges.

The In,O3 NWs grown at T;=700 °C on silicon and
quartz are characterized by intense reflection peaks corre-
sponding to the (2 1 1), (222),(411),(400), (440), and
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WD: 1.6027 mm
View field: 3.93 ym

Digital Microscopy Imaging /

FIG. 1. SEM images of the In,O; NWs grown at 700 °C on 0.5 nm
Au/quartz.

(6 2 2) crystallographic planes of In,O; having the cubic
bixbyite structure, also called C type rare earth oxide struc-
ture with a lattice constant a=10.11 A."® No NWs were ob-
tained on plain Si (111), suggesting that the In,O3; NWs grow
by the VLS mechanism as has been also reported by other
groups.m’l&zo In addition, no deposition occurred for tem-
peratures lower than 7;=700 °C due to the formation of an
oxide shell around the molten indium upstream, which re-
duces the vapor pressure of indium inside the reactor, even
though O, was always admitted at the very beginning of the
process and RT. This is also consistent with the fact that no
In,O3 NWs were obtained for 7=900 °C under a flow of O,
during growth, which leads to the formation of an even
thicker oxide shell surrounding the molten In upstream (Fig.
2). For T>900 °C, the expanding In melt is known to break
open the oxide shell, releasing In which then reacts directly
with O, and leads to the formation of a large density of
octahedral In,O5; nanocrystals with an average diameter of
500 nm, as described in detail elsewhere.”! Consequently,
oxidation of In under a flow of O, during growth does not
lead to the formation of In,O; NWs and so it is essential that
the O, level is maintained low which is consistent with the
use of 5% H, in the growth of In,0; NWs by Zhang et al.'®
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FIG. 2. X-ray diffraction pattern of the In,O; NWs grown on quartz.
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FIG. 3. (Color online) Optical transmission spectrum of In,0; NWs on
quartz. The inset shows the square of the absorption vs the energy providing
an estimate for the bandgap of the In,O; NWs.

Steady state transmission measurements were carried out
following the growth of the In,0O; NWs and are shown in
Fig. 3. The inset of Fig. 3 is a plot of the absorption squared
versus the photon energy providing an estimate of the energy
gap of the In,03; NWs, which is =~3.5 eV (=354 nm). Fol-
lowing this, time-resolved absorption measurements using
optical excitation at 320 nm and different probing wave-
lengths were carried out and shown in Fig. 4. The estimated
absorbed pump fluence was approximately 575 uJ/cm?.
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. We should point out that the recovery
of absorption is quite different between the two regions; spe-
cifically in the visible probing region, the recovery is much
faster than the respective recovery in the UV probing region.
On the other hand, a positive change is recorded between
430-500 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 and is dependent

02T T T T T T T 1
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0.01 4 = 600nm 900nm
| ——650nm 980nm
0.00
(]
S .
S -0.01
c
5 .
c -0.02
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FIG. 4. (Color online) Nondegenerate, time-resolved, transient absorption
measurements of the In,O; NWs using ultrafast excitation pulses at 320 nm
and probing pulses in the range of 340-980 nm.
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on the number of carriers present in the probing energy states
and the coupling efficiency between the initial and final
states. The observed negative change in the absorption is
attributed to state filling, which is due to the occupation of
energy states by photogenerated carriers. In most cases both
effects are present, while the sign is determined by the domi-
nant effect and the temporal evolution reflects carrier relax-
ation out of the probing states.

Above band gap excitation (\>320 nm) will result in
the generation of electrons (holes) in the conduction (va-
lence) band. These photogenerated carriers will occupy
states, resulting in state filling. This is the dominant effect for
probing wavelengths corresponding to energies larger than
the band gap. The same behavior with similar relaxation
times is also observed for probing wavelengths correspond-
ing to energies just below the band edge. These are attributed
to additional energy states that are located below the CB
edge and are associated with oxygen defects in the In,O3
NWs. This is in agreement with previous reports,9_12 which
suggest that oxygen vacancies are formed due to incomplete
oxidation during growth and act as donors resulting in addi-
tional states below the CB edge. In addition, indium intersti-
tials, as in the case of In,O3 octahedrons,22 may also be a
contributing factor to the presence of energy states within the
band gap. A more complicated behavior is observed at 430
nm. Initially, free carrier absorption is observed for times
near the zero optical delay, while state filling becomes evi-
dent for longer times, as shown in the inset of Fig. 4. This
behavior 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 car-
riers relax into the probing states below the band edge, state
filling effects become evident and clearly dominate for
longer times.

Here we should point out that a different behavior is
observed in the narrow probing region of 520-550 nm,
where state filling is apparent, due to the surface plasmon
resonance of the Au which is required for the formation of
In,O3 NWs. This plasmon resonance is due to the electron
interaction with the electromagnetic field, associated with in-
traband and interband transitions of conduction electrons be-
tween 5d and 6s orbitals.”>™ In order to confirm this, we
repeated the experiment using only 0.5 nm Au on quartz
observing the same behavior, in the region between 520 and
600 nm. No signal was detected in other regions. The pres-
ence of the surface plasmon resonance in this region is also
supported by the steady state transmission measurements.
This effect induces an extra reduction in the transmission
signal as observed in the region between 520 and 600 nm, as
shown in Fig. 3.

It is clearly evident from the transient absorption mea-
surements 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
and free carrier absorption from the In,O; NWs. Apart from
this minor difference at 600 nm, it appears that the carrier
relaxation is the same at all longer probing wavelengths, sug-
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FIG. 5. (Color online) Reflection change is shown for times greater than 50
ps and probing wavelengths between (a) 600-700 and 390-430 nm, in the
inset of Fig. 5(a), and (b) 490-550 nm. The period of oscillations is pre-
sented in the inset of Fig. 5(b) as a function of probing wavelength.

gesting that the same kind of states are probed. We believe
that these probed states are not states in the CB or states
located just below the CB edge due to the different temporal
behaviors 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.

A closer look at the transient absorption measurements
for probing wavelengths greater than 390 nm depicts an in-
teresting oscillatory behavior, as shown in Figs. 5(a) and
5(b). Long-lived oscillations are observed in the differential
reflectivity following a few tens of picoseconds from the
initial excitation. A plot of the period of oscillations versus
the probing wavelength, shown in the inset of Fig. 5(b), sug-
gests a linear dependence.

We believe that the observed oscillations are associated
with coherent acoustic phonon526’27 generated at the Au
nanoparticles and lunged into the In,O; NWs. This wave
modifies the local dielectric constants and creates a discon-
tinuity. When the probe pulse is incident onto the sample,
part of the light is reflected from the 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
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FIG. 6. (Color online) Time resolved transient normalized absorption mea-
surements of the In,O; NWs on quartz using ultrafast UV excitation pump-
ing pulses at 320 nm and probing pulses at (a) 350 nm and (b) 980 nm for
different absorbed fluences.

Au surface and the strain wave surface act as an interferom-
eter. 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 wave-
length waggperformed based on the equation given by Thom-
sen et al.:

7=\ (2nv, cos 6), (1)

where \ is the probing wavelength, n is the refraction index,
which is equal to n=1.98 at 500 nm in the case of In203,29 Uy
is the sound velocity in the material, and 6 is the angle be-
tween probe pulse and the normal to the sample. This fit gave
an estimate of the sound velocity in indium oxide to be ap-
proximately v,=(4.1+0.5) X 10° cm/s.

To further improve our understanding of the carrier re-
laxation mechanism in this material, transient absorption
measurements were performed at different excitation flu-
ences. Normalized transient absorption measurements at
probing wavelengths of 350 and 980 nm are shown in Figs.
6(a) and 6(b), respectively. In both cases, carrier relaxation
becomes faster as the carrier concentration increases, sug-
gesting that Auger recombination is a contributing factor in
the dynamics at the fluence used in this work. For the smaller
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probing wavelengths (350 nm), Auger recombination appears
to play a significant role in the relaxation of the carriers. This
effect diminishes with decreasing intensity and considered
negligible for energies smaller than 3 uJ/cm?. At such low
intensities, a single exponential recovery is observed with a
time constant of 1.5 ns. Here we should point out that inten-
sity measurements at probing wavelengths of 370 and 390
nm depict similar temporal behavior. The data in Fig. 6(b)
clearly show that free carrier absorption is the main contrib-
uting factor for a probing wavelength equal to 980 nm. Fur-
thermore, the temporal behavior is different from that seen
when probing above 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 Au-
ger recombination is less pronounced [see Fig. 6(b)] at the
same fluence than when probing at 350 nm which is attrib-
uted 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. 6(b) depict a fast relax-
ation time constant of 26 ps 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) attributed to nonradiative recombina-
tion.

IV. CONCLUSIONS

Ultrafast carrier dynamics in In,O; NWs following the
excitation above the direct band gap was investigated in de-
tail. Steady state transmission measurements provided an es-
timate of the energy gap of these NWs to be 3.5 eV. Tran-
sient absorption measurements revealed that state filling is
the dominant effect for states above the CB edge, as well as
for states residing below the CB edge demonstrating the im-
portance 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 wJ/cm?) where Auger recombination may be considered
negligible. Transient measurements in this low-fluence re-
gime for carriers above the band gap revealed single expo-
nential recovery of the order of ~1.5 ns associated with
recombination of the photogenerated carriers. Similar behav-
ior has also been observed for the photogenerated 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 carri-
ers (~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

J. Appl. Phys. 106, 084307 (2009)

to acoustic phonons which provided an estimate of the sound
velocity in In,O3 NWs to be v,=(4.1£0.5) X 10° cm/s.
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Abstract We have studied the optical properties and
carrier dynamics in SnO, nanowires (NWs) with an aver-
age radius of 50 nm that were grown via the vapor-liquid
solid method. Transient differential absorption measure-
ments have been employed to investigate the ultrafast
relaxation dynamics of photogenerated carriers in the SnO,
NWs. Steady state transmission measurements revealed
that the band gap of these NWs is 3.77 eV and contains two
broad absorption bands. The first is located below the band
edge (shallow traps) and the second near the center of the
band gap (deep traps). Both of these absorption bands seem
to play a crucial role in the relaxation of the photogener-
ated carriers. Time resolved measurements suggest that the
photogenerated carriers take a few picoseconds to move
into the shallow trap states whereas they take ~70 ps to
move from the shallow to the deep trap states. Furthermore
the recombination process of electrons in these trap states
with holes in the valence band takes ~2 ns. Auger
recombination appears to be important at the highest flu-
ence used in this study (500 uJ/cmz); however, it has
negligible effect for fluences below 50 pJ/cm?. The Auger
coefficient for the SnO, NWs was estimated to be
7.5 +£ 2.5 x 107" em%s.
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Introduction

Tin oxide (SnO,) is considered an important wide-bandgap
n-type semiconductor which has received a great deal of
attention over the past few years due to its high transpar-
ency in the visible part of the spectrum and sensitivity to
certain gases which make it technologically important for
optoelectronic devices [1-6] and sensors [7]. In addition Sn
is readily available and cheaper compared to indium (In)
which is used for the growth of indium oxide (In,O3).
Furthermore, in recent years, the field of semiconducting
metal oxides has benefited a great deal from the develop-
ment of one-dimensional nanostructures such as nanowires
(NWs) and nanorods (NRs) due to their interesting prop-
erties arising from their small size [8, 9] and high surface-
to-volume ratio. In view of this, there has been growing
interest in the synthesis of SnO, NWs, the study of their
fundamental electronic and optoelectronic properties, and
finally device applications [10-13].

Despite the potential applications of SnO, NWs there
has been no detailed study of the fundamental, ultrafast
carrier relaxation mechanisms of the photogenerated car-
riers in this nanostructured material. Consequently, here we
investigate the carrier dynamics in SnO, NWs and obtain a
detailed understanding of the various relaxation mecha-
nisms and the influence of trap states using transient white
light absorption spectroscopy [14-16] with femtosecond
resolution. We find that the band gap of the SnO, NWs is
3.77 eV and contains two broad absorption bands, the first
of which is located below the band edge and is related to
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shallow trap states while the second is near the center of the
band gap due to deep trap states. Detailed transient mea-
surements revealed their energetic position, carrier relax-
ation times, and the importance of Auger recombination.

Experimental Procedure

The SnO, NWs were grown using an atmospheric pressure
chemical vapour deposition (APCVD) reactor which con-
sists of four mass flow controllers (MFC’s) and a horizontal
quartz tube furnace, capable of reaching a maximum tem-
perature of 1100 °C. Initially, approximately 0.2 g of fine
Sn powder (Aldrich, <150 pm, 99.5%) was weighed and
loaded into a quartz boat together with a square piece of
Si(111) which was coated with 0.5 nm of Au. The Au layer
was deposited via sputtering at a slow rate <5 Als using an
Ar plasma under a pressure <10~* mBar. The sample was
positioned a few mm downstream from the Sn and subse-
quently the boat was loaded into the reactor and positioned
directly above the thermocouple used to measure the heater
temperature at the centre of tube. After loading the boat at
room temperature (RT), Ar (99.999%) was introduced at a
flow rate of 500 standard cubic centimetres per minute
(sccm) for 5 min in order to purge the tube.

Following this the temperature was ramped to 800 °C in
an Ar flow of 100 sccm at a rate of 30 °C/min. Upon
reaching 7T, the flow of Ar was maintained at 100 sccm for
a further 90 min after which the tube was allowed to cool
down over at least an hour in an inert gas flow of Ar, 100
sccm. The sample was removed only when the temperature
was lower than 100 °C. For the optical measurements,
NWs were grown directly onto square pieces of quartz that
were coated with 0.5 nm of Au and had an area of
~6 x 6 mm> The morphology of the SnO, NWs was
examined with a TESCAN scanning electron microscope
(SEM) while the crystal structure and the phase purity of
the NWs were investigated using a SHIMADZU, XRD-
6000, X-ray diffractometer, and Cu Ka source. A scan of
0-20 in the range between 20° and 80° was performed for
the SnO, NWs that were grown on Si(111) and quartz.

In this study, we investigate the ultrafast dynamic
behavior of carriers in SnO, NWs following femtosecond
pulse excitation through the temporal behavior of differ-
ential absorption [14-16]. The experimental study was
carried out using an ultrafast amplifier system operating at
5 kHz. A self mode-locked Ti: Sapphire oscillator centered
at 796 nm and generating 45 fs pulses was the source of
short pulses. Approximately 1 mJ of amplified energy was
used to pump an Optical Parametric Amplifier (OPA)
providing ultrafast pulses in the UV range of the spectrum.
The rest of the energy from the amplifier was used to
generate 400 nm from a BBO crystal via second harmonic

generation and white light super continuum. The UV
femtosecond pulses from the OPA were used to excite the
nanowires given that the expected band gap of this material
is around 3.7 eV. A small part of the fundamental 796 nm
pulses were used to generate VIS-IR super continuum light
by focusing the beam on a 1 mm thick sapphire plate.
Similarly a super continuum light in the UV region of the
spectrum was also generated using 400 nm pulses. The
white light probe beam was used in a pump-probe non-
collinear geometry, with the pump beam been generated
from the OPA. To minimize the broadening of the laser
pulse, optical elements such as focusing mirrors were uti-
lized in the setup. The reflected and transmission probe
beams were separately directed onto their respective
detectors after passing through a band pass filter and thus
selecting the probe wavelength from the broad band white
light. The differential reflected and transmission signals
were measured using lock-in amplifiers with reference to
the optical chopper frequency of the pump beam. The
temporal variation in the photo-induced absorption was
extracted using the transient reflection and transmission
measurements, thus providing a means of monitoring the
carrier dynamics within the probing region [14].

Results and Discussion

Tin oxide NWs have been grown so far by a variety of
methods including thermal evaporation [17, 18], chemical
vapour deposition [19], and the VLS method using carbo-
thermal reduction of stannous oxide SnO at 880 °C for
90 min [20]. On the other hand, stannic oxide, SnO, NWs
have been grown by direct oxidation of Sn at 900 °C under
a flow of 10 sccm O, [21]. Similarly, Yang et al. obtained
SnO, NWs at 900 °C under a flow of 50 sccm O, [22]
while Wan et al. [23] obtained Sb doped SnO, NWs by
heating up the mixture at 20 °C/min up to 900 °C under a
flow of 500 sccm Ar with a trace of O,. A typical scanning
electron microscope (SEM) image of the SnO, NWs grown
on quartz is shown in Fig. 1 where it is apparent that a
large coverage has been obtained. The SnO, NWs have an
average diameter of 50 nm and lengths >5 pms. Further-
more the diameter of the SnO, NWs was found to be
uniform along their length. The growth of the SnO, NWs
occurs via the formation of Au nanoparticles (NPs) from
the thin layer of Au and the VLS mechanism. No NWs
were obtained on Si(111) or quartz alone. In addition we
have found that direct oxidation using a flow of O, during
growth hinders the formation of SnO, NWs due to the
oxidation of the Sn upstream, which melts at 232 °C and
which in turn reduces the vapour pressure, especially at low
temperatures i.e., T < 800 °C. While we obtained SnO,
NWs at temperatures as low as 700 °C we find that the
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Fig. 1 SEM images of SnO, NWs grown at 800 °C with an average
diameter of 50 nm

optimum temperature for a high yield and uniform cover-
age is 800 °C. The optimum growth conditions are there-
fore close to those described by Wan et al. [23] who use
only a trace of oxygen under a larger flow of Ar i.e.,
500 sccm as opposed to 100 sccm used here. In our case
the formation of SnO, NWs is due to the oxygen admitted
into the APCVD reactor at RT prior to the temperature
ramp. The SnO, NWs grown at the optimum temperature
i.e., Tg = 800 °C on quartz are characterized by the (1 1 0),
(101),(211),(220),(310), and (3 0 1) peaks in the
X-ray diffraction spectrum shown in Fig. 2. Diffraction
peaks can be indexed to the tetragonal rutile structure of
SnO, [22, 24]. We should point out that the Al peaks
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Fig. 3 Steady state transmission measurements carried out on SnO,
NWs using a UV-IR spectrometer. The upper corner inset shows a
plot of the square of the absorption versus incident photon energy,
providing us with an estimate of the bandgap energy 3.77 eV. There
are two broad absorption bands below the bandgap referred to as
D.T.S—deep trap states and S.T.S.—shallow trap states

appearing in the XRD spectrum of Fig. 2 are due to the
sample holder.

Following the growth of SnO, NWs, we performed
steady state transmission measurements on the NWs grown
on quartz. Figure 3 shows the optical absorption of the
SnO, NWs covering a spectral range from the UV near to
the IR. Given that SnO, is a direct gap semiconductor, a plot
of the square of the absorption versus the incident photon
energy provides a measure of the bandgap which was
determined to be approximately 3.77 eV (see inset of
Fig. 3). Here we should point out that there appears to be a
broad absorption band around 4.2 eV which we believe to
be due to lower lying valance bands [25]. In addition to



Nanoscale Res Lett (2009) 4:828-833

831

determining the energy bandgap, the absorption spectrum
depicts several features within the energy gap of these NWs.
There appears to be a broad absorption band below the band
edge covering a range from 3.7 eV to 1.8 eV which may be
divided into two regions [26, 27]. The first broad absorption
band which starts just below the conduction-band edge of
the NWs is associated with impurity traps and these are
therefore commonly referred to as shallow trap states
(S.T.S.). The second band is referred to as the deep trap
states (D.T.S.) band generated by defects or/and surface
imperfections. Both of these absorption bands seem to play
a crucial role in the relaxation of photoexcited carriers on a
femtosecond timescale. Furthermore, there appears to be a
weak absorption band centred around 2.2 eV (see Fig. 3)
which corresponds to the well known Surface Plasmon
Resonance (S-P.R.) of Au nanoparticles that are required as
catalysts for the formation of the SnO, NWs on quartz.
Figure 4 shows typical time resolved differential
absorption measurements for the SnO, NWs excited at
fluence of approximately 0.5 mJ/cm? with UV ultrafast
pulses at 4.00 eV (310 nm) and probed at different photon
probing energies ranging from UV to near IR. The x-axis on
this graph corresponds to the optical delay between the
pump and the probe pulse whereas the y-axis indicates the
induced absorption. The behaviour appears to be complex
and varies over the probing spectral range. For some of the
probing wavelengths there is a sharp drop in the absorption
reaching a minimum value and then followed by a slower
recovery toward equilibrium that takes hundreds of pico-
seconds, whereas in other cases there is a positive change in
the absorption with again a recovery towards equilibrium.
These observed changes in absorption are associated
with excitation of the SnO, NWs by photons whose energy
is larger than the bandgap energy which results in the
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Fig. 4 Time-resolved differential absorption of SnO, nanowires
excited with 4.00 eV photons (310 nm) at fluence of 500 uJ/cm2
and probe at different photon energies ranging from UV to near IR

generation of non-equilibrium carriers. These non-equilib-
rium carriers will distribute themselves along energy states
that are normally unoccupied under equilibrium conditions.
The occupation of states (referred to as state filling) fol-
lowing an ultrafast laser pulse will appear as a reduction in
the absorption at the probing energy states. Clearly the
observed recovery of this negative absorption change will
be a direct measure of the time required by the photogen-
erated carriers to move out of the occupied states. Fur-
thermore, a positive change in the induced absorption is also
observed in the transient absorption measurements. This
phenomenon is mainly due to secondary excitation of the
photo-generated carriers by the probing photons from their
initial states to higher energy states. This “free-carrier
absorption” depends on the number of carriers present at the
initial states and the coupling coefficient between the two
energy bands. The temporal profile of this positive induced
absorption is again a direct measure of the presence of the
photo-generated carrier at the probing energy states.

We will begin the analysis of the data from the degen-
erate induced absorption measurements where the excita-
tion and probing photon energies were 4.00 eV. It is
important to point out that the observed sharp drop
reaching a minimum (state filling) is pulse width limited,
which is expected since we are probing the same energy
states that we are exciting. To obtain a better understanding
of the dynamics for the degenerate pump-probe data, we
have performed intensity measurements as seen in Fig. 5.

The normalized induced absorption measurements seen in
Fig. 5 clearly indicate that with increasing fluence there is a
faster recovery on the long time scale. This suggests that
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Fig. 5 Time-resolved normalized differential absorption intensity
measurements of SnO, NWs excited with 4.0 eV and probe at 4.0 eV.
The different curves correspond to different incident absorption
fluence of the NWs. The inset shows the fits (solid lines) to the actual
differential absorption data (points) using a simple model which
includes multi-exponential decays and Auger recombination
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Auger recombination is a contributing factor at the fluence
used in this study. With decreasing fluence, Auger recom-
bination becomes less important, and for the NWs used in
this study at fluence less than 50 pJ/cmz, this contribution
may be considered negligible. A simple multi-exponential fit
to the experimental result at 50 pJ/cm? shows that a mini-
mum requirement of three exponential function is necessary
for a good fit to the data. The time constants obtained from
this fit were 2.4 ps (18%), 68 ps (22%), and 2.3 ns (60%). A
more detailed analysis of the experimental data was per-
formed using a simple differential equation model which
incorporated the above three exponential decay mechanisms
along with Auger recombination. Making use of the time
constants obtained for the lowest fluence utilized in these
experiments, where Auger recombination was negligible, it
was possible to obtain fits to the differential absorption data
at higher fluences. Relative good fits to the experimental data
(see inset Fig. 5) were obtained using an Auger coefficient of
7.5 £2.5 x 107" em%s.

A schematic diagram of the various proposed relaxation
paths is shown in Fig. 6, to help the reader obtain a clear
picture of the dynamics. The first time constant (2.4 ps)
listed above, corresponds to mechanism 1, (see Fig. 6)
whereas the second time constant is associated with mech-
anism 2 or 3 through carrier saturation in the shallow trap
states. Given that no direct recombination was observed
from the conduction to the valence band which is corrobo-
rated by the absence of photoluminescence near 3.75 eV, we

Shallow trap ... v A
states  / %
<3.75eV | ==
@ Excitation
Deep trap E 4.00 eV
states
<28eV E, ~3.77 eV
®
@
r v
e —
- V.B.

Fig. 6 A schematic diagram of the energy band gap diagram of SnO,
NWs with the various relaxation mechanisms following carrier
photoexcitation by an ultrafast pulse
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believe that the long time constant is associated with the
carriers moving through the shallow and deep trap states.
Saturation of these states from the large number of carriers
will result in the decay of paths 4 and/or 5 being effectively
seen when probing above the band gap.

We should also point out that the fast decay component,
which is associated with mechanism 1 of the photo-gen-
erated carriers when they are moving into the shallow traps
states, appears to become slower with increasing fluence
(Fig. 5). This is most likely due to saturation of available
shallow trap states. Furthermore, in the above proposed
model, the holes generated near the I" point will also relax
to the top of the valence band. However, the expected
relaxation within the valence band is much faster than the
multi-picosecond relaxation mechanisms shown in Fig. 6.
This is expected given the small excess kinetic energy
received by the holes during excitation.

Considering next the time-resolved absorption measure-
ments (Fig. 4) for probing photon energies below the band
gap energy (shallow traps) from 3.54 eV (350 nm)to 3.3 eV
(380 nm), we notice that although the maximum state filling
occurs very close to t = 0 (within the pulse width), there
appears to be a small drop and then a small rise after a few
picoseconds. This behavior is due to a small free-carrier
contribution which reduces the state filling contribution thus
artificially making this feature (“dip”) appear near the tip of
the maximum signal. This is clearly obvious when looking at
the differential absorption in Fig. 4 with decreasing probing
photon energy. The free-carrier “dip” increases with
increasing probing wavelength and eventually becomes the
main contributing factor at the longer probing wavelengths.

Furthermore, intensity measurements carried out over a
range of 500-50 pJ/cm? at the probing photon energy of
3.54 eV (350 nm) indicate that Auger recombination has a
noticeable effect only at the maximum fluence, however, at
fluence as low as ~50 uJ/cmz, this effect becomes negli-
gible. A multi-exponential fit to the data shows a minimum
requirement of two exponential function for a good fit with
time constants of 72 ps (27%) and 2.08 ns (73%). Most
likely the fast time constant is associated with carriers
moving into the deep traps (path 3 in Fig. 6) whereas the
long decay is associated with recombination of the carriers
(path 5 in Fig. 6). Here we should point out that differential
absorption intensity measurements have also been carried
at other probing photon energies within the top shallow
trap states with similar results.

Considering the differential absorption measurements in
Fig. 4 for the longer probing wavelengths, we notice an
increase in free-carrier contribution. This contribution
becomes dominant for probing photon energies below
1.65 eV (750 nm), where no trap states can be reached
from the valence band thus excluding state filling. The
initial fast recovery component which is of the order of a
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few picoseconds seen in these measurements is attributed
to free-carrier contributions within the trap states.

Finally we should point out that due to the presence of
Au nanoparticles (NPs) which are required as a catalysts in
the formation of the SnO, NWs, transient absorption mea-
surements in the probing region 2.4-2.1 eV depict the well
known surface plasmon resonance of Au [28-30]. Time
resolved measurements outside the above probing spectral
region show no evidence of differential absorption signal
from Au. Furthermore, measurements with excitation pho-
tons having energy below the band gap of SnO, show signal
only at the probing region of the surface plasmon resonance.
Identical results were obtained when transient absorption
measurements were carried out on just the quartz substrate
coated with the 0.5 nm film of the Au catalyst. It appears
that the Au NPs required for the formation of the NWs have
no effect on probing the carrier dynamics in SnO, NWs
despite the strong plasmon resonance.

In conclusion, we have investigated the ultrafast
dynamic behavior of SnO, nanowires using above band
gap excitation UV femtosecond pulses. Transmission
measurements of the NWs provided us with an estimate of
the band gap at 3.75 eV and reveal broad absorption bands
below the band edge. These absorption bands appear to
play an important role in the relaxation of the photogen-
erated carriers in the NWs. Transient differential absorp-
tion measurements reveal the different pathways and time
constants associated with the relaxation of the photogen-
erated carriers. Measurements suggest that the photogen-
erated carriers take a few picoseconds to move into the
shallow traps states whereas it takes ~70 ps to move from
the shallow to the deep trap states. Furthermore, recombi-
nation 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 pJ/cm?), however at fluence of
50 wJ/cm® Auger recombination appears to be negligible.
Transient absorption intensity measurements provided us
with an estimate of the Auger coefficient for the SnO, NWs
to be approximately 7.5 & 2.5 x 107" cm%s.
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