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SUMMARY

This thesis reports the linear and nonlinear optical properties and carrier
excitation dynamics in three-dimensional (bulk oxide semiconductor crystals)
and two-dimensional (oxide films and graphene) systems. An ultrafast
femtosecond laser is used to study the linear and nonlinear optical properties
as well as the carrier dynamics of oxide materials (both bulk crystal and
pulsed laser deposited films). A single model continuous wave laser is used to

study the optical bistability properties of graphene in a Fabry—Perot cavity.

This project starts with a study of the photoluminescence of single-crystal
LaAlO3, in which the defect levels within the band gap produce a strong
emission spectrum. We then use transient absorption technique to identify
these defects levels. Furthermore, the nonradiative carrier relaxation process
of these defect levels has also been studied. Through photoluminescence and
transient absorption studies, we have mapped these defect levels in the

LaAlO; system.

Then, we continue this study with SrTiO3, which has many physical properties
similar to those of LaAlOs. In this case, the strong photoluminescence of
SrTiO3 using multi-photon excitation has been obtained at room temperature.
In addition, with a combination of above band gap, sub band gap and band
edge excitation, the defect states (with their carrier relaxation lifetimes) within

the band gap of SrTiO3 have been studied.

From a previous photoluminescence and transient absorption study of LaAlIO;
and SrTiO3;, we found that the defect levels strongly influence the optical
properties of these materials. Then, we studied the effect of manipulating the

defect level population. This was demonstrated in the TiO, system, where the

Vi



defects states were manipulated by two methods: by annealing the film under
different oxygen pressures and by electron doping (Ta-substituted TiO,). It is
easier to manipulate the defect in the films; therefore, we have prepared TiO,
films (with different oxygen vacancies and Ta substitution concentrations) by
pulsed laser deposition. It is shown that the lifetime of the defect states (most
of which are due to oxygen vacancies) decrease with increase the oxygen

vacancies or Ta concentration.

The fruitful results of two-dimensional TiO, films led us to continue this study
for other two-dimensional materials. Graphene is considered as one of the
most important two-dimensional materials, and it has already been
demonstrated to show very interesting optical properties. Therefore, we
studied the optical properties of graphene. As graphene shows rich nonlinear
optical properties such as saturable absorption and giant Kerr nonlinearity, we
focused our study on the nonlinear optical applications of graphene. Optical
bistability has been demonstrated by placing monolayer graphene into a
Fabry—Perot cavity. A clear bistability hysteresis loop was observed in

monolayer graphene.

To summarize, this study from the linear to the nonlinear optical viewpoint,
investigates the defect carrier dynamics of various oxide materials.
Furthermore, the nonlinear optical applications of graphene have been
demonstrated through an optical bistability experiment. This study could
contribute towards the investigation of materials (oxides and graphene) for
realizing faster, smaller, and thinner nanoelectronic, optoelectronics and

integrated photonics devices.
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Chapter 1  Introduction

1.1 Introduction

Semiconductor technology is almost half a century old and the speed of
semiconductor chips has grown exponentially according to the Moore’s law.!
The demand for smaller, faster, and more functional chips is expected to rise
in the future. However, as device sizes have reduced to the nanometer scale,
semiconductor devices have reached the threshold where quantum effects
become important and they pose a challenge to scaling down. The
hybridization of silicon with other functional materials is expected to grow,
leading to increased functionality in chips in addition to speed and reduced
size. To meet the demands of technology, new classes of materials with

potential semiconductor applications are being investigated.

Recently, complex oxide materials have attracted great interest. Many
intriguing physical properties have been observed in these materials, such as
high temperature superconductivity, resistivity switching and colossal
magnetoresistance (MR).?"* Furthermore, with developments in material

synthesis technology, device sizes of nanometer scales are being achieved.

In 2002, a high-mobility conducting two-dimensional electron gas (2DEG) at
the interface of the two insulators, LaTiO; (LTO) and SrTiO3; (STO), was
reported by Ohtomo and Hwang.”> This observation attracted significant
research of these materials. Numerous studies have thoroughly investigated
the electronic, magnetic and optical properties as well as the structures of
13

these oxide materials both in bulk crystals and in heterostructures.®

Superconductivity, ferromagnetism, diamagnetism and paramagnetism have



been observed at these interfaces.”*'® However, the linear and nonlinear
optical properties, such as the multiphoton photoluminescence (PL), transient
absorption (TA), pump-probe, and defect carrier dynamics, have not been

studied adequately in this system.

Besides this 2DEG in Oxide materials, Graphene is another 2DEG system
which has shown great potential for high speed electronic devices. This
single-atom-thick carbon atom material shows ultrafast electronic transport
properties compared to semiconductors, making it ideally suited for
nanometer scale high-speed devices. Indeed Graphene has also been used for
optoelectronic applications, especially for nonlinear optics due to its
easily-achievable saturable absorption and giant Kerr nonlinearity, which are
both essential properties for digital optics based on nonlinear resonators.**#

In this study, we demonstrate optical bistability of monolayer graphene in a

Fabry—Perot cavity.

In this study, an ultrafast femtosecond laser was used to investigate the linear
and nonlinear optical properties of the 3D oxide crystals and a modulated cw
laser was used to investigate the nonlinearity in a 2D graphene sheet inside a
Fabry Perot resonator. Furthermore, ultrafast spectroscopy analysis of the
carrier dynamics of the oxide materials was conducted in the sub-picosecond
range. This chapter introduces the general physical properties of the studied
oxide materials and the nonlinear optical properties of graphene. The outline

of this thesis is presented at the end of this chapter.

1.2 Perovskite oxide

Oxide semiconductors are one of the most important materials in oxide

electronics applications. Oxide semiconductor materials have a wide band gap,



and therefore, they may potentially find applications in transparent conducting

electronic devices.

The perovskite structure, with a typical chemical formula of ABX3, is one
type of complex oxide material, an example of which is STO. Perovskite was
discovered by Gustav Rose and is nhamed after the Russian mineralogist L. A.

Perovski (1792-1856).%

Perovskite oxide has a cubic or pseudo cubic crystal structure. The cation “A”
is generally larger than cation “B,” and it is connected to an anion X
(generally oxygen). The material has cubic-symmetry structure, where the “B”
cation shows 6-fold coordination and is surrounded by an octahedron of “X”
anions, and the “A” cation shows 12-fold coordination. The schematic
structure of the perovskite crystal is shown in Fig. 1.1, where the light blue
spheres indicate “A” cations; the black ones, “B” cations; and the red ones,

oxygen.

Perovskite oxides show many interesting and unique properties, such as
colossal magnetoresistance, spin-dependent transport, charge ordering, and
high-temperature superconductivity. As a result, they have been widely
applied to make sensors, catalyst electrodes, and electronic devices.>* In this
thesis, two important perovskite oxides—LaAlO3; (LAO) and STO—are

studied. These two material systems are introduced.



Figure 1. 1. Schematic of perovskite structure.

1.3 Fundamental properties of LaAlO;

LAO is a perovskite-type oxide material with a rhombohedral unit cell.?* Asa
result of its large bandgap of 5.6 eV, LAO is transparent in a wide optical
range, making it an attractive material for optical applications.”®> Furthermore,
owing to its high dielectric constant and low RF/ microwave loss, LAO has
been widely used in infrared and microwave devices, where its use enables
low tunneling leakage current to be achieved.?®*” LAO has a lattice constant
of 3.791 A?® This lattice constant matches many oxide materials, making
LAO as an important substrate for oxide deposition; for example, YBa,CuzO;
(YBCO), STO and TiO; can be epitaxially grown on LAO substrate with high

quality.>%

At room temperature, LAO has a rhombohedral phase; this structure
transforms into a cubic phase at a high temperature near 875 K.***! This

phase transition results in twin formation, which is commonly observed in a



lower symmetry structure phase transition system. The lattice phase transition
from cubic to rhombohedral causes a lattice distortion that results in the
formation of both (100) and (110) twins in the LAO crystal.*** It has been

reported that the (100) twin is predominant in LAO single crystals.®*®

This lattice distortion of twins in LAO may result in small atomic
displacement, which may further affect the physical properties. In this study,
we observed doublet splitting in the PL spectrum of LAO crystal. Simulations
showed an Al displacement of 0.09 A in a sublattice, which may be
attributable to twinning that adequately explains the spectral splitting. The
carrier dynamics of these defect PLs have been studied by a femtosecond TA

technique.

1.4 Fundamental properties of SrTiO;

STO is a perovskite-type oxide material with a bandgap around 3.2 eV.***

The lattice constant of STO is 3.905 A, which is close to that of LAO.*® As
with LAO, STO is widely used for the epitaxial growth of many
high-temperature superconductors and oxide thin films.*® STO can be grown
on a silicon substrate without forming silicon dioxide, making it an ideal
buffer layer for growing other oxide materials on a silicon substrate.® STO
has a large dielectric constant (~300) and has been used in high-voltage
capacitors and other electronic devices.** STO is an insulator at room
temperature, and with electronic doping, it can easily show semiconductor,
metallic, and even superconducting properties at low temperature. For
example, Nb-doped STO is electrically conductive and has been used in

field-effect transistors and resistive-switching devices.*?

STO shows many phase transitions at different temperatures: from cubic to



tetragonal below 105 K; from tetragonal to orthorhombic at around 60 K; and

from orthorhombic to rhombohedral at around 30 K.*3**

STO has intriguing optical properties that have attracted great interest. STO
has been reported to show green emission (~2.4 eV) and blue emission (~2.8
eV).3844 The former is only observed at low temperatures below 110 K.
The latter is observed at high temperatures. Ar’-ion-irradiated La- or

3738 It is known

Nb-doped STO shows blue emission at room temperature.
that defects and impurities are common to oxide materials.*”"* In STO,
defects originating from atomic vacancies and interstitials of Sr, Ti, and O
lead to defect states inside the band gap.>°'®* These defect states may
contribute to PL emission. Among these defects, an oxygen vacancy is the
most common one. Furthermore, oxygen vacancies may bind with Sr or Ti
related defects or with other oxygen vacancies to form defect complexes.
During laser excitation, electrons in these defect levels are promoted to high
energy levels, from where they decay to lower energy levels. Some of these
excited defect electrons relax through a radiative decay process that produces
PL emission.>"3845%0-%%* However, many of these electrons relax through
nonradiative decay processes that cannot be observed by PL techniques.
Therefore, other methods are required to detect these nonradiative decay
processes. In this study, we investigated one-photon, multiphoton PL, and TA
spectroscopy of STO and observed many more defect levels inside the band
gap. Furthermore, by using the pump-probe technique, we identified the decay
lifetime of these defect states. This study of the defect states in STO may
provide a better understanding of the defect mechanism in the materials and

lead to potential applications of STO-based devices, especially for high speed

applications.



1.5 Fundamental properties of TiO,

TiO,, one of the most important oxide semiconductors, has attracted
considerable interest owing to its unique properties. TiO, has a high dielectric
constant, high refractive index, and high photocatalytic activity, as a result of
which it has been widely applied to heterogeneous catalysis, solar cells, water

splitting, gas sensors, and electric devices.>®

TiO, exhibits three crystal structures in nature: rutile, anatase, and brookite.®
The rutile structure is the most stable, well-defined, and commercially
available crystal phase, and it has a tetragonal crystal structure. The anatase
structure is a metastable form (primarily in bulk but less so in thin films) of
TiO, that also has a tetragonal structure, and it can transform into a rutile
structure at a high temperature; the anatase structure has higher catalytic
efficiency than the rutile structure owing to its high-mobility carriers.®® The

brookite is the least common phase.

In recent years, TiO; has attracted increasing attention from the viewpoint of
clean energy applications. Most of these applications are based on the photon
carriers of TiO,; for example, the photocatalytic reaction and solar cell
conversion are based on the photochemical reaction at the TiO, surface.®’ "2
Therefore, the study of photon-excited carrier dynamics is of great importance.
Many optical properties of TiO,, such as PL, time-resolved microwave
photoconductivity, TA, terahertz spectroscopy, and time-resolved reflectance,
have been reported.””” However, few studies have focused on the carrier

dynamics of TiO, films with donor contributions from oxygen vacancy or

from a pentavalent dopant, such as Ta or Nb.

Experimental results show that both rutile and anatase TiO, have band gaps of



3.0 eV and 3.2 eV, respectively.”®” Owing to this large bandgap, TiO; can
only absorb UV light. The majority of the solar spectrum is wasted and the
efficiency is low for solar cell applications. It has been reported that by doping
and introducing defect states inside the bandgap, the absorption of TiO, can be
extended to the visible range, and consequently the solar efficiency can be
improved.®*®®°"1 |n this study, we have investigated the carrier dynamics and
photocatalytic efficiency of TiO, films with different oxygen vacancies and

doping concentrations.
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Figure 1.2. In the spectrum of solar radiation UV light falls between 100 and
380 nm and contains 2% of the overall solar energy; visible light falls range
between 380 and 780 nm and contains 49% of the overall solar energy; and
near-infrared light falls between 780 and 2500 nm and contains 49% of the
overall solar energy.



1.6 Fundamental properties of graphene

Graphene, an atomically thick two-dimensional material, has attracted
enormous attention in the last few years. Graphene is a flat monolayer of
carbon atoms and serves as a basic building block for graphitic materials of all
other dimensionalities. Graphene exhibits interesting properties, such as high
room-temperature carrier mobility, high optical absorptivity, thermal
conductivity, and mechanical strength.®>®® Owing to these excellent and
unique properties, it shows promising applications to solar cells, catalyst
supports, sensors, energy storage, field-effect transistors, broadband polarizers,

and nanocomposite materials.?*%*

Graphene has carbon atoms arranged in a regular hexagonal pattern, and it
serves as a building block for all graphitic forms. It can be wrapped into 0D
fullerenes, rolled into 1D carbon nanotubes, or stacked into 3D graphite.®
Owing to the linear relation between energy and momentum, graphene has
massless charge carriers also known as Dirac fermions. Graphene shows
excellent optical properties.®? For example, under high excitation light, its
valence band depletes and conduction band fills, resulting in broadband
saturable absorption. This saturable absorption has been used in ultrafast
mode-locked lasers. Furthermore, graphene shows a very large nonlinear Kerr
effect and nonlinear phase shift, where a giant nonlinear refractive index of

107 cm? W was observed.”

Owing to its nonlinear optical properties, graphene is considered as a
promising optical material, and has potential applications in nonlinear
photonics devices. In this study, graphene-based optical bistability was

observed in different layers of graphene. The phase shift due to the large



nonlinear Kerr effect of graphene nano-bubbles (to be discussed later) may

explain the optical bistability behavior in the graphene system.

2D Graphene :{: > 7% D D £ EN

B i T LSS

0D Buckyballs 1D Carbon Nanotube 3D Graphite

Figure 1.3. 2D graphene—building block for carbon materials such as 0D
buckyballs, 1D carbon nanotube, and 3D graphite.

Energy (E)

Figure 1.4. Schematic structure of energy bands in 2D graphene.
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1.7 Ultrafast spectroscopy

Ultrafast spectroscopy involves recording the absorption or reflection
spectrum of a sample with a probe pulse in an extremely short time (variable
from nanoseconds to 100 femtoseconds) after its excitation with a pulsed laser
(the pump).”**® This pump-probe method is used to record the energy states
as well as the excited carrier dynamics of the studied materials. Many ultrafast
spectroscopy techniques have been developed thus far, such as ultrafast TA,
time-correlated single photon counting (TCSPC), and time-resolved
photoelectron spectroscopy (TRPES).%"'® Most of these techniques are
applied for time-resolved spectroscopy, which is very useful to study dynamic
processes in materials and to determine the mechanism of some physical

properties.

For ultrafast spectroscopy, TA is a very important and widely used technique
that can be used to study many processes, such as optical gain spectroscopy,
chemical reactions, energy transfer, electron transfer, and carrier
dynamics. 1% In this study, TA spectroscopy and single wavelength
pump-probe experiments were mainly used to measure the carrier dynamics.
In this experiment, an ultrafast pulse laser is used as the pump light, and the
electrons of the studied material are promoted to higher excited states. A wide
band probing light, also a pulsed laser, is used to obtain the absorption spectra
of these excited states at various delay time following the excitation. This
technique can be used to measure the carrier dynamic of both fluorescent and
nonfluorescent materials. The time resolution of this technique is limited by
the laser pulse duration, and therefore, this technique can detect processes as

fast as 100 fs.

11



In this study, the transient absorption of different oxide materials was
investigated. Defect levels as well as electron dynamics mechanisms for both

radiative and non radiative processes were studied using TA spectroscopy.

1.8 Thesis outline

Chapter 2 introduces the basic sample preparation and characterization
methods. In our study, pulsed laser deposition (PLD) is used to prepare thin
films. X-ray diffraction (XRD) and Atomic force microscopy (AFM) are used
to identify the structures and surface quality of the prepared films. The linear
and nonlinear optical characterization studies, including UV-vis spectroscopy,
PL, saturable absorption, reverse saturable absorption, multiphoton PL,
Z-Scan, and optical bistability, are introduced here. Transient dynamic

characterizations are addressed using pump-probe TA.

Chapter 3 discusses the PL spectrum and defect dynamics of single-crystalline
LAO. The PL of LAO consists of a broad spectrum and two sharp peaks that
arise from various defect levels within the bandgap. A doublet splitting of
roughly 6 nm is seen in these two sharp peaks. An Al displacement of 0.09 A
in the sublattice, which is possible because of twinning, adequately explains
the spectral splitting. Femtosecond pump-probe experiments further reveal
that many of these defect levels have decay time in the order of a few
picoseconds, whereas the lowest defect states have decay time longer than

nanosecond to the valence band.

Chapter 4 describes the defect energy levels of STO studied by above bandgap
(350nm), just below band edge (400nm) and sub bandgap (800 nm) excitations.
The room temperature multi-photon excited PL of STO is observed for the

first time by using 800 nm fs excitation. The PL is centered at 2.8 eV and has

12



a lifetime of 25 ns. A number of new defect levels in STO are resolved by
femtosecond TA studies using sub-bandgap excitation. The defect levels with
band edge (400 nm) excitation have short (<2 ps) lifetime, those defect levels
with above band gap (350 nm) and below band gap (800 nm) excitation
exhibit long (>1 ns) lifetime. This long lifetime defect dynamics can help to

explain the PL mechanism.

Chapter 5 describes the defect dynamics and applications of TiO, and
Ta-doped TiO,. The bulk single crystal shows broadened transient absorption
peaks with a long lifetime decay over several nanoseconds. On the other hand,
the defect levels in TiO; films show fast decay with a lifetime of 180-300 ps.
The carrier lifetime is found to increase as oxygen vacancies decrease.
Oxygen vacancies and defects in the films may form recombination centers,
resulting in an increase in the carrier recombination rate. Ta-doped TiO,
shows a fast decay of sub-nanoseconds unlike undoped TiO,, which may be
due to the reduction of oxygen vacancies during the Ta-substation process.
Slow recombination rate of the TiO, films is also used in the photo
degradation experiment (where TiO, is used as a photocatalyst), where

low-oxygen-vacancy TiO, films show relatively high efficiency.

Chapter 6 describes the nonlinear Kerr-effect-induced optical bistability.
Graphene, a material with a large nonlinear Kerr effect, is used in the
experiment. A clear bistability hysteresis loop is observed in monolayer
graphene. The device design exploits the strong nonlinear light-matter
interactions in graphene and the bistability arises from the combination of
optical nonlinearity in graphene and cavity feedback. It is found that
monolayer graphene causes A/2 optical length change during resonance. The

all-optical switching with a time scale of nanoseconds originated from

13



dispersive optical nonlinearities. This graphene-based optical bistable device

could form the building block of future high-speed all-optical circuitry.

Chapter 7 summarizes this thesis relevant outcome and discusses future

works.
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Chapter 2 Sample preparation and characterization

methods

2.1 Sample preparation: pulsed laser deposition (PLD) technique

PLD is a thin-film preparation technique that involves physical vapor
deposition.”® A high-power pulsed laser beam is used to vaporize the target
material, and the vapor is then deposited onto the substrate. The advantage of
the technique is the preservation of the stoichiometry of the target in the film
under the proper conditions. Deposition can occur in the presence of different
background gases. Oxygen is the most commonly used gas for oxide material

deposition.

Oxygen-vacancy-dependent oxide films are deposited by a PLD system as
described below. As shown in Fig. 2.1, a 248-nm excimer laser (Lambda
Physik excimer KrF UV laser) with pulse duration of 30 ns, maximum
repetition rate of 30 Hz, and energy density of 2 J/cm? was used for deposition.
The laser strikes the target material; the material then vaporizes under the high
energy of the laser, as indicated by the plasma plume. This plume containing
the target material is deposited onto the substrate. The substrate is attached to
a heater (using silver paint), through which the substrate temperature can be
controlled properly. The target-to-substrate distance can vary from 5 to 10 cm.
By using a turbo molecular pump, a low background vacuum level of 107
Torr can be achieved. During deposition, the pressure can be controlled by
filling in different gases, such as O, Ny, H,, and Ar. The deposition laser
energy density, laser repetition rate, substrate-to-target distance, substrate

temperature, and deposition pressure can affect the film quality. By choosing
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proper deposition parameters, good quality films can be obtained."®
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Figure 2. 1. Schematic of pulsed laser deposition setup.
2.2 Structure characterization technique

2.2.1 X-ray diffraction (XRD)

XRD is the most commonly used technique for crystal structure
characterization measurements.®*® Figure 2.2 shows the Bruker D8 Discover
XRD model used in our experiment. The X-ray is generated from the Cu Ka

source operated at 40 kV and 40 mA, and a VANTEC-2000 2D detector is
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used to collect the diffracted beam. The diffraction spectrum contains
information about the crystal structure as well as the lattice constant. By
comparing this data with the XRD database, we can obtain the desired
information.

As shown in Fig. 2.3, the working principle of XRD is based on Bragg’s

Law.'* When the incident X-ray and the lattice distance satisfy the following
equation, constructive interference occurs.

2dsin6 = n), (2.1)

where d is the lattice space; 6 the angle between the incident X-ray and the

lattice plane; n the order of diffraction; and A the wavelength of the X-ray.
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Figure 2.2. Schematic graph of X-ray diffraction experimental setup
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Figure 2.3. Working principle of X-ray diffraction.

2.2.2 Atomic force microscopy (AFM)

AFM is a type of scanning probe microscopy having a very high resolution in
the nanometer range.’*** A sharp tip with a radius of a few nanometers is used
to scan the sample surface. According to Hooke’s law, when the tip
approaches the sample surface, the forces between the tip and the sample
cause cantilever deflection. This deflection can be detected by using a
photodiode array to measure information about the sample surface. A

schematic of the AFM experimental setup is shown in Fig. 2.4 below.
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Figure 2.4. Schematic of experimental setup for AFM.

2.3 Optical characterization techniques

Optical measurement is a common but important method used for
understanding the basic properties of materials, such as direct and indirect
bandgaps, spectral absorption and transmission, and defect emission

properties.*

2.3.1 Ultraviolet-visible spectroscopy

UV-visible transmission spectroscopy is a powerful method that is used to
measure the absorption as well as the band gap of a material. In this technique,
incident light is absorbed by valence band electrons, and as a result, the
transmission reduces. The bandgap structure of the test material can then be

identified from the transmission spectrum.

The experimental setup for UV-vis transmission spectroscopy is shown in Fig.

2.5. The incident beam is split into two parts: one part passes through the
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sample, and the other part act as a reference. Light is absorbed by the sample
and leads to transmission T. The reference part has transmission T,. By
comparing T and To, we can identify the absorption of the test sample, and
thus the nature of the band, direct or indirect. UV-vis transmission

spectroscopy can also be used to observe some defect state absorption.

Beamsplitter Sample

Lamp

| 1032912Q |

Computer

To

| 1012919Q |

Mirror

Figure 2.5. Schematic of experimental setup for UV-vis transmission
spectroscopy.

2.3.2 Photoluminescence

PL is a technique used to measure the radiative properties of materials.*"®

Valence band electrons are promoted to the excited state upon absorbing
incident light, from where the excited electrons relax to low levels through
radiative or non-irradiative decay processes. During radiative decay, the
excited electron loses energy in the form of a photon which we call PL. This
PL emission is fundamental to light-emitting diodes and lasers. From the PL
spectrum, the energy level and the lifetime of the excited state from where the
emission occurs can be estimated. The emission properties of a material can
help in identifying defects, impurities, and the band structure of a material. In
many materials, theorists are able to predict the positions of various defect

levels and the experimental correlation with theory can enable us to
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understand the nature of these defects.

Figure 2.6 shows a schematic of the experimental setup for PL. The light
emitted from the laser source is used as the excitation source. The power of
the excited light can be tuned by using a neutral density filter. One lens
focuses light onto the sample, and another collects the emission light
generated by the sample. The second filter is used to cut-off the excited light.
The collected emission light spectrum can be obtained by using a
spectrometer equipped with a CCD. From the PL spectrum, we can determine

the carrier dynamics of the radiative process of the materials.
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Figure 2.6. Schematic of experimental setup for photoluminescence.
2.4 Transient dynamic characterization techniques

Time-resolved spectroscopy of the excited carrier dynamics is one of the most
important ways to understand the carrier dynamic mechanism of materials.
This is because most important processes occur in a very short time scale in

the order from a few picoseconds to nanoseconds.*

Figure 2.7 shows the timescale of the electron relaxation process after
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excitation using the ultrafast laser. Initially, after laser excitation, the material
absorbs the incident photons and the electrons are excited to a higher excited
state (hot electrons) within a few femtoseconds. Thermalization is the next
step, in which carrier-carrier scattering and carrier-phonon scattering dominate.
Both these types of scattering occur in the sub-picosecond range after the
excitation. The most interesting part is carrier removal, in which carrier
recombination and diffusion are the main processes. Most optical properties of
materials can be observed in this carrier removal part. After electron
recombination, the recombination energy is transferred to the lattice.
Subsequently, ablation, evaporation, thermal diffusion, and resolidification

occur within nanosecond to microsecond range.

— Absorption of photons

Impact ionization

— Carrier—carrier scattering

— Carrier—phonon scattering

Auger recombination

Radiative recombination

Carrier diffusion

Ablation and evaporation
e 1hermal diffusion

Resolidification

1 1 1 1 1 | | | I
107 1075 10 10 1072 10 10%° 10° 10 107 10° 10°

5
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fs ps ns us
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Figure 2.7. Schematic of electron relaxation upon excitation using an ultrafast
laser pulse.
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2.4.1 Pump-probe transient absorption spectroscopy

The defect level as well as the band structure can be studied through a TA
experiment. A TA experiment can be used to determine the induced absorption
or the excited state absorption, from which the defect state in the band gap can
be observed. TA can also help in measuring the decay time of these defects,
through which we can identify the recombination process. Furthermore, the
TA spectrum can provide defect information as a function of the relaxation
time over a range of probe wavelengths (broad band). On the other hand, a
single-wavelength pump-probe can show the electron relaxation dynamics at a
given wavelength, from which the lifetime of the electron relaxation process

can be studied in finer details.

Figure 2.8 shows a typical optical setup for a pump-probe experiment using a
Spectra-Physics femtosecond Ti:sapphire laser system. The laser pulses are
generated using a mode-locked Ti:sapphire oscillator seeded regenerative
amplifier with a pulse energy of 2 mJ at 800 nm and a repetition rate of 1 kHz.
The laser beam is split into two portions. The larger portion of the beam
passed through a BBO crystal to generate a 400 nm pump beam through
frequency doubling. The intensity of the pump beam is attenuated using a
neutral density filter and modulated using an optical chopper at a frequency of
500 Hz. The smaller portion of the beam is used to generate white light
continuum in a 1 mm sapphire plate, which acts as the probe beam. The white
light beam is further split into two portions: one is used as the probe and the
other is used as the reference to correct for the pulse-to-pulse intensity
fluctuation. The pump beam is focused onto the sample with a beam size of

300 um, and it overlaps the smaller probe beam (diameter: 100 um). The delay
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between the pump and the probe pulses is varied using a computer-controlled

translation stage (Newport, ESP 300).

Pump probe experiments are carried out at room temperature. During the
measurements, the pump and the probe energies are kept low to minimize
photo-damage to the samples. In a pump probe scan, the value of the
normalized pump induced absorption change (T/T0O) is determined as a
function of the delay time between the pump and the probe pulses. The TA
spectrum at different delay times is measured by passing the probe beam

through a monochromator and then through a photodiode detector that is

connected to the lock-in amplifier.*%
probe
(white light)
Amplifier Laser A F_m
System U Uy
pB0 1 ] detector |
pump Chopper : detector
: Lock-in
— Amplifiers
t |
1fs ~ 0.15me kﬁ [ [i s
Translation stage computer

Figure 2.8. Schematic of pump-probe experimental setup.
2.4.2 Time-correlated single-photon counting

Time-correlated single-photon counting (TCSPC) is a method that is used to
measure the lifetime of PL.? After excitation, various electrons in excited

states relax to a lower state through radiative recombination at different times.
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By observing the timeline of the emission, we can determine the exponential

decay of the emission intensity, and in turn, the lifetime of the excited state.

ND Filter Beamsplitter Lens Sample Lens  Filter Mirror

Spectrometer
| PMmT |
Delay
Start Signal Stop Signal
Counter
Computer

Figure 2.9. Schematic of experimental setup for TCSPC.

Figure 2.9 shows the experimental setup for TCSPC. The light from the laser is
split into two portions: one portion acts as the start signal, and the other portion
acts as the excitation source. The PL of the sample is collected using a
spectrometer with an attached PMT, which is used for the stop signal. Both the
start and the stop signals are input to the TCSPC counter, where the lifetime of

the PL can be obtained.

2.5 Optical nonlinearity characterization techniques

Under high light intensity, the optical nonlinearity of materials becomes
dominant.”® For optical nonlinearity, the dielectric polarization P becomes
nonlinear with the light electric field E. Many unique properties, such as the

Kerr effect, self-focusing, self-phase modulation, four-wave mixing, and
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multiphoton absorption are related to the nonlinear optical properties of

materials.?*%

2.5.1 Saturable absorption and reverse saturable absorption

Saturable absorption is a nonlinear optical property in which the absorption of
light decreases with the light intensity.”® Saturable absorption is often
observed at high optical intensities. Under a high excitation light intensity,
valence band electrons are excited to a higher energy state. Before the excited
electrons relax to the ground state, the ground state becomes depleted,
resulting in a decreased absorption and a subsequent increase in the

transmission. So the rate of excitation must be larger than rate of decay.

Therefore, under high excitation intensity, saturable absorption occurs. If the
excited state absorption cross section is higher than that of the ground state,
transmission decreases with the light intensity. This phenomenon is opposite
to that observed in saturable absorption, and it is called reverse saturable
absorption. Excited state absorption, multiphoton absorption, nonlinear
scattering, and free carrier absorption are typical reverse saturable absorption

phenomena.
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Figure 2.10. Saturable absorption and reverse saturable absorption. (a). In
saturable absorption, the transmission increased with the excitation intensity
(T1% < T,%). (b). On the other hand, in reverse saturable absorption, the
ground state absorption cross section is less than the excited state (Gex > o).

2.5.2 Multiphoton excitation photoluminescence

Multiphoton excitation PL is a higher-order nonlinear process.” In a linear
excitation process, the photon energy is high enough to promote the valence
band electrons to the excited state. Therefore, only one photon is absorbed at a
time. In this case, the PL intensity is linearly dependent on the incident laser
intensity. In the multiphoton excitation process, long wavelength light is used
as the excitation source, where the photon energy is not adequate to promote
the valence band electrons to the excited state. Electrons can only be excited
to a high energy state by simultaneously absorbing multiple photons. In this
case, the PL intensity increases nonlinearly with the n™ power of excited light
intensity where n photons are absorbed simultaneously to promote the electron
to the excited state. Thus by measuring the power law of the PL signal one can

understand how many photons are involved in the excitation process.
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Multiphoton excitation PL requires high-intensity pulsed laser excitation.

Compared with the traditional single-photon excitation process, multiphoton
PL has many advantages. As multiphoton PL is proportional to the n™ power
of the light intensity, the PL signal is disproportionally high at the focal point
leading to spatial discrimination. This can be used for three-dimensional
mapping. Another advantage is that multiphoton excitation can be realized
using near-infrared light, the penetration depth of which is greater, and

therefore, multiphoton excitation can be used as a probe deeper inside a

111

Excitation  Emission Excitation  Emission

S

Figure 2.11. Two-photon excitation photoluminescence. The emission signal is
disproportionally high at the focal point leading to spatial discrimination.

material.*
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2.5.3 Z-Scan

Third-order nonlinear susceptibility, such as the Kerr nonlinearity, nonlinear
absorption, and saturation irradiance, can be detected by a “closed” and “open”

z-scan experiment.*!

The nonlinear refractive index can be obtain from the “closed aperture”
32
z-scan.

AT,_, ~ 0.406 (1 — 5)°25|Ag,| 2.2)
2
A@O - TTEnzloLeff (23)

WhereL,rr = (1 —e™)/a, L is the sample thickness, a is the linear

absorption coefficient, S is the transmittance of the aperture in the absence of a
sample. A@, is the nonlinear phase shift, I, is the on-axis peak intensity at
the focal plane. With equation (2.2) and (2.3) we can obtain the nonlinear

refractive index of the sample.

Figure 2.12 shows the setup of the z-scan experiment. A Spectra-physics
Ti:sapphire oscillator seeded amplifier laser system was used as the excitation
source. The amplifier provides an output with a central wavelength of 800 nm,
pulse duration of 100 fs, and repetition rate of 1 kHz. The output beam was
split into two portions. A larger portion was focused at the sample by using a
lens with a focal length of 15 cm, giving a focal spot size of ~ 40 pum (radius).
Another portion was collected by the reference detector. The sample is placed
on a motorized stage that can move the sample toward and away from the
focus point. The transmittance of the sample was recorded accordingly. The
z-scan experimental system was calibrated by measuring the third-order

nonlinear absorption coefficient of a standard ZnSe sample.
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Figure 2.12. Schematic of z-scan experimental setup.

2.5.4 Optical bistability

The nonlinearity of a material can be exploited for optical bistability
applications. Optical bistability refers to a situation in which two stable
transmissions states can exist. By using an input laser, nonlinearity of the

material, and feedback mechanism, an optical bistable device can be setup.®

There are two types of bistability: absorptive and refractive. Absorptive
bistability is based on the saturable absorption of materials. The first bistable
state occurs at the low-incident-intensity range where the intensity is below
the saturable limit. The second bistable state occurs at the
high-incident-intensity range where the intensity exceeds the saturable limit.
Refractive bistability is based on the nonlinearity of the refractive index
change. The first bistable state occurs at the low-incident-intensity range
where normal linear refraction is dominant. The second bistable state occurs at
the high-incident-intensity range where a nonlinear refractive index manifests.

Materials with saturable absorption or the Kerr nonlinearity can be used for
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studies of optical bistability.

Graphene has saturable absorption and a large Kerr nonlinearity that can be
used for optical bistability applications. The detailed configuration of the
optical bistability experimental setup is shown schematically in Fig. 2.13. A
high power (up to 5 W) diode-pumped solid state laser (Newport, Millennia
Edge) with single longitudinal mode (TEMoo, spectral linewidth: < 5 MHz)
output at 532 nm is used in this work. A Faraday isolator is placed after the
laser to prevent reflection from the Fabry-Perot cavity. The acousto-optic
modulator (Isomet AOM driver, 532C-L) with a central frequency of 80 MHz
and minimum rise time of 6 ns is used to modulate the input power into the
Fabry-Perot cavity. The optical bistability experiments were carried out with a
Burleigh RC-140 plano Fabry-Perot interferometer. Two high energy partial
reflecting mirrors with surface figure of 1/10 wavelength at 532 nm are fixed
in the mirror mounts of the Fabry-Perot interferometer. The front mirror has a
reflectivity of 95% and the rear one has a reflectivity of 99% at 532 nm.
Monolayer graphene was grown by the chemical vapor deposition (CVD)
method and wet-transferred onto the rear mirror for optical experiments. An
object lens (focal length= 20 mm and beam waist= 3 mm before the cavity) is
placed before the cavity to focus beam onto graphene surface with a beam
waist of about 1 um. The incident and transmitted intensities are collected by
two fast silicon photodiodes with 1 ns response time and displayed as
horizontal and vertical deflections on a fast (response time <1ns)oscilloscope

(Tektronix, 1 GHz).
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Figure 2.13. Schematic of experimental setup for optical bistability.
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Chapter 3  Defect Dynamics and Spectral Splitting in
LaA|O3

3.1 Introduction

The low microwave losses, good lattice matching with many common oxides
(pseudo cubic a=3.79 A), wide band gap (5.6 eV) and thermal stability have
made LAO crystals a strategically important substrate.’ * The optical
characteristics in the infrared and microwave regions have been widely studied
for the rare-earth LAO on account of their deployment in the fabrication of
high temperature superconductor based microwave devices.”” More recently
there has been resurgence in the interest in LAO due to the observation of a
quasi 2DEG at the interface of LAO and STO crystals for the polar nature of
LAO and the requirements to avoid a polarization catastrophe.® LAO exhibits
a cubic to rhombohedral phase transition at 820 K and at temperatures below
this value the crystal develops twins.® The twinning could result in the
formation of crystalline domains where the cations may be displaced from
their equilibrium sites. Such displacements could potentially affect the
electronic energy levels which may show up in various spectroscopic
measurements. Recent observations of resistive switching in oxides, high
mobility electrons, unusual magnetic phenomena at the LAO/STO interfaces
underscore the role of defects within the band gap of these oxides and the need
for careful characterization of these defects, namely their location, energy
width and electron life times.'® ' TA and PL in the picosecond to
femtosecond time scale are powerful tools to study the dynamic coupling of

electron and lattice, and detect localized defect states for wide band gap
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crystals, such as STO and LAO.**

Based on PL and TA, many interesting carrier dynamics studies have been
reported for the doped and undoped STO."*" However, as far as we know,
few ultrafast dynamic and PL studies have been reported on LAO crystals.*®*
Kawabe et al. found that under 266 nm excitation there were two distinct
components, a fast UV one arising from band-band excitation and a broad
component involving oxygen defect levels.’® Kanai et al. found these by using
248 and 193 nm excitation, a series of five different PL peaks which were
associated with defect levels inside the gap.”® In both papers, the electrons
were pumped to the conduction band and the resultant PL was dominated by
emission from conduction band to various defect levels. Under this condition,

the PL spectrum was dominated by broad peaks with very little

distinguishable features.

In this chapter, we investigate the dynamics of electron relaxation and defect
PL from single crystal LAO, by using sub-bandgap excitation (400 nm) which
selectively probes certain defect levels reveal features not seen in the previous
studies. We see consistent doublet features on more than one PL peaks and we
believe this to arise from the twin splitting of the defect energy band, which in
turn enables us to estimate the size of the cationic displacements within the

twins in LAO.

3.2 Experimental Procedure

In this study, doubly polished (100) LAO single crystals [Crystec GmbH], 11
cm in size, 0.5 mm thick were used as received. The detail of the femtosecond
TA and pump probe experiments were explained in chapter 2. To eliminate the

effect of the probe light excitation the power intensity ration between the
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pump and probe is kept at more than 20, in all experiments. All the
time-resolved experiments were performed at room temperature. The
temperature dependent PL experiments were carried out by using the same 400
nm laser excitation source. The PL signal was collected through a Princeton
Instruments SP 2300i Spectrometer with a CCD detector. The spectral
resolutions were 0.14 nm for PL measurement and 5 nm for TA measurements.
The UV-visible transmittance spectrum of the LAO crystal was measured
using a Shimadzu UV-Vis-NIR spectrometer with a wavelength range from

240 to 2600 nm.
3.3 Results and Discussion

3.3.1 Photoluminescence of pure LAO

The UV-visible transmittance spectrum shown in Fig. 3.1 indicates that LAO
has an optical bandgap of 5.6 eV. The high and flat transmission at the longer
wavelength range indicates the intrinsic purity of this material, where only
bandgap absorption is observed in the static spectrum. As reported, some
defect levels are formed by oxygen vacancies and impurities within the
bandgap. Those defect levels are usually related to the small amount of
impurities and trapped states. For the UV spectrum the signals are dominated

by the ground state absorption, thus the defect levels are hardly to identify.
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Figure 3.1. UV-visible transmittance spectrum of as received LAO (100) single
crystal. The arrow indicates the bandgap of 5.6 eV.

In order to study the behavior of the intra-bandgap defect levels, we have
measured the temperature dependent PL spectrum. In Fig. 3.2 (a), three
distinct peaks were observed in the PL spectrum, a broad peak at high photon
energies from 550-650 nm and two sharp peaks at lower photon energy
centered at 699 and 726 nm. Both sharp peaks show a doublet splitting of ~6
nm. The splitting is also likely to be present in the peak centered at 600 nm but
is not observable due to the peak broadening. As the photon energy of the 400
nm excitation is 3.1 eV, which is below the band gap of LAO (5.6 eV), the
electrons can reach the conduction band only via a multi-photon process.
Under this situation the PL intensity should increase nonlinearly with
increaseing excitation intensity. However, Fig. 3.2 (b) clearly shows that the
PL intensities at three different wavelengths follow a linear dependence on the
excitation intensity. The linearity suggests that PL arises from the electron of

the valence band excited to some intermediate defect levels followed by decay
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down to various lower defect levels. The PL intensities at 726 and 699 nm
increase with the temperature, while the PL intensity for the broad spectrum
from 550 to 650 nm decreases linearly with the temperature. This interesting
effect indicates that the PL for the broad spectrum and the two sharp peaks

originate from different electronic processes.
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Figure 3.2. (a) Photoluminescence data for LAO crystal at different
temperatures under 400 nm laser excitation, (b) Photoluminescence intensity at
600, 699 and 726 nm under different excitation intensities at room temperature.

This is better illustrated in Fig. 3.3 where we have taken the calculated defect
levels from Lou et al.®® and have matched the observed PL with possible
energy levels. The broad peak at 600 nm is likely due to the electronic
transition from singly charged oxygen interstitial defect levels to valence band;
the 726 nm peak is likely due to La interstitial and/or the Al antisite at the La
position to the valence band. The different temperature dependences of these
peaks may be related to the relative temperature redistribution of the density
of the defects. With increasing temperatures, one would infer from this data an
increase in the La interstitial and/or the Al antisite at the La position defects

and a decrease of oxygen interstitial.
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Figure 3.3. lllustration for the possible origin of the photoluminescence (down
arrow) and the transient absorption (up arrow) peaks with the calculated defect
levels from Lou et al.?°

The spectral splitting of the peaks at 699 and 726 nm is quite interesting and
may be related to the twin formation in LAO. At around 820 K, LAO
undergoes a transition from a high temperature cubic phase to a low
temperature orthorhombic phase with a rhombohedral primitive unit cell
through a Pm3meR3c octahedral tilting. 28 This symmetry breaking
transition leads to a buildup of high stress in the crystal which is relieved by
the formation of eight energetically equivalent domain states, of which there
are only four macroscopically observable twins. Any pair of the four twin
states have twin boundaries along the (100) or (110) planes. However, it has

been found that the (100) twins are energetically more favorable than the (110)
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twins due to less strain. ? These twin states may have significant
displacement of the cations from their equilibrium sites which may affect the
electronic energy levels. To shed more light on the effect of this cation
displacement, first-principle calculations based on density functional theory
(DFT) are employed for the position of energy level in the bandgap. The DFT
calculations include the generalized gradient approximation, using a plane
wave basis (kinetic energy cut-off 400 eV) and projector augmented-wave
pseudo potential.>*** One oxygen atom was removed from 3>3>3 supercell to
model the oxygen vacancy defect in LAO. This defect level was found at
around 2.23 eV above valence band maximum (VBM) (without shifting the Al
or La). When the Al atom was shifted from the original site with the other
atoms in their original sites, the position of the defect level changed
significantly. The defect level shifted about 15 meV from original position
when the Al atom was displaced 0.09 A from the original site (Fig. 3.4), while
a similar displacement at the La site did not lead to any significant shift of the
defect level. Hence the twinning could result in two different Al sites, one
shifted and the other not, leading to the observed 6 nm splitting in the defect

PL.
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3.3.2 Oxygen-vacancy-dependent photoluminescence

the oxygen vacancy and interstitial defects on the PL.
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Figure 3. 4. First principle calculated defect levels with shifting Al and La
atoms.

As discussed above, the defect levels in the band gap contribute to the PL
spectrum. From the PL spectrum, we can observe that there are at least two
types of defects in the LAO crystal. The oxygen interstitials contribute to the
broadened spectrum centered at a wavelength of around 600 nm. The La
interstitial and/or Al antisite at the La position contribute to the two sharp
peaks. These two types of defects behave quite differently with temperature.
To further study this behavior in detail, we annealed the LAO crystal at
which can change the oxygen vacancy

concentration in the sample and this may help in understanding the effect of



We have prepared three samples under different annealing conditions to
introduce different concentrations of oxygen vacancies. Sample (a) is the as
received single crystal that acts as the reference. Sample (b) is annealed at 1
atm oxygen pressure under 973 K for 1 h. Sample (c) is annealed at 1 <107
Torr oxygen pressure under 973 K for 1 h. Figure 3.5 shows the room
temperature PL spectrum for three samples prepared under different oxygen
background pressures and hence with different oxygen vacancy

concentrations.

To compare the PL intensity, we normalized the PL spectrum at 800 nm,
which is the second-order grating diffraction and it is proportional to the
incident laser intensity. The PL results show that the as received LAO single
crystal has the highest PL intensity. It is noted that sample (b) has more
oxygen interstitials and sample (c) has less oxygen interstitials than the as
received sample (a); however, after annealing, the PL intensities for both
samples (b) and (c) are suppressed. As mentioned before, the LAO crystal
shows a crystal phase transition at ~820 K. It should be noted that the
annealing temperature is 973 K, which is higher than this phase transition
temperature. During the annealing process, this phase transition may introduce
a lattice distortion and further introduce more defect states into the crystal;
most of these defects become recombination centers and increase the

nonradiative decay process, resulting in the reduction of the PL intensity.
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Figure 3.5. (a). Room temperature PL of LAO under different annealing
conditions. Sample (a) is the as reserved LAO single crystal; sample (b) is the
LAO single crystal annealed at 973 K under 1 atm pressure for 1 h; sample (c) is
the LAO single crystal annealed at 973 K under 1 <107 Torr oxygen pressure
for 1 h; (b). Power dependence in sample (b) (LAO single crystal annealed at
973 K under 1 atm oxygen pressure for 1 h), all wavelengths showed linear
dependence with excitation power.

3.3.3 Transient absorption and relaxation time determination

The transient absorption spectra of the defect dynamics for the LAO crystal
under excitation at 400 nm at the room temperature are shown in Fig. 3.6. Two
transient absorption bands at 620 and 760 nm were observed at different
excitation intensities. It is interesting to note that the two bands behave
differently with the time. The transient absorption band at 620 nm under a
high excitation intensity (270 nJ/pulse) decays with two different time scales,
a fast decay with a time constant of 4 ps followed by a slow decay with time
constant over 1 ns. However, the transient absorption band at 760 nm only
shows one slow decay component. This difference in the time evolution
behaviors indicate that the 620 and 760 nm bands originate from different

electronic processes. Figure. 3.6(b) shows excitation intensity dependent
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transient spectra at a time delay of 2.0 ps. The excitation intensity dependence
indicates a hybrid of one- and two-photon excitation processes with a larger
two photon component for the 620 nm band (power of 1.6) than the 760 nm
band (power of 1.4). As the excitation intensity increases, amplitude of the
fast decay components for 620 nm band also increases. The two-photon
excitation at high excitation intensities will promote the electrons onto the
conduction band. The initial decay from the conduction band to upper defect
level is believed to be very fast (~100 fs and not observed in our data), which
is followed by decay to lower defect level with a time constant of 4 ps and
subsequent decay back to valance levels with a slow decay components (>1
ns). Figure 3.6 shows that the relaxed transient spectra at 30 ps became similar
to the initial (e.g. at 2 ps) transient spectra under lower excitation intensities.
The one-photon excitation (which will dominate at the low excitation intensity)

can only promote electrons to the mid-gap defect level.

The energy diagram is depicted in Fig. 3.3. The black and blue arrows are
indicators for the TA peaks. Black arrow indicates the 760 nm TA peak, and
the blues indicates the 620 nm TA peak. The 620 nm band arises from two
different electronic transitions, the first one from the upper defect level to the
conduction band absorption with a short decay time constant (4 ps) and the
second from the lowest defect levels to the upper gap defect level excitations
with a slow decay time constant (> 1 ns). The 760 nm transient absorption is
from the lowest defect levels to the upper defect level with a slow time
constant. Hence this confirms that the upper defect level centered at 3.1 eV
has a fast electron decay time (~4 ps) while the two lower defect levels
centered at 2.1 and 1.7 eV have a long (>1 ns) decay time. It is indeed

surprising that for such large variations in the decay time of these defect levels
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and stresses the need for their detailed characterization.

0.00+r T T T T T T . .
@ (b) 0-00 —o~ 156 nJ/pulse

—-o— 196 nJ/pulse

-0.02

-0.021
-0.044 004] SR & P °
L -0.06 . -0.06
E =
< -0.08{ < .0.084
-0.101 -0.101
-0.12 -0.12
500 550 600 650 700 750 800 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 3.6. (a) Transient absorption spectra for the single LAO crystal under
270 nJ/pulse 400 nm femtosecond laser excitation at room temperature. (b)
Transient absorption spectra under different excitation intensity with 2 ps
delays time.

3.4 Conclusions

The study of wide bandgap oxides and the defects lying within the bandgap
may be better studied by using sub-bandgap excitation rather than a band to
band excitation. We have shown this to yield exciting new data for the case of
LAO where a doublet splitting is seen in the various defect levels with
different dynamics processes. These splitting give us an idea of the cationic
displacements in LAO as a result of structural phase transitions which are
responsible for the commonly observed twins in this system. The fs pump
probe studies are able to distinguish the widely differing electronic lifetime of
the various defect levels. Hence PL and optical pump probe spectroscopic

techniques can shed new information on these wide band gap materials.
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Chapter 4  Fine Structure of Defect States in SrTiO;

4.1 Introduction

In the field of oxide electronics, STO is a very important and strategic
material, much like silicon is in the field of microelectronics. In recent times,
STO has attracted increased attention owing to the observation of a quasi
2DEG at its native surface as well as the LAO/STO interface."® Recent PL
measurements in low energy argon ion irradiated STO has emphasized the
role of defects states in STO. Hence it is essential to understand the defect
states (radiative versus non-radiative, lifetime of carries in these higher energy
levels) of STO to realize its widespread utilization as a substrate and as an
overlayer for a variety of opto-electronic device applications. To this extent
recently, many studies have focused on defects in STO using PL and
time-resolved measurements.®™® Most such techniques use above-bandgap
excitations and show broad band and featureless PL spectra. In a prior study
of the LAO/STO interface, we were able to map out the defect states induced
by oxygen vacancy in a sample being annealed in vacuum to enhance the
oxygen vacancy concentration.'® In this study, we compare both above- and
below bandgap excitation PL spectra with TA spectroscopy in as received
STO without vacuum annealing to minimize oxygen vacancy signals. Unlike
the featureless broad band PL spectra as seen in prior measurements, the TA
spectra exhibited distinct spectral features arising from previously unobserved
defect levels originating not just from oxygen vacancies. By using this
approach, we have identified several important defect levels within the

bandgap of STO and measured their lifetime as well.

64



In this chapter, doubly polished (100) STO single crystals (Crystec GmbH,
Berlin Germany) of 11 cm size and 0.5-mm thickness were used as received.
As mentioned earlier, in the case of the procured STO single crystal, we
focused on the defect concentration in bare STO that was not subjected to any

annealing or reduction.

4.2 Experimental Procedure

The details of the Z-Scan, PL and TA experiments are presented in chapter 2.
800-nm excitation PL experiments were carried out using the same
femtosecond laser as the excitation source. The 350-nm above-bandgap
excitation PL was carried out using an optical parametric amplifier system,
and the PL signal was collected through an Acton SP 2300i monochromator
(Princeton Instruments) coupled with a CCD detector. All experiments were

performed at room temperature.

4.3 Results and Discussion

Figure 4.1 shows the UV-Vis transmission spectrum of the STO (100) single
crystal. The sharp decrease in transmission indicates the bandgap of 3.2 eV
(387 nm). Unlike our previous study on vacuum annealed STO there are no
visible defect states in the gap indicating a very low oxygen vacancy
concentration. We studied the PL and TA by using the following excitation
photon energies: above-bandgap excitation, 3.54 eV (350 nm); sub-bandgap
excitation, 3.1 eV (400 nm); and below-bandgap excitation, 1.55 eV (800 nm).
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Figure 4.1. UV-Vis transmission spectrum of the STO (100) single crystal. The
three arrows indicate the three wavelengths above bandgap, 350 nm;
sub-bandgap, 400 nm; and below bandgap, 800 nm for the TA studies.

4.3.1 Multi-photon excitation PL of STO

Multi-photon absorption/excitation has been widely used in many chemical
and biological studies. In these experiments, a long-wavelength source is
usually used because it has high penetration depth and can obtain information
from deep within a material. Another advantage of multi-photon experiments
is that owing to the energy density threshold, higher-order absorptions only
occur at a hot spot where the energy density is high enough to allow
simultaneous multi-photon absorption to occur. Thus far, no studies have
investigated the multi-photon excitation PL of STO. As shown in the z-scan
experiment in Fig. 4.2, the two photon absorption coefficient of STO is
7.3x10™ cm/W, which suggested that the STO can absorb the 800 nm photons
through the multi-photon excitation process. From the band structure of STO,

a two photon absorption falls short of the conduction band by about 100 meV.
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Hence most of this absorption takes place in a defect level just below the
conduction band edge. However, for reasons mentioned below, most of the

decay from this level is not through PL in the visible region.

Next we studied the nonlinear excitation PL of single-crystal STO by using an
800-nm femtosecond laser as the excitation source when bright blue PL
emission is observed at room temperature. Figure 4.3 shows this PL of
single-crystal STO under multi-photon excitation using 800-nm femtosecond
laser pulses. A broad luminescence peak centered at 2.7 eV was observed. The
linear absorption spectra showed strong absorption at the band gap energy of
3.2 eV (dashed line in Fig. 4.3 (a)). As the excitation photon energy was 1.55
eV, the valence band electron can only be excited to the conduction band by a
multi-photon excitation process (~ a three photon process), as evidenced by
the power-dependent PL data (Fig. 4.3 (b)) with a slope of 2.7. Similar to
recently reported data, the spectra are dominated by transitions from the
conduction band to some broad defect energy levels.’ ** Figure 4.3 (c) shows
a photograph of the PL of STO under intense 800-nm femtosecond pulse laser
excitation that can be clearly seen by the naked eye. While the absorption of
the 800 nm photons is dominated by two-photon absorption, the PL emission
is dominated by a three photon process. This tells us that the PL is dominated
by decay of excited electrons from the conduction band to the various lower
lying defect states, while the absorption is dominated by the below bandgap

defects states whose contribution to the visible PL is negligible.
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Figure 4.2. Z-Scan measurement for the two photon absorption coefficient of
STO single crystal, with the 800 nm fs pulse (30 mJ/cm?). The fitting result
shows the two photon absorption coefficient of 7.3x10™ cm/W.
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Figure 4.3. (a) 800-nm femtosecond laser pulse (photon energy: 1.55 eV)
excitation emission spectra of single-crystal STO with different pump powers,
where the dashed line indicates the UV-Vis absorption spectrum of STO. (b)
Log-log plots of the peak intensities of the blue emission from STO versus
excitation intensity. The solid line indicates the power fitting with a slope of 2.7.
(c) Photograph of blue emission from STO under multi-photon excitation of
800-nm femtosecond laser pulse.
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4.3.2 One-photon above-bandgap excitation PL of STO
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Figure 4.4. (a) Above-bandgap (350 nm; 3.5 mJ/cm?) excitation PL of STO. (b)
PL dynamics for STO under 350-nm excitation.

To further identify the origin of PL excitation, we used 350 nm (3.54 eV)
(above-bandgap) excitation as the source for investigating the PL properties.
Figure 4.4 shows the PL of single-crystal STO under above-bandgap
excitation. The increased absorption spectra showed strong absorption at a
bandgap energy of 3.2 eV (dashed line in Fig. 4.4 (a)). There was a large shift
(~0.4 eV) between the absorption and the emission peaks. This shift indicated
that the broad optical emission must be attributed to the de-excitation from the
bottom of the conduction band to a number of defect levels above the valence
band maximum. The long PL lifetime of ~25 ns indicated that the lifetime of
electrons in the conduction band is very long. It should be noted that this
350-nm above-bandgap excitation PL has a similar emission structure as the
800-nm multi-photon excitation, further supporting the fact that the 800 nm
excitation shown in Fig. 4.3 is a nonlinear process that excites electrons to the

conduction band.

Despite several studies focusing on the PL properties of STO, the details of the
emission centers remain unclear.®** For the above-bandgap excitation, the

electrons are promoted to levels above the conduction band from where they
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relax to the bottom of the conduction band via electron-phonon scattering with
subsequent emission from the bottom of the conduction band. The PL seems to
arise from the recombination of electrons from the conduction band with
defect levels centered 0.4 eV above the valence band with a bandwidth of 0.7

eV.

4.3.3 Transient absorption and defect dynamics

Both the above- and sub-bandgap excitation PL show broad emission spectra
and hence no detail information is available about the discrete defect energy
levels that are expected to be present in this system from such optical
measurements.”>*>*82! Further studies of the fast decay processes in the
picosecond and sub-picoseconds range generally use TA spectroscopy, which
can provide information about all the optically active processes including

radiative and non-radiative carrier decay.

Figure 4.5 shows the transient absorption spectrum of STO under 350-nm
above-bandgap excitation. A strong induced absorption peak at 1.8 eV was
observed; decay dynamics shows that this peak has a long lifetime in the
nanosecond range. A weak induced absorption peak at 2.1 eV was also
observed, which indicates close band defect state absorption. The 350-nm
excitation has photon energy (3.54 eV) greater than the STO bandgap (3.2 eV),
it has a short penetration depth because most photons are absorbed within a
depth of a hundred nanometers from the surface. The TA signal is mostly
contributed by the few 100 nm surface region. During this above-bandgap
excitation process, the electrons in the valence band are promoted to the
conduction band, and these excited electrons have a long decay time and

account for the induced absorption observed through the TA spectrum.
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The probe photon energy dependent transmission modulation shown in Fig.
4.5 indicates a step at around 2 eV. This can be interpreted as due to transitions
from the conduction to defect levels at about 2 eV above the valence band.
Between 2-2.8 eV above the valence band, there seems to be very few defect
levels. Closer inspection reveals a small dip about 2.2 eV and at about 1.8 eV.
The pump probe signal for this wavelength is handicapped by the short
penetration depth of the pump beam and its limited overlap with the probe
beam. We hence studied the TA using 800 nm as the excitation wavelength
where the penetration depth and laser intensity were much higher and the

probe overlap was also much stronger.
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Figure 4.5. (a) Transient absorption spectra for above-bandgap (350 nm; 10
wl/em?) excitation. (b) Decay dynamics of the photon induced absorption
probed at 1.77 eV under 350-nm (10 pJ/cm?) excitation.

Figure 4.6 shows the TA of the STO under 800-nm excitation. As shown
before, under high excitation intensity, 800-nm excitation can excite electrons
to the conduction band via multi-photon absorption. To only excite
defect-level electrons, we have kept low excitation intensity so that only linear
excitation can happen. The power-dependent data in Fig. 4.6 (a) shows linear

fitting, indicating only one-photon excitation process and only the defect
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states in between the bandgap have been excited. Two well defined absorption
peaks located at 1.65 and 2.1 eV were observed in Fig. 4.6 (b). It is shown that
all these defect states show the slow decay process in the nanosecond range
after being excited by the 800-nm photons. One of the interesting points is the
absence of a peak at 2.8 eV which will correspond to the peak in the defect
density of states to which the conduction band electrons decay down to. So
this tells us that these defect levels measured are radiatively forbidden with
respect to the conduction band. Thus we are able to map out the defect levels

which do not satisfy the selection rule for optical transition.
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Figure 4.6. (a) Transient absorption spectra for below-bandgap (800 nm; 3.5
mJ/cm?) excitation. (b) Power-dependent data for probe wavelength at 1.65 eV
at delay time of 0.2 ps. The solid line shows the linear fitting. (c) Decay
dynamics of photon-induced absorption probed at 1.65 eV under 800 nm
excitation with different excitation intensity. (d) Initial decay dynamics for
probe wavelength at 1.65 eV within 18 ps for 800 nm excitation.
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Next we study 400-nm excitation, which has a photon energy of 3.1 eV that is
just below the bandgap of STO (3.2 eV), and excites the defect levels just
below (0.1 eV) the conduction band very efficiently. From this defect level,
there would be transitions to the lower defect levels. By excitation to this
defect level, one can populate lower defect levels, which could be observed by

TA measurements.

Figure 4.7 shows the TA spectra under 400-nm femtosecond laser excitation.
Five absorption peaks were observed (E-J in Fig. 4.7 (a)). One-photon
excitation is confirmed in Fig. 4.7 (b), where a power law of 1.0 is seen for the
TA signal versus the excitation density. These defects (E-J in Fig. 4.7 (a))
have very short lifetime of < 2 ps, as shown in the case of the peak centered at
2.1 eV that has a lifetime of 1.7 ps in Fig. 4.7 (c) and its inset. At longer delay
times these short-lived peaks (E-J in Fig. 4.7 (a)) disappear and two
long-lived broader peaks (L and M in Fig. 4.7 (d)) with lifetime in the

nanosecond range remain.

It is intriguing that only the 400-nm excitation shows the fast decay process.
Furthermore, there is no observable PL signal in this case, indicating all the
transitions to be non-radiative. The speed of this fast non-radiative signal
implies that the defects (both excited and ground states) are closely related to
the same atomic species where a strong electron-phonon coupling may be
possible, leading to the short lifetime. For example, the defect level just below
the conduction band has been associated with oxygen vacancy and hence it
seems reasonable to assume that the defect centered at 1.1 eV above the VB
may also be related to oxygen vacancy. The non-radiative transitions occur to
ground states that are centered at 0.7, 0.95, 1.1, 1.35 and 1.55 eV above the

valence band with defect band widths between 0.1-0.2 eV. But in a time scale
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of nanoseconds, the electrons decay down to two trap states centered at 1.1
and 1.55 eV with extremely long life time beyond our TA capability of 1.2 ns.
The defect levels seem to merge and broaden under electron excitation

condition as seen in Fig. 4.7 (d).
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Figure 4.7. (a) TA spectra of STO at delay time of 0 ps under 400-nm (160
wl/em?®) excitation. Circles indicate experimental data and solid lines,
multi-peak Gaussian fitting results. (b) Peak amplitude of the transient signal at
2.1 eV (open circles) versus excitation power (delay time of 0 ps). The solid line
indicates power fitting with a slope of 1.0. (c) Decay dynamics of the
photon-induced absorption probed at 2.1 eV under 400-nm (160 pJ/cm?)
excitation. The inset shows the initial decay dynamics within 18 ps. (d) TA
spectra of STO at delay time of 1000 ps under 400-nm (160 pJ/cm?) excitations.

Figure 4.8 summarizes the electron dynamics of the STO under the
sub-bandgap and band edge excitations. For 350-nm above-bandgap
excitation, the valence band electrons are promoted to the conduction band,

from where they quickly relax to the bottom of the conduction band and they
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decay predominantly to a set of defect levels centered 0.4 eV above the
valence band with a bandwidth of 0.7 eV. For the PL, these defect bands must
satisfy the radiation selection rule for transition from the bottom of the
conduction band. For 800-nm sub-bandgap excitation, the valence band
electrons are excited to the defect levels at 1.55 eV above the valence band
from where they transfer to defect levels centered at 1.1 and 1.55 eV with
band widths of 0.3 and 0.1 eV, respectively above the valence band. There is
no transition to these levels from the conduction band. For 400 nm band edge
excitation, the valence band electrons are excited to the defect states located
100 meV below the conduction band, and these electrons decay to low lying
defect states centered at 0.7, 0.95, 1.1, 1.35 and 1.55 eV within few
picoseconds, which contributes to the fast decay process in the TA spectra of
Fig. 4.7 (a). Since there is no PL associated with these transitions they are
non-radiative and the speed of the transition suggests strong electron phonon
coupling which must mean that these defects arise from the same entity (most
likely oxygen vacancies). After the excitation these energy levels broaden into
two conspicuous levels centered at 1.55 and 1.1 eV with very long life time as

was seen in the case of the 800 nm linear excitation.
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Figure 4.8. lllustration of origin of electron dynamics for 350-, 800-, and
400-nm excitations. The plotted defect levels are not exactly to scale.

4.4 Conclusions

The PL and transient absorption of STO under multi-photon and one-photon
excitation at room temperature was studied. The PL originated from electron
decay from the conduction band to a defect band centered at 0.4 eV (with a
0.7 eV bandwidth) above the valence band with a life time of 25 ns. There
were defect levels centered at 0.7, 0.95, 1.1, 1.35 and 1.55 eV to which rapid
non-radiative transitions occurred from the oxygen vacancy levels just below
the conduction band. The fast non-radiative transitions (~ few ps) suggested
that these defect levels may originate from the same atomic entity as the
electron-phonon coupling is very strong. After the fast decay, these energy
levels are coalesced into two prominent trap levels centered at 1.1 and 1.55 eV

above the valence band.
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Chapter 5 Defect Electron Dynamics in TiO,

5.1 Introduction

TiO, is an important oxide material, and it has been widely studied for
applications to photocatalysts and solar cells owing to its high catalytic
efficiency. TiO, has a bandgap of 3.1 eV, which lies between the UV to
visible light range.* Owing to its high photo-chemical activity, TiO, has
attracted increasing interest in recent years.>® These studies revealed that
theoptical property is one of the dominant characteristics of TiO..
Understanding the optical properties could help us to find a way to improve
the photo-reaction efficiency of TiO,. Femtosecond to picosecond carrier
dynamics studies of TiO, are the main techniques used to study the reaction

process.

This chapter describes the carrier dynamics of TiO, single crystals and films.
We also studied the carrier dynamics of the oxygen vacancy in TiO, and TiO,
films with Ta substitution in the Ti site. Photocatalysis applications of TiO,
films were also studied. The photocatalysis efficiency was found to show a
high correlation with the carrier relaxation lifetime of TiO; varied by changing

the oxygen pressure during deposition.

5.2 Experimental Procedure

In this study, three different sets of samples were studied. 1. Doubly polished
(100) rutile TiO, single crystals [Crystec GmbH] of 1x<1 cm size and 0.5-mm
thickness were used as received. 2. Two TiO;, films were deposited at
temperatures of 700<C under an oxygen pressure of 1 <10 and 5 <10 Torr,

respectively on quartz, with a repetition rate of 10 Hz for 90 min, and the film
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thickness was estimated to be ~600 nm and the films were polycrystalline.
The chamber base pressure for all depositions was maintained well below 1 <
10 Torr. Ta,Ti1O, (x=0, 0.03, 0.06, 0.1) films on LAO substrates were
deposited at 800<C under an oxygen pressure of 1 x 10® Torr and laser
repetition rate of 5 Hz for 90 min, and the film thickness was found to be 300
nm and in single anatase phase. The film deposition conditions are described

in detail in chapter 2.

The UV-Vis transmission spectroscopy, TA, and pump-probe techniques were

the same as those described in chapter 2.
5.3 Results and Discussion

5.3.1 Transient absorption of pure TiO; bulk single crystal and films

Figure 5.1 shows the UV-Vis transmission spectra of the as received TiO;
single bulk crystal (black line) and the PLD-prepared pure TiO; film on quartz
substrate (red and green lines). The oscillation peaks are due to film
interference, which is often observed in a thin film.>*! The interference also
indicates that the prepared film has a uniform surface quality. Furthermore,
the UV-Vis transmission spectrum shows that the TiO; single crystal and film

has a bandgap of 3.1 and 3.5 eV, respectively.
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Figure 5.1. UV-Vis transmission spectra of TiO, single crystal and films.

Figure 5.2 shows the 400-nm excitation TA spectrum of the TiO, single crystal
with delay times of 1, 200, and 500 ps. The TA transmission results show two
broad absorption peaks located at 2.4 and 1.8 eV with bandwidths of 0.2 and
0.5 eV, respectively. The 1.8 eV peak may have a number of transitions
(centered at 2.0, 1.8, 1.7, 1.65, and 1.6 eV), giving rise to a broad band. The
TA spectrum shows that the photon excited carriers have a long decay time, as
seen in Fig. 5.3. The single wavelength dynamic results show that the carrier

relaxation time is around 1-2 ns for probe photon energy of 1.6-2.4 eV.

The long decay time (a consequence of the indirect band gap) may indicate
that the recombination process for excited carriers is very slow. This long
lifetime also explains the high photo-chemical activity of TiO,, where the

excited carrier has sufficient time to oxidize or reduce other materials.
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Figure 5.2. Transient absorption spectra of TiO; single crystal with different
delay times under 400-nm (160 pwJ/cm?) excitation.
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As shown above, the TiO; single crystal has unique properties that make it
suitable for photo-catalysis applications. It is preferable to use thin film TiO,
instead of the bulk crystal to reduce the cost of TiO,-based devices. However,
the defect levels and carrier dynamics in the films may be quite different
compared to the bulk crystal because the films usually have more defects due
to oxygen vacancies, impurities, and lattice distortion. To understand the role
of these defects as well to study the carrier recombination process in the films,
we studied the TA of the TiO; films. It is well known that the common defect
in TiO; is an oxygen vacancy. Therefore, we prepared two films with different

oxygen vacancies to study their effects on the carrier dynamics.

Figure 5.4 shows the TA spectra of the TiO, films prepared under different
oxygen pressures. As shown, both films have three induced absorption peaks
centered at 2.3, 1.95 and 1.65 eV, respectively. Compared to the single crystal
TiO;, these peaks are similar but several of the transitions also seen in single
crystal (at 1.8, 1.7 and 1.6 eV) are missing. The origin of this difference is not
clear. All these peaks decreas rapidly with delay time. Figure 5.5 shows the
decay dynamics in detail for probe photon energy of 2.3, 1.95 and 1.65 eV.
Single exponential decay fitting shows that these defects have a lifetime of
~300 ps. Clearly this fast decay time is related to the large amount of oxygen
vacancies present in the film. This is supported by the fact that TiO, films
prepared at low oxygen pressures (with a larger number of oxygen vacancies)

show even faster carrier decay time of 180 ps (Fig. 5.6).

A consistent picture that emerges is that single crystals show long carrier
lifetimes while polycrystalline thin films show much shorter lifetimes. There
are many factors in a polycrystalline film that could contribute to the short

lifetime, such as grain boundaries, surface recombination, oxygen vacancy
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and so on. Based on the data, oxygen vacancies play a role in reducing the

carrier lifetimes. The role of grain boundaries requires comparison with single

crystalline films. (As will be shown in the next section, single crystal TiO,

films (anatase) show ns recombination times as expected). From a catalysis

perspective, all of these effects are not good since they decrease the carrier

lifetime.
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Figure 5.4. Transient absorption spectra of PLD-prepared TiO; films. (a) TA
for low oxygen vacancy TiO; film (1 < 10 Torr). (b) TA for high oxygen

vacancy TiO, film (5 <107 Torr) under 400-nm (160 pJ/cm?) excitation.
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Figure 5.5. (a) Single wavelength decay dynamics for TiO, film with less
oxygen vacancies (1 <107 Torr) under probe photon energy of (b) 2.3, (c) 1.95
and (d) 1.65 eV using 400-nm (160 pJ/cm?) excitation.
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5.3.2 Transient absorption for Ta-doped anatase TiO; films

Chemical substitution is a commonly used method to change the optical
properties of TiO,.*2"*® As mentioned above, the oxygen vacancy can
introduce free electrons into the system, which speeds up the carrier
recombination process. Chemical substitution can also introduce free electrons
and thus change the optical properties of TiO, films. As discussed before, a
TiO, film deposited on quartz substrate has many defects due to lack of lattice
match, resulting in the short lifetime of the excited carriers. To reduce the
number of defects as well as to increase the film quality, we have prepared
single-crystal TiO, films. With the perfect lattice match between TiO, and
LAO, high-quality single-crystal anatase films have been obtained, as shown
in Fig 5.7. Furthermore, we have also prepared Ta-substituted TiO, to study

the effect of Ta substitution on the carrier recombination process.

The XRD spectrum shown in Fig. 5.7 indicates that Ta-substituted TiO, has an
anatase phase. The LAO substrate has a lattice constant of 3.789 A, which
matches the lattice constant of anatase TiO, (3.782A) very well. This can be
seen from the strong anatase peak in the XRD spectrum. The good crystal film
showed a reduced number of surface defects, and therefore, the changes in

properties are mainly due to the effect of Ta substitution.

Figure 5.8 shows the UV-Vis transmission spectra of Ta substituted TiO, films.
It can be seen that the band gap of TiO, increases with the Ta substitution
concentration. With 10% Ta substitution, the band gap of TiO; is blue shifted
by 0.25 eV. It can also be seen that as the Ta concentration increases, more
free electrons dominate the system and an absorption peak appears in the

infrared range.

87



(a) (b) 25000
16000 —— 0% Doped Ta-TiO2 Film on LAO
— 0% Doped Ta-Ti02 Film on LAO —— 3% Doped Ta-TiO2 Film on LAO
14000 |- —— LAO Substrate 20000 } > op
6% Doped Ta-TiO2 Film on LAO
12000 —— 10% Doped Ta-TiO2 Film on LAO
S 10000 5 15000 -
8 s
> 8ooof >
g @ 10000 |
% 6000 8
c
4000 5000
2000 J ‘
oL . . —— 0 — . . ——
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20 (deg.) 26 (deg.)

Figure 5.7. (a) XRD spectra of TiO; film and LAO substrate. (b) XRD spectra
of Ta-substituted TiO, films.
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Figure 5.8. UV-Vis transmission spectra of Ta-substituted TiO, films.

As discussed in chapter 3, the LAO single crystal shows defect absorption
under 400-nm excitation. Considering that the LAO substrate is 0.5-mm thick,
when using 400-nm excitation, the signal will be dominated by the LAO
substrate signal. To eliminate this effect, we chose a shorter wavelength of 350
nm and detected the reflection signal from the TiO; films. It is shown that all
signals are from the TiO; films, and no detectable LAO signal was observed in

this reflection TA study.
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Figure 5.9 shows the reflection TA spectrum of the pure TiO, anatase film
deposited on the LAO substrate. A broadened induced absorption peak
centered at 2.0 eV is observed. White light continuum is generated by the
supercontinuum of the 800-nm fs laser pulse. To eliminate the source light, we
used a 780-nm short pass filter to cut off the 800-nm light; because this filter
cuts off longer wavelengths, the induced absorption peak above 780 nm is not
shown. The pump-probe reflection dynamics shows that the carrier relaxation
time has three time constants: a fast decay during the first 10 ps, followed by a
slow decay with a lifetime of 100 ps, and finally a very slow decay in the

order of 1000 ps.

Initially, for above band gap excitation, the photon is absorbed by the valence
band electrons and is excited to the conduction band, where carrier—carrier
scattering occurs with a lifetime of a few hundreds femtoseconds. The excited
hot carriers relax to the bottom of the conduction band and from there to the
lower levels via carrier-phonon interaction with a lifetime of ~10 ps. The
additional Auger recombination process takes a longer time in the order of 100
ps. The finally observed 1000 ps decay dynamics may be due to the trapped

defect states, which usually have very long lifetime.

Figure 5.10 shows the TA spectrum for a 3% Ta-substituted TiO, film. A broad
absorption peak centered at 2.1 eV was observed just like pure TiO,. The
pump-probe dynamics experiment reveals only two decay processes: one with
a short lifetime of 4 ps and the other with a lifetime of 28 ps. In a 6%
Ta-doped film (Fig. 5.11), the absorption at 2.1 eV becomes sharper and the
lifetime decrease to 2.2 and 12.3 ps, respectively. With a further increase in
the Ta doping concentration, the lifetime of the carrier reduces further. A 10%

Ta-doped TiO; film (Fig. 5.12) shows a very fast decay with a lifetime of 4 ps.
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It is observed that the carrier dynamic signal does not fully relax to zero after
1000 ps in all cases, indicating the presence of a slow decay process

characteristic of traps.

The prominent defect states seen at 2.1 eV is most likely from oxygen
vacancies. What the TA spectrum shows is that the oxygen vacancy
concentration decrease with Ta concentration. This is also consistent with the
fact that the maximum TA observed decreases with Ta concentration. With the
band gap increase, the energy gap between the intermediate defect levels and
the valence band increases, resulting in the blue-shift of the observed TA. It is
well known that when donors are introduced (by Ta substitution) into a
semiconductor, the formation energy for oxygen vacancies begins to increase
as the semiconductor resists further increases in charge. Hence the oxygen

vacancy concentration decreases with Ta concentration.

Figure 5.13 summarizes the TA spectra at a delay time of 2 ps for TiO, films
with different Ta substitution concentrations. It is shown that the induced TA
peak blue-shifts with increasing Ta concentration. As mentioned before, the
band gap of TiO, increases with the Ta concentration. This blue shift of the
observed induced absorption from the TA spectrum is consistent with the band

gap increase of TiOs.

As shown before, TiO, single crystal has the slowest decay in the order of a
few nanoseconds, anatase TiO, crystalline films have a decay of 1 ns and

polycrystalline TiO, films on quartz substrates have a fast decay of 180-300

ps.

When Ta is substituted into TiO,, the lifetime decreases steadily with Ta

concentration. This must be related to the carriers already present in the
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conduction band. It is also known that Ta substitution for Ti leads to changes
in the band structure and the reduction of the carrier lifetime may be related to
this issue.’® The large donor contribution lowers the formation energy to
compensate defects, such as Ti vacancy or Ti®*. Such defects near the
conduction band may also contribute to this TA signal.’®'” These defect states
may act as recombination centers and rapidly reduce the lifetime of the
carriers. Furthermore, Ta-substituted TiO, films are more conductive than
TiO,, and excited holes easily recombine with electrons, which further reduce
the carrier lifetime. In all samples, it was seen that the carrier does not relax
back to the initial states up to several ns, suggesting the existence of some

trapping centers that trap excited electrons contributing to the long lifetimes.*

(a) 0.005
(o) [
0.000 |- 4 3
\ J/ Normalized Signal
-0.005 |- o8 = Probe at 2.0 eV (620 nm)
= Probe at 1.6 &V (780 nm)
— 0.2 ps
-0.010 |
14 -1 o
4 5 =
g 0015 — 20 <
100
— 200
-0.020 1000
-0.025
PYY] A M
16 17 18 19 20 21 22 23 24 25
Photon Energy (eV) Delay Time (ps)
(€) o (d)

o _l Probe at 2.0 eV (620 nm) Probe at 1.6 eV (780 nm)

.......
.......

vvvvvvv =M= Experiment Data

== Exponential Decay Fitting

== Experiment Data 5
= Exponential Decay Fitting =

ARR

.......
t1: 9.9ps (32%)

t2: 90ps (40.3%)
13:1112 ps (26.6%)

1:9.93 ps (31.7%) -0.025 |-
t2: 96.144 ps (38.5%)

ananananan 13:1074.8 ps (29.7%)

Delay Time (ps) Delay Time (ps)

Figure 5.9. (a) Reflection transient absorption spectra for pure TiO; film on
LAO substrate under 350-nm (100 |,LJ/cm2) excitation. (b) Single wavelength
decay dynamics under probe photon energy of (¢) 2.0 and (d) 1.65 eV.
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Figure 5.10. (a) Reflection transient absorption spectra for 3% Ta-substituted
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wavelength decay dynamics under probe photon energy of 2.0 eV.
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Figure 5.11. (a) Reflection transient absorption spectra for 6% Ta-substituted
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wavelength decay dynamics under probe photon energy of 2.0 eV.
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Figure 5.12. (a) Reflection transient absorption spectra for 10% Ta-substituted
TiO, film on LAO substrate under 350-nm (100 pJ/cm?) excitation. (b) Single
wavelength decay dynamics under probe photon energy of 2.1 eV.
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5.3.3 Photocatalysis application of TiO; film with different oxygen vacancies
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Figure 5.14. UV-Vis transmission spectra of TiO; films deposited under
different oxygen pressures.

Figure 5.14 shows the UV-Vis absorption spectra of TiO, films deposited on
quartz substrates with different oxygen vacancies. It is observed that the
bandgap of TiO, increases from 3.54 to 3.85 eV as the oxygen pressure
decreases from 1 =102 to 1 x 10°® Torr. TiO, deposited under low oxygen
pressure shows strong absorption in the visible to NIR range; this absorption

is due to the free electron absorption induced by the high oxygen vacancy.

To study the photocatalysis of TiO, films, we experimentally investigated the
photodegradation of methylene blue using the TiO, films. The mechanistic

scheme of the degradation of methylene blue using TiO; is shown below.

TiO, — h*+e-

O,+tet —— O,

h*+ H,O0 ——> OH'+H*
h*+ dye —— products
OH’+dye — products
O, +dye —— products
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As mentioned above, the TiO, carrier relaxation time decreases with the
oxygen vacancy. For catalysis, electrons or holes are usually required to have
long lifetime so that the excited carrier has sufficient time for the reaction. It is
predicted that TiO, with low oxygen vacancy has high catalytic efficiency.
Furthermore, the UWV-Vis transmission spectrum  suggests that
low-oxygen-vacancy TiO, has the smallest band gap. This helps the material

absorb more visible light and thus further increases the efficiency.

Figure 5.15 shows the photodegradation of methylene blue using TiO; films
under 365-nm lamp irradiation. It is shown that the photodegradation
efficiency decreases with the oxygen vacancy, which is consistent with our TA
prediction. As TiO, absorbs the incident photons, electron and hole pairs are
generated, and the holes degrade the methylene blue. To increase the
efficiency of the degradation process, the holes need to have a long lifetime.

Therefore, this shows that low-oxygen-vacancy samples have high efficiency.

It is observed that 365-nm light is just at the conduction band edge, because
different oxygen vacancy samples have different band gaps. The
low-oxygen-vacancy sample has a narrow band gap that absorbs more light
and generates more electron and hole pairs. As the concentration of excited
carriers increases, the photodegradation efficiency increases. In contrast, the
high-oxygen-vacancy sample has a large band gap that absorbs less light;
therefore, the efficiencies are low for this sample. This absorption difference
affects the catalysis results. To study the carrier lifetime effect, we need to use
above band gap irradiation for all samples in the photodegradation

experiment.

Figure 5.16 shows the photo-degradation of the same TiO, samples using a
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254-nm lamp as the irradiation source. 254-nm photons have energy that far
exceeds the band gap of all TiO, samples, and therefore, under this irradiation,
all samples have equal absorption of incident light and generation of
electron-hole pairs. Under this situation, the difference in degradation

efficiency can only be attributed to the carrier relaxation time.

This result is consistent with the fact that the low-oxygen-vacancy sample has
a higher degradation effect. The high oxygen vacancy results in high electron
concentration; these high-density electrons reduce the lifetime of the photon
excited holes, thus causing low efficiency. Furthermore, the band gap blue
shift increases with the oxygen vacancy, indicating that the oxygen vacancy
also introduces defects into the structure; these defects usually act as
recombination centers, and further reduce the lifetime of the excited carriers.

All these effects reduce the catalysis efficiency of TiO..
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Figure 5.15. Photodegradation of Methylene blue using TiO, films under
365-nm UV lamp irradiation.
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Figure 5.16. Photodegradation of Methylene blue using TiO, under 254-nm
UV lamp irradiation.

Figure 5.17 summaries the photodegradation efficiency of TiO, films with
different oxygen vacancies. The results show that the TiO, film deposited at a
high oxygen pressure has a higher catalytic efficiency. As mentioned above,
the excited carrier decay lifetime decrease with the oxygen vacancies. This
may indicate that oxygen vacancies act as carrier recombination centers, with
a resulting increase in electron and hole recombination rate and reduced

catalytic efficiency.
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Figure 5.17. Photodegradation of Methylene blue using TiO; films with
different oxygen vacancies under (a) 365 nm and (b) 254 nm UV lamp
irradiation

5.4 Conclusions

In summary, the TA of TiO; in three different forms has been studied. The
bulk single crystal shows two broadened TA centered at 2.4 and 1.8 eV. A
pump-probe experiment showes that these peaks have a very long lifetime
decay in the nanosecond range. These TA are due to the defect level in
between the band gap. The three transient induced absorption peaks (2.3, 1.95,
and 1.65 eV) of the polycrystalline TiO, films have a very fast decay time of

180-300 ps. The carrier lifetime decreases with the oxygen vacancy.

By using a 350-nm fs laser, we studied the reflection TA spectra of
Ta-substituted TiO,. The TA spectra arose from the induced excited electron
absorption. It is observed that the excited carrier lifetime decreases with the Ta
concentration. The TA spectrum shows the blue-shift of the induced
absorption peak, which is consistent with the UV spectrum in which the band
gap increases with the Ta substitution concentration. Assuming that Ta

replaces Ti ions, it lead to the reconstruction of the band structure, and
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formation of compensating defects and these defects may help in increasing

the carrier recombination process.

The photo-degradation experiment shows that the low-oxygen-vacancy TiO;
film has higher degradation efficiency. This can be explained by the UV-Vis
transmission and TA results. On one hand, the low-oxygen-vacancy TiO, film
has a narrower band gap that helps it to absorb more light. On the other hand,
the low-oxygen-vacancy samples have carriers with long lifetime, and the
excited carrier can thus have sufficient time for the chemical action. These
results suggest that for the application of TiO, film as a catalyst, it is better to

use low-oxygen-vacancy samples.
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Chapter 6  Optical Bistability in Graphene

6.1 Introduction

Graphene is a rising star in nonlinear optics due to its easily-achievable
saturable absorption and giant Kerr nonlinearity, which are both essential
properties for digital optics based on optical nonlinear devices. ™ Here, we
demonstrate the operation of a graphene-based optical Fabry—Perot cavity
resonator with bistability. Absorptive and dispersive effects in graphene are
hard to justify due to the limited absorption path length of a monolayer. Rather,
we discovered that laser induced thermal stress produces bubbles on the
graphene and bubbles create a vertical dimension adequate for strong
non-linear dispersive effects, leading to an optically induced optical path
length change of A/2 at resonance. The all-optical switching between two
optical states happens within a time scale of tens of nanoseconds due to the
dispersive optical nonlinearities. Graphene-based optical devices with intrinsic
optical bistability allow us to explore the promise of such elements as the

building block of future high-speed all-optical circuitry.

Graphene photonics has given birth to a new research area which may be the
cradle for many novel optoelectronic devices in the future.® ® The
wavelength-independent absorption as well as switchable optical transition by
shifting Fermi level has enabled many controllable photonic devices such as
photodetector, electro-optical modulator, and polarization controller.”** Due
to the linear band structure which allows interband optical transitions at all
photon energies, extremely large third-order optical nonlinearity X(3) has been

observed in graphene.>* As a result, graphene photonics extends to

104



multifunctional nonlinear devices including mode-locked laser and optical
limiter.»#*21® Recently, graphene transferred onto silicon photonic crystal
cavity was demonstrated to be an effective nonlinear optical device enabling
resonant optical switching, regenerative oscillation and four-wave mixing.**
However, in order to achieve high quality optical signal processing, it is
nontrivial to isolate the optical nonlinearities of graphene from those of the
supporting substrate materials such as silicon and other thermal nonlinearity

effects.

The intrinsic type of bistable optical devices is a versatile platform to
investigate these nonlinearities. > Great efforts have been dedicated to
develop optical bistable devices with reduced size, low operating power, short
switching times and room temperature operation.’® A simple bistable optical
device of the intrinsic type can be constructed by placing nonlinear optical
materials inside a Fabry—Perot cavity.!” These materials can either be
dispersive, non-absorptive Kerr media, or absorptive type saturable absorbers.
Practically, absorptive bistability is difficult to observe experimentally due to
the small absorption length in a single layer of graphene, relatively small
Fresnel number in a plane-mirror cavity and also the requirement for the
photons to be somewhat close to a resonance.'” Dispersive bistability can be
achieved by the Kerr nonlinearity which can induce large phase shift and
change the optical length by A/2 or more at modest laser power. In order to
achieve a large optical nonlinearity, very thick nonlinear media such as
sodium vapour and InSb thin crystal are generally required.’®*® The optical
bistability in these devices is mainly driven by the refractive index change
caused by the input light intensity. The change of the refractive index causes a

change in the optical path length and when this is of the order of A/2 this move
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the device towards resonance. The resonance condition can be described by

the Fabry-Perot formula:

(6.1)

=}
=
1]
<
N|>=

where n is refractive index, L is the length of the Fabry-Perot cavity, /1 is the

operating wavelength and M is an integer.

To date, the thinnest materials showing the optical bistability are

micrometer-thick GaAs superlattices.’>?! The phase shift s of this GaAs
bistable etalon can be estimated by the following standard formula:

Aw Ao’ i

B=——ad(l+ 2)
ow ow

(6.2)

where A is the laser-resonance free-frequency separation, so is the

resonance half-width at half-maximum, «  is the absorption coefficient and d

is the thickness of absorptive medium. As the change of optical phase (also
optical length) is proportional to the thickness of nonlinear media, an
intriguing issue is whether this effect is observable in atomically thin,
two-dimensional atomic crystals such as graphene. Although extremely large
nonlinear Kerr coefficient has been reported in graphene, in order to generate
a phase shift approaching =, the interaction with the light field will have to be

significantly enhanced beyond that allowed by an atomically thin sheet.®*

In this chapter, we demonstrate the intrinsic optical bistability of thermally
restructured graphene nanobubble in a Fabry—Perot cavity. Although graphene
is known to be a good saturable absorber, saturable absorptive effect alone

cannot induce significant light modulation effect in the Fabry—Perot cavity
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due to the limited absorptive path in atomically thin graphene. According to

|.22

the analytic model by Szoke et al.““, the condition for purely absorptive

bistability in Fabry—Perot cavity iS «d 7/ (T + «_,d) > 8, where « s the

absorption coefficient, «, is unsaturable background absorption coefficient,

d is the thickness of absorptive medium, and T is transmittance. Considering
the monolayer graphene has a thickness of 0.335 nm and an absorption
coefficient of 301,655 cm*, we arrive at «d = 0.01, which is too small to
fulfill the requirement for purely absorptive bistability.”® Here we consider
the possibility of engineering vertical corrugations in the form of bubbles on

graphene in order to enhance the phase shift and obtain the optical bistability.
6.2 Experimental Procedure

The detailed configuration of the experimental setup is schematically shown
in Chapter 2. Figure 6.1A shows our experimental setup for the observation of
optical bistability in graphene. A high power (up to 5 W) laser at 532 nm with
single longitudinal mode is used as the excitation source to achieve
mode-matching resonance. The Fabry-Perot interferometer with two plane
mirrors is mounted on Super-Invar frame to avoid thermal expansion. The
cavity was aligned to see clear and sharp interference fringes (See Fig. 6.1B).
The measured finesse of this system is about 17. However, in order to get a
large laser intensity, a lens with a focal length of 2 cm was used, which cause
transmission loss due to beam walk off. The maximum transmission of the
empty cavity was only of 5%. This problem could be overcome by using a
plano concave cavity properly mode matched to the incoming focused beam
in order to get much larger transmission. However, in order to demonstrate

bistability, this geometry of the resonator was adequate. Optical bistable
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hysteresis is observed from monolayer graphene nanobubbles, as shown in Fig.
6.1C. In contrast, the empty cavity shows a linear response of transmitted
power versus input power over the whole intensity range. A holding power
(between switch-on and switch-off powers) of about 200 mW produces the
widest optical hysteresis loop for the monolayer graphene over a focused
beam diameter of ~1 um. This power is comparable to that of a 5 um thick
GaAs superlattice over a focused beam diameter of 10 pm.?° We can see that
the transmitted power increases gradually at low input power and then
increases suddenly when the incident power is above 250 mW. This is because
the cavity resonance is not well tuned at low intensities but shifts towards the
laser frequency as the input intensity is increased. Upon lowering the input, a
switch-down intensity is reached, which shifts the cavity resonance away from
the laser frequency. Therefore, a hysteresis between output and input is

attained.
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Figure 6.1. Optical bistability of graphene nanobubble. (A) Experimental setup
for the observation of optical bistability in graphene. (B) Photograph showing
interference fringes from the Fabry-Perot interferometer at resonance. (C)
Optical bistability in monolayer graphene nanobubble. The blue trace is
measured from empty Fabry-Perot cavity and the red trace is obtained by
coating the back mirror with monolayer graphene.

6.3 Results and Discussion
6.3.1 Graphene preparation

Large area monolayer graphene films used in the work were grown by
chemical vapour deposition (CVD) on Cu foil (Alfa Aesar AA13382RG).
Poly(methyl methacrylate) (PMMA\) thin film with thickness of ~ 100 nm was
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spin-coated onto the as-grown graphene film, followed by the etching of the
Cu catalyst in FeClz solution. PMMA-supported graphene films were then
rinsed in deionized water thoroughly and transferred onto the surface of
partial reflecting mirrors. Last, the samples were submerged into acetone for
the removal of PMMA. As the mirror coating is mainly a metal-oxide, the
post-treatment of graphene sample in acetone will not cause any damage to
the optical properties of the mirror. As-prepared samples were dried carefully

by a gentle stream of N, gas prior to optical measurements.

The Raman spectra and images were measured on WITEC Alpha 300
confocal micro-Raman system equipped with a 532 nm laser source and 100X
objective lens. The representative Raman spectra from bare mirror substrate
and graphene transferred onto mirror are shown in Fig. 6.2A. For monolayer
graphene, the Raman 2D band is much stronger than G band with a 2D/G ratio
of 5.0, indicating the nature of one atomic layer.”* The G and 2D band can be
fitted well by single Lorentzian peak with full-width at half-maximum
(FWHM) of 22 and 38 cm™ respectively (shown in Fig. 6.2B and 6.2C),
which suggested that the graphene used was of high crystalline quality.?

These are key Raman features for monolayer graphene.

In order to verify the operating mechanism of the optical bistability, it is
non-trivial to find out the saturation intensity in graphene samples which we
have used. We transferred the same batch of monolayer and bilayer (stack of
two monolayers) as well as multilayer graphene onto quartz substrate for the
measurements. The nonlinear transmittance results are shown in Fig. 6.2D and
E. For monolayer and bilayer graphene, the initial transmittance at low input
power starts from ~97% and ~95% respectively. While increasing the input

power of our 532 nm laser, the transmittance increases and then reaches
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saturation, which is a typical behavior of saturable absorption. This saturable
absorption phenomenon is even obvious in multilayer graphene which has a
linear transmittance of about 78% (corresponding to ~10 layers of graphene).
Saturation intensity is defined as the optical intensity required in a steady state
to reduce the absorption to half of its unbleached value. The saturation
intensity is estimated to be ~0.13 MW/cm? (1.3x<10° W/m?) for monolayer
graphene, ~0.18 MW/cm? (1.8x10° W/m?) for bilayer graphene and ~0.27
MW/cm? (2.7>10° W/m?) for multilayer graphene (~10 layers).
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Figure 6. 2. (A) Raman spectra of bare mirror substrate and monolayer
graphene on mirror. (B) Lorentzian fitting of G band giving FWHM of 22 cm™.
(C) Lorentzian fitting of 2D band giving FWHM of 38 cm™. (D) Saturable
absorption of monolayer and bilayer graphene. (E) Saturable absorption of
multilayer graphene (~10 layers). The traces represent the measurements at
different positions where the thickness is a little bit different.
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6.3.2 Characterizations of graphene bubbles

Based on our current techniques, it is impossible to do in-situ observation on
the graphene bubbles growth under intense laser irradiation while the
graphene-covered mirror is working in the Fabry-Perot cavity. It is also quite
challenging to locate the grapehene bubbles on the mirror after it is removed
from the Fabry-Perot cavity as the laser spot and bubbles are too small to be
identified by naked eyes and will not leave any clues on the mirror surface
which is observable under optical microscope. Our strategy was to duplicate
the laser irradiation conditions under a micro-Raman system which is
equipped with objective lens to locate the laser spot. As the Raman system is
equipped with a high resolution piezoelectric stage, we were able to scan the
laser in the marked area on graphene. The Raman spectrometer with time-scan
and image-scan functions is able to monitor spectrum changes during the
bubble growth. AFM is used to identify the topography of graphene bubbles in

the same area which was marked and irradiated by laser.

The Raman system (WITEC Alpha 300) is equipped with a 532 nm laser with
maximum output power of 50 mW. The maximum laser power reaching the
mirror surface is about 30 mW, which gives a power density of ~3.8x10%
W/m? if we considered the focused beam waist to be ~1 um (which is actually
even smaller, a few hundreds nanometres, if the laser is perfectly focused on
mirror surface). This power density is much higher than the saturation
intensity of 1.3 10° W/m? in graphene, but still lower than the switching-on

power in the cavity (i.e., 2.7>x10" W/m?).

In order to study the accumulated heating effect induced by focused laser

beam, we carried out time-dependent Raman spectroscopy while setting laser
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power on sample surface at a modest value of 8 mW (not too high to prevent
signal overload or any damage to our CCD detector). This will give a power
density of ~ 110" W/m? Raman spectra were recorded every second
(integration time: one second) for 26 seconds immediately after the laser was
shift to a fresh location on graphene surface. The results are shown in Fig. 6.3.
We found that the Raman spectrum of graphene does not change too much in
the first 10 seconds, but the D band continuously increases with a strong rise
of the background in the following 10 seconds. The Raman spectrum nearly
remains unchanged after 20 seconds illumination. We are not very clear about
the origin of the strong background. If we compare the Raman spectrum
collected at 20 seconds with that collected at 1 second, we can see that the D
band at 1331.2 cm™ is greatly enhanced, 2D band at 2668.8 cm™ is weakened
(Fig. 6.3B) and G band is relatively enhanced and broadened with a peak shift
of 8.1 cm™ from 1592.7 to 1600.8 cm™ (Fig. 6.3C). These changes in Raman
spectrum agree very well with the experimental observations on graphene

bubbles reported in literature, which originates from the biaxial strain.?®
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Figure 6. 3. Raman characterizations of graphene nanobubbles. (A)
Time-dependent Raman spectra from graphene on mirror under laser irradiation.
Integration time: one second. (B) Comparison of Raman spectra obtained at the
20th second and the first second. (C) Comparison of Raman G band obtained at
the first second and the 20th second.

In order to verify our hypothesis on laser induced bubble formation, we
carried out controlled Raman mapping and AFM measurements at the same
location of the graphene sample, as shown in Fig. 6.4. We find a specific
sample area which consists of the interface between monolayer graphene and
bilayer graphene as well as a folded graphene ribbon. This feature can be
easily identified in optical microscopies equipped in Raman as well as AFM

system. A modest laser power (8 mW on sample surface, corresponding to
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~1>10" W/m?) is applied to scan this area (80 points per line and a total of 80
lines) and Raman spectra were recorded simultaneously at each location.
Figure 6.4B-D, show the Raman images of D band, G band and 2D. As we
expected, there are lots of bright spots in the Raman image of D band
(indicated by arrows in Fig. 6.4B), corresponding to the enhancement of D

band signal.

A

Figure 6. 4. Raman and AFM characterizations on selected area of graphene
film. (A) Optical image of graphene showing the interface of monolayer and
bilayer graphene as well as folded graphene. (B-D) Raman images of D band, G
band and 2D band respectively. Scale bars: 7 um. (E-F) AFM topographic and
phase images of the graphene film after laser irradiation. The scanning area
corresponds to the region indicated by the white square in Raman image of D
band (Fig. 6.4 B). The blue arrows in E indicate the round shape blisters. Scale
bars: 2 um.

Following AFM measurements were carried out at the upper-left corner of
monolayer graphene region where we can observe strong D band signals, as
shown in Fig. 6.4, E and F. AFM characterizations reveal that graphene
bubbles can indeed be formed as thermal stress causes the graphene to erupt

into bubbles across the illuminated regions. These graphene nanobubbles are
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found to be stable after removing the laser spot. We can see a few round shape
blisters with the height larger than 50 nm, as indicated by the arrows in Fig.
6.4E. We can conclude that those graphene bubbles give strong D band signal

due to the biaxial strain, and this is the direct evidence of graphene bubble

formation after strong laser irradiation.

250CCDcts

Figure 6. 5. Raman images of graphene on mirror before and after laser
irradiation. (A-C) Raman images of D band, G band and 2D band before strong
laser irradiation. (D-F) Raman images of D band, G band and 2D band after
strong laser irradiation. Scale bars: 7 um.

We are able to generate more spots which have similar changes in Raman
signal (i.e., enhancement in D and G bands and blue-shift of G band) and
locate them by Raman mapping with strong focused laser, as shown in Fig.
6.5. Here an area of 40x40 um on monolayer graphene was investigated. We
first performed Raman image scan in this area point-by-point (80 points per
line and a total of 80 lines) with very low laser power (< 2 mW) which was

below the threshold to cause any change in Raman spectra. The Raman
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mapping results are shown in Fig. 6.5A-C, from which we only see a few
bright spots with strong D band signals. These spots may originate from the
strain of graphene film on the very rough mirror surface. Another possibility is
that graphene film may be broken during the processes of transfer and
removal of PMMA, which lead to defects. Subsequently, the highest laser
power (30 mW on sample surface) was used to scan in the same area and the
laser irradiation time at each spot was 0.3 second. At the same time, we
collected the Raman spectra from each location and integrated different
Raman bands to obtain the Raman images, as shown in Fig. 6.5D-F.
Obviously, we can find many bright spots which correspond to Raman signal
enhancements at those specific locations in Raman images of D band and G
band after strong laser irradiation. From this data, we estimate that the

coverage of graphene bubbles is about 30-40% of the surface area.

In order to further investigate graphene bubble growth after strong laser
irradiation (~3.8x10'° W/m?), we carried out more AFM measurements on
graphene which has been irradiated under the strong laser beam. We were able
to find the same location treated by the laser with the help of markers under

the microscope of the AFM system.
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Figure 6. 6. AFM characterizations of bare mirror and graphene-covered
mirror. (A-B) Topographic AFM images of bare mirror surface in an area of 10
um and 1 pm respectively. (C-D) Topographic AFM images of
graphene-covered mirror surface prior to laser irradiation in an area of 4 um and
1 um respectively.

Prior to laser irradiation, we did AFM measurements on bare mirror substrate
and graphene-covered mirror, as shown in Fig. 6.6. It was found that the
mirror coating consists of lots of metal oxide particles with the size less than
200 nm. As the mirror is polished to a A/10 surface, the roughness (height
difference between maximum and minimum) of the mirror is 46 nm over an
area of 10 um (shown in Fig. 6.6A). After covering with monolayer graphene
film, the surface becomes smoother as graphene fills the gap between those
particles. For example, with the same scan area of 1 um in Fig. 6.6, B and D,
the surface roughness has been reduced from 24 nm to 15.7 nm after covering

with graphene. We are also able to see fluidic phase at the gaps of particles in
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Fig. 6.6D and it is most like to be water and air trapped underneath graphene
because the wet-transfer of graphene film onto rough mirror surface will

withhold a certain amount of water and air.
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Figure 6. 7. Topographic AFM images of graphene bubbles on the mirror
surface after laser irradiation (~3.8x10™ W/m?). (A-B) 3D and 2D views of
topographic AFM images showing many small graphene bubbles. (C-D) 3D
and 2D views of topographic AFM images showing the merging of graphene
bubbles. (E-F) 3D and 2D views of topographic AFM images showing single
big graphene bubble.
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After intense laser irradiation, AFM measurements were carried out within the
same location and lots of graphene bubbles can be observed, as shown in Fig.
6.7. It was found that the formation of graphene bubbles depends a lot on the
morphology of the mirror surface. Figure 6.7A and B show a lot of small
graphene bubbles with the diameter of about 200 nm and height of 50 nm. It
was found that most of these bubbles are lodged on triangle shape particles
which have bright contrast in the AFM topographic image. If a few particles
are close to each other, the laser induced graphene bubbles may merge
together to form even larger bubble, as shown in Fig. 6.7C and D. Even larger
graphene bubble with diameter > 500 nm and height of ~170 nm may form at
certain circumstance where there is big particles and enough water and gas
supply, as shown in Fig. 6.7E and F. Obviously the topographic images in Fig.

6.7 represent the nanobubbles at different growth stages.

A graphene bubble filled with liquid can also act as an adaptive focus lens due
to relative larger refractive index inside compared with air outside.?” Unlike
planar graphene, the side wall of the curved graphene bubble provides larger
interaction length with light. Considering the nonlinear Kerr effects in
graphene, a graphene bubble acts as an adaptive nonlinear Kerr lens according
to the finite-difference time-domain (FDTD) simulation shown in Fig 6.8A-E.
In our simulations, a focused spot centered 643 nm below the graphene bubble
(Fig. 6.8D) is already observable even though Kerr effect is not prominent at
the power density of ~1>10'® W/m?. This is not seen in planar graphene at the
same power density (Fig. 6.8B). When the laser power is increased to ~5x10*
W/m?, we find that such graphene bubble can focus light beam into a spot
centered 615 nm below the mirror surface (Fig. 6.8E). The beam waist of the

focal point is found to be reduced from ~500 nm (Fig. 6.8D) to ~400 nm (Fig.
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6.8E). Such intensity-dependent self-focusing effect is a characteristic feature
of adaptive Kerr lens. As a result, the phase change in graphene bubble is
enhanced. Furthermore, the formation of graphene nanobubble uncouple the
graphene film from mirror surface where the interaction with electromagnetic
field could be very weak due to its position at the resonant node of the Fabry—

Perot cavity.?®
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Figure 6. 8. Graphene nanobubble and adaptive Kerr lens. (A) Theoretical
model of planar graphene on mirror substrate. The red arrows refer to plane
light wave. (B) Simulated optical field of flat graphene on mirror substrate
using FDTD (laser intensity: 1 <10"® W/m?). (C) Theoretical model of graphene
nanobubble on mirror substrate. The red arrows refer to plane light wave. (D)
Simulated optical field of graphene nanobubble showing self-focusing effect
(under a laser intensity of 1 <10"® W/m?). (E) Simulated optical field on
graphene nanobubble showing adaptive Kerr effect (under a laser intensity of 5
10" W/m?). Scale bars in B, D and E: 300 nm. Intensity scale of local field is
shown on the right. The black lines represent graphene film and the region
below refers to mirror substrate. The dashed lines in red indicate the focusing
effect and the dashed circles in red show the center of focal points.

6.3.3 Tuning resonator spacing of the bistability
Figure 6.9A shows the bistability characteristic of the monolayer graphene as
a function of the resonator spacing. When the resonators spacing (i.e., mirror

separation) is tuned, the cavity is driven to a mode matched condition with the

laser frequency. Meanwhile, the power inside the cavity is increased, which
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forms the graphene nanobubbles and causes the enhancement of the
nonlinearity effect of the graphene. As a result, the output versus input power
curves illustrate different optical response ranging from limiting (at Omn),
differential gain (at 0.8x), discriminator (narrow bistability at 0.83x), to

bistability (at 0.87x, 0.93x and =).
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Figure 6. 9. Transmission characteristic’s dependence on Fabry-Perot cavity
detuning. (A) Optical bistable hysteresis loops as a function of resonator tuning.
The cavity mistuning parameter  was controlled by changing the offset voltage
of the piezo-spacer, i.e., the cavity length was increased continuously from
phase at 0 to phase at #. (B) Time display of transmitted signal from the
Fabry-Perot cavity in comparison with reference signal (orange color traces,
right Y scale).

In order to clearly resolve the transmitted signal in comparison with the
reference signal, the output trace versus time collected from photodiodes | and
I1in Fig. 6.1A are plotted in Fig. 6.9. It can be seen that the transmitted power
increases very slowly in the beginning, and increases dramatically once the
cavity is close to the resonant threshold, which thus leads to overshoot (as the
maximum transmission point is not stable due to the requirement for the

electric field to have a node at the mirror surface). The transmitted curves
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obviously show asymmetrical shape while the incident signal shows a
symmetrical ramping profile. We can see that the output power is suddenly
turned on to achieve widest bistable hysteresis at phase z, which corresponds
to A/2 optical length change during resonance. Compared with recent report
showing 0.18xz phase change of terahertz wave by graphene, the phase change
here is quite large due to the formation of bubble structure as well as

amplification effect from the resonant cavity.?

It is worth noting the pronounced overshoot in the switch-on, which is an
important characteristic of dispersive bistability. The output power at
overshoot meets at the same input power for the empty cavity, indicating that
the cavity is tuned to a highly transmitted status at the resonance. This feature
of overshoot provides clues on the optical loss (e.g., unsaturable background
and beam walk-off loss) in the cavity consisting of graphene. For example, the
cavity has the highest loss at 0. When the resonator reaches the optimal
condition at z, the overshoot becomes sharp and narrow, indicating the lowest
optical loss in the cavity, which leads to increased trapping of the power in the
cavity and results in the cavity overshoot. This overshoot appears at the high
energy density range and enables the cavity to switch on because the
transmission peak of the device will sweep through its maximum before

settling into a lower self-consistent value.*
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6.3.4 Response time of the bistability

The overshoot also indicates that the device exhibits fast switching dynamics
with a response time which is shorter than the overshoot time.® We can
estimate the cavity response time by directing a square wave into the cavity
and monitoring the response time, as shown in Fig. 6.10A. It is clearly noticed
that the appearance of overshoot depends on the detuning of the cavity. When
the cavity approaches the mode-match condition, it is turned on and the
overshoot becomes prominent. By single exponential fitting of the decay
component, the cavity is determined to have a response time of around 40 ns
(Figure 6.10B). This switching time is much faster than those of thermal
optical bistability which are typically several to 100 ms.}” However, the
observed response time is a few orders of magnitude longer than that of the

carrier relaxation time in graphene during saturable absorption which occurs
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Figure 6. 10. The dynamics of Fabry-Perot cavity with graphene as a nonlinear
refractive media. (A) The input square wave (blue dash trace) and output
spectra at different cavity detuning. The frequency of the square wave is 500
kHz and input power is 0.33 W. (B) The experimental data and the fit to the fall
time of the overshoot.
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6.3.5 Dynamic trace of optical bistability

By setting a relatively low ramping frequency of acousto-optic modulator, the
input power will change slowly so as to clearly observe the dynamic trace of the
bistability hysteresis loop. Figure 6.11 shows the dynamic trace of the
hysteresis loop of monolayer graphene in 9 seconds, in which the input power is
shown on the x-axis and the output power is shown on the y-axis. As the input
intensity increased, output power increased slowly at the early stage (from 1 s
to 3 s), and then increased faster at the high input power range (from 4 sto 5 s)
until turn on the Fabry-Perot interferometer. When the input power is decreased,
the output power is firstly maintained at a high level for one second and then
dropped quickly to the off state at the 7th second. Further decreasing the power
(from 8 s to 9 s) will bring the interferometer back to the original state. As a
result, we could resolve the dynamic trace of the hysteresis loop in one period

and confirm the moving direction of the bistability.
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Figure 6. 11. Dynamic trace of the bistability hysteresis loop from 1s to 9s by
setting the ramping frequency of acousto-optic modulator as 0.1 Hz.

6.3.6 Bistability of bilayer and multilayer graphene

In addition to the optical bistablility from monolayer graphene as discussed
before, we have investigated the layer-dependent bistablility from bilayer and
multilayer (~10 layers) graphene, as shown in Fig. 6.12 and 6.13. Both bilayer
and multilayer graphene could give clear bistability loop, and the transmitted
power decreases with the increasing of graphene layers. It is found that the
bistability loop from bilayer graphene is much larger than that from multilayer
graphene at resonance. This is because the multilayer graphene will cause

larger light absorption as well as scattering loss, which leads to the lower
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transmission of the cavity and furthermore limits the sharp switching between

two optical states.
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Figure 6. 12. Transmission characteristic’s dependence on Fabry-Perot cavity
detuning for the bilayer graphene. (A) Optical bistable hysteresis loops as a
function of resonator tuning. The cavity mistuning parameter £ was controlled
by changing the offset voltage of the piezo-spacer, i.e., the cavity length was
increased continuously from phase at O to phase at z. (B) Time display of
transmitted signal from the Fabry-Perot cavity in comparison with reference
signal (orange color traces, right Y scale).
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Figure 6. 13. Transmission characteristic’s dependence on Fabry-Perot cavity
detuning for the multilayer graphene (~10 layers). (A) Optical bistable
hysteresis loops as a function of resonator tuning. The cavity mistuning
parameter £ was controlled by changing the offset voltage of the piezo-spacer,
i.e., the cavity length was increased continuously from phase at 0 to phase at 7.
(B) Time display of transmitted signal from the Fabry-Perot cavity in
comparison with reference signal (orange color traces, right Y scale).

6.3.7 Power dependent of bistability

Figure 6.14 shows the power dependent bistability of the monolayer and
bilayer graphene. It is interesting to note that turn-on and turn-off power are
independent of incident light intensity. Only the tail increase with increase
incident light intensity. As shown before, cavity turn-on power could be
controlled by tuning the cavity length. This interesting behavior indicates that
with proper cavity length alignment optical bistability could be achieved, even
with lower input power. Meanwhile, a larger bistability hysteresis loop could

be obtained at the high power input, which may be useful for applications.
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Figure 6. 14. Power dependent bistability of the monolayer, bilayer and
multilayer (~10 layers) graphene. The laser power is tuned from 1 W to 3.5 W.
The input power at X-axis represents the real incident power which is directed
into Fabry-Perot cavity.

6.3.8 Simulation of the bistability

According to the configuration of our bistable device, the boundary conditions

can be written as,
E, :\/T_EF(L) (6.3)

E, (0)=TE, +Re™ e “E_(0) (6.4)

Where T is the transmittance, L is the length of the Fabry-Perot cavity, «

is the intensity-dependent absorption coefficient, E,,E.,E. ,E,,E, are the

incident, reflected, forward, backward, and transmitted electric field slowly
varying complex amplitudes, respectively (Fig. 6.15). As such, we assume that
the absorption coefficient depends only on the "uniform field" approximation
(field envelope is position independent) and thereby neglect saturation or

nonlinear index corrections due to field changes along the laser axis.
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Figure 6. 15. Schematic model of the Fabry-Perot interferometer. E,, Eg, Eg and
Er are the incident, reflected, forward, backward and transmitted electric fields,
respectively. Re and Rg refer to the reflectivity of the front and back mirror. dy
refers to the thickness of graphene film and L refers to the cavity length.

The field £, issimply related toE, :

E, =<TE, (L)=~Te “e™E, (0) (6.5)

Where, =K -d . Combining this with Equation (6.5), we have the

amplitude transmission function

TeZiK(’—L)

E
PRRbCTET— (6.6)

e -R

Up to this point, our equations apply to an arbitrary complex absorption
coefficient, and hence can be used to study both purely dispersive and

purely absorptive optical bistability.

For absorptive bistability, the intensity transmission function is simplified as:

Lol ad/T 7
— |1+ ——
T | 1+0,/T |

* (6.7)
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For purely dispersive case, we approximately assume [Re(« ) = 0 ]. By setting

B = nearest multiple of (27)-2KL, g is the cavity-laser phase detuning,

we find that the amplitude transmission function (6.6) yields

2i K- )L
B _Te (6.8)
E, e”-R
The intensity transmission function is
I 2
s J 2 21 2 (69)
e or[ v aRsin (8/2)/T
Where, 1 =g, [, 1, = |g,| (here we suppose the E's are dimensionless fields

corresponding to the usual dimensionless intensity definition). At a cavity

resonance, which gives

2

T 1
—-ip = 2 2
‘e —R‘ 1+ RA/T

(6.10)

IT
I I
To understand dispersive bistability, we expand the phase shift g as,

B =p,+ B, (6.11)

Combining equation (6.9) and (6.11), we can simulate and plot the curve of

the optical bistability.

In order to further understand the bistable mechanism, we proposed a

simplified theoretical model to verify the bistable hysteresis. As mentioned

before, the condition for purely absorptive bistability is «d /(T + «,d) > 8,

where « is the absorption coefficient, «, is the unsaturable background

B
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absorption coefficient, d is the thickness of absorptive medium, and T is
transmittance. The thickness of the graphene is too small to fulfill the
requirement for purely absorptive bistability. For the absorptive bistability, the
switch-down intensity is independent of transmittance whereas the switch-up
intensity is inversely related to transmittance. However, this is not the case if
we look into the experimental results shown in Fig. 6.16. For monolayer
graphene, the turn-on power density of 2.7 X 10 W/m? is much larger than
the saturation intensity of 1.3 10° W/m?, indicating an over-saturated status

in graphene.

Summarizing above experimental observations, we point out that optical
dispersive bistability is the dominant regime as the contribution from
absorptive effect is negligibly small. By taking nonlinear dispersion into
account, the simulation can qualitatively reproduce the bistable hysteresis in
our experiments, as shown in Fig. 6.16B. We performed control experiments
on monolayer, bilayer and compared with theoretical calculations. Striking

differences in hysteresis between monolayer graphene and bilayer are

observed, which are mainly caused by different phase shifts, g = s, + 5,1, ,
where g, contains all intensity-independent phase shifts and s, arises from

a nonlinear refractive index, n=n,+n,l. . As it is known that the change of

nonlinear refractive index in graphene is nearly proportional to the number of
graphene layers, we can expect larger phase shift in bilayer graphene which
also leads to a lower switch-on threshold and half maximum output power
density compared with the monolayer graphene. It is also noticed that the
overshoot for bilayer graphene is also lower than that of monolayer graphene.

This is because the monolayer graphene has larger transmittance (lower
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absorption) compared with bilayer graphene. The Fabry-Perot cavity with
monolayer graphene can maintain a higher power inside the cavity, leading to

a higher overshoot.
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Figure 6. 16. (A) Experimental hysteresis measured from monolayer and
bilayer graphene. (B) Calculated optical bistability curves for monolayer and
bilayer graphene.

6.4 Conclusions

In conclusion, the exotic optical properties of graphene can lead to strong
nonlinear light-matter interaction. The graphene bubbles allow a longer path
length for the non-linear dispersive interactions compared to monolayer
graphene, which changes the optical phase by n and produces an optical
length change (M2). Graphene optical bistable devices appear to be
particularly promising because of giant optical nonlinearities and small
thickness permitting the construction of miniaturized devices. They may find
important applications in optical logic, memories, and analog-to-digital
converters in optical signal processing systems. In addition, they can also be

used as optical pulse discriminators and optical power limiters.
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Chapter 7 Summary and Future Work

7.1 Summary

7.1.1 Defect dynamics and spectral splitting in single crystalline LAO

PL and ultrafast dynamics of LAO crystal has been studied in this thesis.
Three defect luminescence levels have been observed in the temperature
dependent PL spectrum of the LAO single crystal. The broad spectrum center
at 600 nm was likely due to the electronic transition from singly charged
oxygen interstitial defect levels to valence band; the two sharp peaks centered
at 699 and 726 nm peak were likely due to La interstitial and/or the Al antisite
at the La position to the valence band. The PL spectrum showed doublet
splitting of roughly 6 nm. An Al displacement of 0.09 A in a sublattice, which

is possible because of twinning, is adequate to explain the spectral splitting.

The femtosecond TA experiments showed two induced absorption peaks. The
TA bands at 620 nm under high excitation intensity decay with two different
time scales: a fast decay with a time constant of 4 ps followed by a slow decay
with time constant over 1 ns. However, the TA band at 760 nm only showed
one slow decay component. We think the fast decay is due to the induced
excited electron absorption from the higher defect levels to conduction band,
while the slow decay process is due to the electron absorption from the lower

two defect levels to the upper defect level just below the conduction band.

7.1.2 Fine structure of defect states in STO

Multi-photon room temperature luminescence of STO was observed using 800

nm femtosecond laser irradiation. The power dependent PL showed a slope of
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2.7, which suggested that a three photon process contributed to the PL. It was
noted that the 350 nm above band gap excitation PL also had the same
spectrum as the 800 nm multi-photon excitation, which is consistent with the
observation of slow decay process for the 350 nm and 800 nm excitation TA.

The PL signal in both cases had the same excited and ground states.

A number of defect levels in STO were resolved by femtosecond TA studies
using 400 nm sub-band gap excitation. Five deep defect levels within the band
gap showed a short lifetime (< 2 ps), suggested that these defect levels may
originate from the same atomic entity. After the fast decay, these energy levels
coalesced into two prominent trap levels centered at 1.1 and 1.55 eV above the

valence band.

7.1.3 Defect Electron Dynamics in TiO;

TA of the TiO, single crystal, polycrystalline TiO, films (with different
oxygen vacancy) and epitaxial films of Ta-TiO, (with different Ta
concentration) have been studied. Only a slow decay process with a lifetime
of a few ns was observed in the single crystal TiO,. The TiO, films deposited
on the Quartz substrate with different oxygen deposition pressure showed
faster single exponential decay of about 300 to 180 ps. It was noted that
carrier decay lifetime decreased with oxygen vacancy. Defect level in the Ta
doped TiO, was studied using the 350 nm femtosecond TA experiment. The
TA spectrum arose from the induced excited electron absorption. It was
observed that the excited carrier lifetime decreased with Ta concentration. The
TA spectrum showed the blue-shift of the induced absorption peak, which was
consistent with the UV spectrum in which the band gap increased with the Ta

concentration. The Ta substitution led to the reconstruction of the band
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structure, which may have helped to increase carrier recombination time. For
the long recombination lifetime of the pure anatase film, this may be due to

the long lifetime of surface trap states.

Less defect and longer lifetime carriers in the low oxygen vacancy TiO; film
helped improve the photodegradation efficiency. Both the band-edge and
above band gap irradiation showed that low oxygen vacancy TiO, films had

higher degradation efficiency.

7.1.4 Bistability of graphene

The large nonlinear Kerr effect observed in graphene has great potential for
nonlinear optical device applications. In this thesis, we have observed the
bistability hysteresis loops of graphene inside a Fabry- Perot interferometer.
By tuning the cavity, we have successfully controlled the cavity to the “on” or
“off” state. In addition, this bistability had a very fast switching speed of 40 ns.
The graphene formed nanobubbles after the high-intensity laser irradiation,
which was demonstrated using Raman mapping and AFM imaging. The
graphene nano-bubbles increased optical pass length, which helped drive the
cavity to the resonance mode match condition, and hence enabled optical
bistability in monolayer graphene. This graphene optical bistability may have
important applications as optical logic, memories, and analog-to-digital

converters in optical signal processing systems.

7.2 Future Works

In this thesis, it was shown that ultrafast spectroscopy is very important for
studying the carrier dynamics and nonlinear optical properties of
semiconductor oxide materials, as well as the 2D graphene system. Carrier

dynamics and the nonlinear optical properties of the materials have been
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studied. Although a rich defect and optical nonlinearity picture has evolved
further efforts are still required to clearly understand the whole picture. Below

are some suggested projects for further investigation:

1. Temperature dependent carrier dynamics of the LAO. As shown in our
results, broad and sharp PL peaks behaved quite differently with increase
in temperature. Broad emission decreased with increases in temperature,
and the two sharp emission increased with temperature. At this stage, the
mechanism behind this process is still unclear. Temperature-dependent TA
may help further investigate the mechanisms behind this interesting

behavior.

2. Temperature dependent multiphoton photoluminescence and carrier
dynamics in the STO. It is known that STO has broad green emission of
only 2.4 eV at low temperatures. As shown in Chapter 4 where room
temperature multi-photon and one-photon excitation PL had only blue
emission centered at 2.8 eV, where the green emission is not observed in
our experiment. As temperature was reduced, PL increased and green
emission was established, so it would be very interesting to study the
behavior of green emission with the multi-photon excitation process.
Meanwhile, with the TA spectroscopy the carrier dynamics of the fast

decay and the slow decay process could be studied in more detail.

3. Nonlinear optical properties of Ta substituted TiO,. As shown in our
results, Ta substitution affected the blue shift of the UV-vis transmission
spectrum and the TA spectrum. As the band gap increased to the UV range,
it was enlightening to study the nonlinear optical properties, such as multi

photon absorption and multi photon excitation PL. It would be interesting
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to have wide band gap metallic materials with strong nonlinear optical

properties.

Bistability for the doped graphene and other 2D materials (MoS2, WS2,
topological insulators). As the nonlinear optical properties of the graphene
can be easily tuned by the doping process, in this case the lower saturable
intensity and large nonlinear effect can be obtained to further reduce the
light intensity of the bistability threshold. This optical bistability
experiment may also apply for other 2D materials, such as MoS,, WS;,

and topological insulators.
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