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Abstract

2D layered materials are becoming an important area of research due to their exceptional
electrical and optical properties. Specifically, 2D layered monochalcogenides are known for their
high carrier motilities, whereas layered metal halides have been shown to have noteworthy
photoresponsivity. Despite the assortment of 2D layered materials, the search for reliable and
scalable synthesis methods is still a challenge in this family of materials. Often a certain growth
technique will compromise a desirable trait needed for further fabrication, such as the quality of the
crystal or its coverage on a substrate. In this study, two growth techniques that incorporate
changeable parameters allowing for the controllable growth of 2D layered monochalcogenides and
metal halides are explored. Following the growth of each material, characterization techniques are
employed to confirm their identity, structure, and validate the success of each growth. By utilizing
these growth techniques, it is expected to find superior ways at growing 2D layered materials that

can potentially be used as next-generation devices.

vi
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Chapter 1: Introduction

In 2004 an experiment transpired that ushered new depth in the fields of materials science
and condensed matter physics. The experiment that evoked this revolution was a simple procedure;
two scientist, Andre Geim and Konstantin Novoselov, found that by sticking a piece of scotch tape
on a piece of graphite they were able to separate the material into thin layer forms'. The resulting
atomically thin layer forms was the long-theorized structure graphene and its discovery marked an
era of a new class of materials known as two-dimensional (2D) materials. 2D materials, aptly named,

are materials that have one dimension restricted, or confined, to the nanometer scale®.

Because of their atomic scale thickness, 2D materials undergo novel physical phenomena not
seen in their bulk counterparts. One of the interesting effects of the transition from bulk to 2D
materials involves the modification of the electronic structure of the material. As the size of the
material shrinks down past a certain point, the movement of the electrons are confined to move
only in certain directions’. Conversely the excitons, quasiparticles generated when an electron-hole
pair is created, increases in energy resulting in an increase of the bandgap of the material®. This

widening of the bandgap is known as the quantum confinement effect.

Despite the outpour of discovery of other 2D materials, graphene remains the 2D theoretical
model of choice for most active research groups’. Owing to its high crystal quality and exceptional
electrical properties, it is not hard to see why graphene is still relevant in materials research. Indeed,

most of the extraordinary properties of graphene can be attributed to
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its flat honeycomb monolayer lattice. When the structure of graphene is examined in detail it is
shown to be made up of three sp orbitals and one p, orbital °. In a sequence of graphene layers, the
p- orbitals form pairs of n and n° bonds that act as the valence and conduction band of the material
respectively’. When the layers separate to form a single layer of graphene, the © band electrons form
a linear electronic dispersion leading to a zero-energy band gap®’. To further illustrate this effect,

tigure 1.1 shows the zero energy band gap discussed above.

ENERGY

ks

Figure 1.1: Energy-K diagram of graphene. Note. From “A bandgap semiconductor nanostructure
made entirely from graphene”, by Lavocat, J, 2012, graphene.com. CC-BY-NC 2012. Reprinted with
permission

The result of graphene’s unique structure allows it to have a variety of interesting properties.
One of the more distinctive features is its electrical properties; it is reported of having a charge
carrier concentration as high as 10" cm™, with mobilities, at room temperature, expected to reach as
high as 100,000 cm® V''s™ °. In addition, groups have utilized the optical properties of graphene and
managed to make devices out of the material. Mullet’s group, for example, was able to construct a
photodetector out of graphene flakes on top of Si/SiO; substrates °. They obtained a responsivity of
6.1 mA W' at an operating wavelength of 1.55 um’. Even though graphene remains the model for

two-dimensional materials, other material types have recently started gaining steam in the 2D
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research community, with some showing properties that not only complement graphene but also

rival its usage in potential devices.
1.1 Transition Metal Dichalcogenides

An important 2D layered group that resulted from the surge of researchers looking for
alternatives to graphene is transition metal dichalcogenides (TMDs). Unlike graphene, 2D TMDs
have a bandgap that allow for more possible applications in fields such as electronics and optics.
Much like before, an examination of the crystal and electronic structure can give insight on the
properties that TMDs have. To start, TMDs have a 3-atom thick monolayer; with a transition metal
sandwiched between two chalcogenide atoms'’. As shown in figure 1.2, the atoms within each layer
are held together by strong covalent bonds forming a structure without dangling bonds; while the

stacked layers are attracted to each other by weak van der waals interactions'.

Figure 1.2: Crystal structure of a typical TMD. Where X= chalcogen atom (S, Se, Te), and M=
transition metal (Mo, W, etc.). Note. From “Two-Dimensional Semiconductor Optoelectronics
Based on van der Waals Heterostructures”, by Lee, J, 2016, Nanomaterials. CC-BY-NC 2016, by
MDPI. Reprinted with permission
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Besides having a different crystal structure from graphene, the electronic structure of a
typical TMD shows a tremendous difference with respect to the simple dirac cones that are
generated from the zero-band gap of graphene. To illustrate the electronic structure of a TMD and

how it changes from bulk to monolayer, the MoS; electronic structure is shown below.

A

o

g

pal // | |\ [/ L

\ L ‘
r MK rcr MK rcr MK r

Figure 1.3: Transition of the electronic structure of MoS; from bulk to 1L.. Note. From “Two-
Dimensional Semiconductor Optoelectronics Based on van der Waals Heterostructures”, by Lee, J,
2016, Nanomaterials. CC-BY-NC 2016, by MDPI. Reprinted with permission

As shown in the figure, the states at the I" point are strongly affected by the number of layers. The
reason for this phenomenon lies in the configuration of the molecular orbitals of the structure. It is
known that the band structure of MoS; is effected by the molybdenum d and sulfur p orbitals'".
These orbitals experience mixing as the number of layers increases leading to coupling interactions
that effect the position and energy of the band gap'”. Incidentally p orbitals interact more readily

than d orbitals and primarily make up the states at the I' point, explaining why states there are
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influenced immensely by the number of layers'"">. Because of the influence the p otbitals has on the
I' point they acquire a greater change in energy as the layers decrease while states at the K point
remain relatively the same'. The result is a shift in the valence band maximum (VBM), from the I’
point to the K point, and a transition from an indirect band gap of 1.29 eV to a direct band gap of

1.90 eV".

Due to the ability of TMDs to emit light strongly, they have found applications in various
fields related to optics and optoelectronics. Sanchez’s group was able to fabricate a MoS, monolayer
photodetector with a responsivity of 880 AW, a huge increase from the graphene-based
photodetector mentioned eatlier'*. Even to this day more avenues are being explored where TMDs

can be incorporated and eventually commercialized and mass produced.
1.2 Monochalcogenides

Although transition metal dichalcogenides provide an attractive alternative to graphene,
there exists another group of layered material with properties that can exceed the TMDs. Group I1I-
VI compounds, or metal monochalcogenides (M=Ga, In; X=Se, S, Te) are a group of 2D layered
materials that have been gaining a great deal of attention due to their high carrier mobility, direct
band gap electronic structure, high charge density, and other properties that help facilitate its
application in an assorted number of fields". The elements of this section will provide the necessary
background information on one of the groups of material that is studied for this project. In order to
gain an understanding of any material, a detailed look at how the structure, properties, and how it is

synthesized are needed; what follows exemplifies this process.
1.2.1 Structure

Like graphene and TMDs, metal monochalcogenides (MX) arrange themselves in a

hexagonal crystal structure, with metal atoms and chalcogen atoms alternatively bonded to one
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another. However, differences in crystal structures arises when one considers how the material
arranges itself in one layer. Unlike TMDs, which are made up of three atomic layers of X-M-X,
monochalcogenides monolayers have a quaternary arrangement in which the two atomic planes
composed of metal atoms are sandwiched between the chalcogen atoms (X-M-M-X)". The figure

below shows a side and a top view of an example monochalcogenide, InSe.

Figure 1.4: Crystal structure of InSe. The side (left) and top (right) views are both shown. Note.
From “Synthesis, properties and applications of 2D layered MIIIXVI (M = Ga, In; X = §, Se, Te)
materials. 7, by Xu, K, 2016, Nanoscale. 2016, by American Chemical Society. Reprinted with
permission

Incidentally different monolayer thicknesses have been reported for different monochalcogenides.
For example, the thickness of monolayer GaSe was found to be 0.8 nm, while that of GaS was

reported to be 0.75 nm".

One of the defining differences between the monochalcogenides and the transition metal
dichalcogenides is that unlike TMDs, monochalcogenides experience a direct to indirect band gap
transition from the bulk to monolayer. To illustrate the evolution of the change of the electronic

structure, the results from the theoretical calculations performed on GaSe are shown in figure 1.5. In

www.manharaa.com




1.5a as the number of layers of GaSe decreases the maximum of the valence band (VBM) starts to
split symmetrically about the T point revealing the transition to an indirect band gap'®. Furthermore,
shown in 1.5c, as the number of layers decreases the energy of the band gap increases demonstrating

the quantum confinement effect mentioned previously'.

[ Y 7.
a >N NN b o
2:! o \ “ \ .‘ .,z’.') I

= bk

S s g [
Q2 L -0.05F
w w I

-0.1+ | 1 1 1 1 1

1 2.8 4 8§ 6 7
K Layer number (L)

Figure 1.5: Bandgap of GaSe as a function of the number of layers. (a) shows the energy bands for
bulk and monolayer GaSe. (b) shows the energy band near the VBM. (c) shows the band gap energy
as a function of the number of layers. Note. From “Controlled Vapor Phase Growth of Single
Crystalline, Two-Dimensional GaSe Crystals with High Photoresponse. ”, by Li, X, 2014, Scientific
Reports. CC-BY-NC 2014, by Springer Nature. Reprinted with permission

1.2.2 Electrical and Optical Properties

At the beginning of the section it was mentioned that metal monochalcogenides offer
exceptional physical properties, even more so than TMDs. One of the properties that show
enhancement in the monochalcogenide family was the high carrier mobility. It was reported that
InSe can achieve low temperature mobilities of about 10’ cm® V' s while MoS; can only attain
mobilities of about 0.1-200 cm® V' s '*'”'% This can be traced back from the effective mass of the

electron and its relationship with the mobilities of free charges. The following equation shows that

relationship:"
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H=

Where e is the charge of the electron, t is the scattering relaxation time, and m* is the effective mass
of the charge carrier (hole or electron). Owing to the inverse relationship between effective mass
and carrier mobility it is expected that the lower the effective mass the higher the mobility; a fact

confirmed when the effective mass of MoS,, 0.45my, is compared with that of InSe, 0.145 m,">***".

Additionally, to exhibiting attractive electrical properties, monochalcogenides also display
interesting optical properties. For instance, InSe can present PL emission in a broad range from

visible to the infrared, an important area for next generation photodetectors ">

1.2.3 Applications

Like other 2D layered materials, monochalcogenides are finding their way in a multifarious
of different applications. One of the areas finding use of the adoption of these layered materials is
the electronic device community, specifically field effect transistors (FETs). FET's are devices with
three terminals: gate, source, and drain; that use the influence of an electric field to control the
charge carrier’s concentration in the channel and hence the amount of current that flows through

the device. A simple schematic is posted below.

VDS VDS

source

channel

a b

Figure 1.6: FET conduction states (on/off). (a) FET in the “on” state. (b) FET in the “off” state
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In the figure it is illustrated that the device can be in two operational modes: “on” or “off”.
The device will always be “on” when the voltage between the drain and the source is greater than
the voltage between the source and gate*. Incidentally, to turn off the current the voltage between
the gate and source should be higher than the drain source voltage. An important component in
these devices is the channel, a semiconducting material the current traverses through. Due to the
ever shrinking down of the transistor, channel materials, such as silicon, start to experience
problems that delay optimal performance of the device®. Related to the performance of the device is
the channel material’s mobility, and because silicon offers only mediocre mobilities its value as a

next generation FET comes into question”.

2D layered metal monochalcogenides provide attractive alternatives to the conventional
materials used as FET channel materials. Efforts came into fruition in 2012 when Late’s group
fabricated the first single layer GaSe/GaS FETs”. Upon repeated measurements of varying gate
voltage, with constant drain-source voltage, the researchers found consistent curves of current
behavior, suggesting a stable transistor was made®. Remarkably Ga$S, an n-type semiconductor,

experiences the same electrical behavior as GaSe, a p-type semiconductor™.

The research mentioned highlights only a fraction on how 2D layered metal
monochalcogenides can be applied to different areas of use. Even now researchers have extended
their efforts into integrating these materials into optoelectronics, allowing for modified LEDs or
photodetectors. With the continued efforts of these researchers, the research activity on

monochalcogenides should see an increase in the following years.
1.3 Layered Metal Halides

The other materials that were studied for this project were layered metal halides. As diverse

as the group is, this work focuses only on 2D layered lead iodide (Pbl,). Admittedly although Pbl is
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capable of forming stable 2D forms, hardly any research is reported on its monolayer and few-layer
growth *. Despite this, some interest remains in synthesizing these structures into single layer to
multi-layer form. One of the motivations comes from the development of perovskite solar cells.
Pbl; is a precursor for lead halide perovskites, and the ability to grow 2D layered lead iodide would

allow for 2D perovskites, enhancing the current capabilities of the solar cells of today”.
1.3.1 Pbl; Structure

Like TMDs, lead iodide has a hexagonal crystal structure where each layer is composed of a
lead atom sandwiched between two iodide atoms®’. The figure below shows the crystal structure as
seen from the top view. Furthermore, the thickness of one layer of Pbl, was reported to be

approximately 0.76 nm™.

Side View
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Figure 1.7: Top (left) & Side (right) view of Pbl, crystal structure. Note. From “Band Structure
Engineering of Interfacial Semiconductors Based on Atomically Thin Lead Iodide Crystals.”, by
Sun, Yi, 2019, Advanced Materials. Copyright 2019, by John Wiley and Sons. Reprinted with
permission

Following the crystal structure, Zhou’s group demonstrated that by using DFT an accurate

representation of the band structure can be generated™. Figure 1.8 shows the different band
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structures calculated using different functionals. Upon comparison with experimental data the Heyd-
Scuseria-Ernzehof (HSE06) method combined with spin-orbit coupling effects gives the most
accurate value of the monolayer band gap at 2.63 eV*. While each correction gives different
approximation for the band gap, they all predict an indirect band gap transition, similar to the

monochalcogenideszg.

(a) PBE (b)PBE+SOC(C)HSE+SOC
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Figure 1.8: Pbl, monolayer electronic structure. Calculated with (a) PBE functional without spin-
orbit coupling. (b) PBE with spin-orbit coupling. (c) HSE06 functional with spin-orbit coupling
Note. From “Single layer lead iodide: computational exploration of structural, electronic and optical
properties, strain induced band modulation and the role of spin—orbital-coupling.”, by Zhou, M,
2015, Nanoscale. Copyright 2015, by RCS Pub. Reprinted with permission

1.3.2 Layered Metal Halides Properties

Using a phonon scattering model, a group was able to predict a mobility of 122 cm® V' s
for single layer lead iodide®. While not as high as the monochalcogenides, Pbl; offers carrier
mobility values comparable to monolayer TMDs, and its band gap allow for potential applications in

transistors or other electronic devices®.
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Another set of properties that remains consistently dependent on the layers are the optical
properties. The optical band gap of Pbl, was reported to go from 2.41 eV for bulk to 2.47 eV for
monolayer™. To further illustrate how the PL changes with the thickness, the figure below shows the

PL transition from bulk to monolayer of Pbl..

480 500 520 540 560

Wavelength (nm)

Figure 1.9: PL transition of bulk Pbl, to 1L. Note. From “Large-scale 2D PbI2 monolayers:
experimental realization and their indirect band-gap related properties”, by Zhong, M, 2017,
Nanoscale. Copyright 2017, by RCS Pub. Reprinted with permission

1.3.3 Layered Metal Halides Applications

As mentioned before, a lot of the motivation behind studying 2D layered metal halides,
specifically Pbl, comes from its direct involvement in lead halide perovskites. These materials are
turther fabricated into high performance photovoltaic cells and even light emitting diodes (LEDs).
Despite the active interest in perovskite research, the layered metal halides also have potential
applications in other areas. For example, Zhong’s group fabricated monolayer based Pbl,
photodetectors to measute the optoelectronic response properties of single layer PbI,*. Using a 450
nm laser the group was able to measure characteristic responses, which include: the photocurrent

generated with varying light intensity, the response time, and the recovery time.
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In addition, to having potential as photodetectors, the metal halides also show promise in
van der waals heterostructure based devices. Generally, these devices enhance the capabilities of the
separate materials and allow for control of the band structure across the interface”. Specific to these
heterostructures are the type of heterojunctions that can form across the interface between the two
structures: type I, type 11, type III. In the type one heterojunction the band gap of one of the

materials completely overlaps the band gap of the other material®

. Ultimately this leads to charge
carriers being transferred to one of the materials, allowing for enhancement of the band gap and
consequently the PL. Next the type II band alignment is when the conduction band and the valence
band of one material is lower than the corresponding bands of the other material®. As a result, the
band gap of the higher conduction band tend to straddle the band gap of the lower band values and
charge carriers separate into different materials. While the holes tend to go into the material with the
lower band gap, the electrons go into the material with the higher band gap®. Finally the type I11

band alignment is when the band gaps do not overlap at all; in this sense it behaves as a more

extreme type I17°.

Incidentally, Sun’s group was able to synthesize and characterize lead iodide and TMD
(MoS,, WS,, WSe») heterojunctions, similar to the ones discussed above. The results show that
Pbl,/MoS; heterostructutes involving quenching of the PL, while Pbl,/WSe; and Pbl,/WS;
enhance the PL of the TMD?. Hence, the band alignments for the former are type 11, while the
band alignments of the latter are type 1. By forming these different heterojunctions, the materials can
be used in different applications. For example, the type II band alignments are favored as light

harvesting devices, while the type I materials are favored as light emitting devices®.

The goal of this project was to synthesize and characterize large, continuous, single-layer to

few-layer areas of 2D monochalcogenides and metal halides. In addition, an effort will be made to
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study the optical properties of these materials in detail. By using the techniques discussed in chapter

2, a comprehensive study of 2D layered materials can be developed.
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Chapter 2: Experimental Techniques

In growing 2D films, or films of any size, the nature of the growth plays an essential role on
the structure and properties of the material’’. The technique used to deposit a thin film on a
substrate can influence whether a film is an insulating material or a film with high electrical and
thermal conductivity. Even more important than the method used to grow the materials, are the
multiple characterization techniques used to study its structure. By employing characterization
methods, not only can features such as the composition and structure can be analyzed, but they also
can serve as feedback that allow one to improve on the material’s properties and progress toward
more functional materials™. In this project chemical vapor deposition was used to grow 2D layered
monochalcogenides, while a solution method was used to grow 2D metal halides. Following the
growth of the materials the characterization techniques used were: Raman spectroscopy, scanning

electron microscopy (SEM), energy dispersive spectroscopy (EDS), and atomic force microscopy
(AFM).

2.1 Material Growth

The following section provides the procedures used for the growth of both the
monochalcogenides and the metal halides. The instruments that was used for chemical vapor
deposition (CVD) was a 120 V Lindberg/Blue M Mini Mite tube furnace and a crucible boat. In

addition, for the solution growth an isotemp hotplate, beaker, and model 30 lab oven was used.
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2.1.1 CVD growth of Monochalcogenides

For this project 2D monochalcogenides were grown by chemical vapor deposition under
atmospheric conditions. The figure below shows the apparatus used to conduct the experiment. As
shown in the figure a quartz tube is used to house a powder source (M=Ga, In, X=Se, §), along with
SiO,/Si substrates situated downstream from the spot of thermal evaporation. The cartier gas used

for each set of experiments is a H,/Ar mixture.

Exhaust

-

-
T

Powder Source
Substrates (ML, + M)

' P

Figure 2.1 CVD setup

It should be emphasized that while the synthesis of certain monochalcogenides may differ
slightly by growth conditions, each material followed the same principle of growth. First, before
starting any experiment the phase diagrams and vapor pressure curves for each material was

examined to get an estimate on what the growth parameters (temperature, time, flow rate) should be.
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The phase diagrams and vapor pressure curves are listed in appendix A. After, the M>X5 and M
powders are weighed and mixed in a molar ratio of 1:1, and subsequently placed in a boat for an
experiment. The boat is then loaded in the quartz tube, alongside with substrates that are placed a
distance downstream from the powder. Finally, the furnace is preheated to the desired temperature
of growth, while a flow rate of carrier gas is introduced to the system. After the growth is completed

the system is cooled down fast, and the experiment is concluded.
2.1.2 Metal Halide Growth

The metal halides in this study were grown by a solution-based method. Similar to the
growth of monochalcogenides, the start of each experiment began with the weighing of powders of
metal halides. Once the appropriate weight was gathered, 100 mL of distilled water was placed in a
beaker and heated until boiling. The powder was then added to the water and stirred until an
acceptable amount was dissolved. Next, a substrate was placed in a small petri dish, where a solution
of the metal halide was then pipetted into. After a sufficient amount of solution was pipetted into
the dish (enough to cover the substrate), a glass slide was used to cover the substrate. Finally, the
petri dish was placed in an oven, allowing time for all the water to evaporate out of the dish. A

schematic is provided below showing the details of the experimental set-up.

Metal Halide Solution

\
S

Hot Plate
Glass Slide [

Substrate

Pipette —»
Glass Slides

Substrate

Figure 2.2: Solution-based setup
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2.2 Raman Spectroscopy

In our experiments, Raman spectroscopy was frequently used as a routine characterization
technique after the growth. The Raman spectrometer, or Raman microscope, is designed to measure
the vibrational frequencies of atoms in the solid (phonons) based on their shift from an incident
laser beam. Because each chemical bond has specific frequencies of vibration, Raman spectroscopy
can act as a “fingerprint” to identify a material. Even more it can be used to identify the phase of the
material, the residual strain, crystallographic orientation, and its composition™. Because of the
importance of the Raman measurements, the following passages will be dedicated to explaining a

brief overview of the theoretical framework and instrumentation of Raman spectroscopy.
2.2.1 Basic Principles

In reality, atomic nuclei are in a state of constant erratic motion. However, the complexity
of the system is made simpler when the vibrational motion of the atoms is proposed to be made up
of a linear combination of normal vibration modes, completely independent of one another™. For
example, in the figure below the vibrational motion of the CO, molecule can be represented with 3
normal modes: two stretching vibrations (one symmetric and one antisymmetric), and one bending
vibration™. The figure is a classical representation of what goes on in a chemical bonding system,

with the bonds being represented as massless springs influenced by Hooke law forces.
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Va

Figure 2.3: Independent Phonon modes of CO.. (a) symmetric stretching. (b) antisymmetric
stretching. (c) bending. Note. From “Introductory Raman Spectroscopy”, by Ferraro, 1994.
Copyright 1994, by Elsevier. Reprinted with permission

In order to calculate the number of independent modes of vibration, a degree of freedom
analysis must be done on each atomic nuclei of the molecule. Using an N-atom molecule as an
example, the degrees of freedom can be calculated the following way: first, motion in every
coordinate direction is considered for each nuclei, yielding 3N total degrees of freedom. Next the
translational motion of the whole molecule, in every direction, is subtracted from 3N so that the
molecule’s translational motion is restricted. The same is done for the rotational motion of the
molecule. The final result, 3N-6 (3N-5 for linear molecules), gives the number of modes of vibration

for an N-atom molecule®,

Corresponding to the modes of vibrations are its energy levels. Using the classical
representation above, where the bonds are interpreted as massless springs, the vibrational energy of
molecules can be found quite easily. Taking a diatomic molecule as an example, the force between

the two atoms is shown to have the form of:
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F=—KAr=—-K(r—r,)

Where K is the force constant, r is the displacement between the two atoms, and r. is the

equilibrium distance™. Incidentally the potential energy can be expressed as B,
=lparz = kG —1)2
Eyp = S KAT® = ZK(T Te)

Despite offering good approximations at low displacements, real molecular vibrational
energy levels are described using quantum mechanics. The Schrodinger equation used to describe

the same diatomic molecule is expressed as™:

@y 8miu 1o\
dr2+h2 (E 2Kr)lp_0

Where p is the reduced mass and all the information that is known about the system is now
contained in the wave function, . Following the solution, a set of eigenvalues, or discrete

vibrational energies the system is allowed to have is given as™:

E,p = hv, (v +§) v=0,1,2,3...

170=5T[ ;

Where v is the vibrational quantum number that is used to describe different energy transitions

(phonons). The schematic representation of the vibrational energy levels is shown in figure 2.4.
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Simple harmonic
potential energy

Actual potential
energy

Figure 2.4: Vibrational energy levels of diatomic molecule

Using spectroscopic methods, such as IR and Raman spectroscopy, the modes of vibration that are

experienced as different energy levels, can be analyzed and studied.

Although energies of the infrared region match accordingly with vibrational energies,
vibrational spectra can also be generated when a molecule is irradiated by a laser in the UV-visible
region™. As shown in the figure below, in the backscattering geometry, used in this study, signals are
generated when the laser beam hits the sample and scatters in a direction 180 ° with respect to the
incident beam. Different signals are generated from the diverse light-mater interaction processes
including: photoluminescence, Rayleigh scattering, Raman scattering, etc. For simplicity we draw

only the last two signals mentioned above.
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(Raman scattering)

Figure 2.5: Mechanism of Raman scattering in backscattering geometry

In one scenario, a photon hits a molecule (or individual atom in a solid) and is scattered back
with the same frequency as the incident beam. This is known as Rayleigh scattering and its information
provides no insight on the structure of the material. The second phenomena that occurs is the light
scattering by the lattice vibrations; this is a phenomenon that involves three quasi-particles (photons,
electrons and phonons). The incoming photon excites an electron in the sample to a higher energy
level, this electron is then scattered by the ionic cores where the electron adsorbs or release energy to
the lattice in a quantized form (phonons), once the electron relaxes back to a lower energy level a
second photon is emitted with a slightly different frequency compared to the initial incident photon.
This interaction is recognized as Raman scattering, and its information provides a great deal

concerning the collection of atoms.
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Figure 2.6: Rayleigh and Raman scattering

Following the above description of the Raman scattering, there are two types of Raman lines
that are possible. The first is when the photon frequency increases compared to the incident beam
(votvm) due to the absorption of a phonon; this situation produces anti-stokes lines. If otherwise the
frequency is smaller than that of the incident photon (vo-vm), from the creation of a phonon, stokes
lines are made™. In our experiments we monitor the Raman spectrum from the stokes region. Figure

2.6 summarizes the previous information.

2.2.2 Instrumentation

All of the Raman measurements in this project are taken with a Raman microscope, an
instrument that allows the user to examine the microstructure of samples by focusing a laser down

to the micrometer level®

.The Raman microscopes permits not only acquisition of spectroscopic
data, but also imaging of the sample in magnitudes of micrometers. Every commercial Raman
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microscope includes the following components: laser source; sample illumination & collection
system; spectral analyzer; and detection & computer control & processing system™. A diagram of the

general setup of a Raman microscope is provided below.

Diffraction
) grating
Microscope Holographic CCD camera
filters
2 0N
| W | {
v | \4

Sample An
; f— %

Beam expander Source

Figure 2.7: Raman microscope schematics. Note. From “Materials Characterization: Introduction to
Microscopic and Spectroscopic Methods”, by Leng Y 2008. Copyright 2008, by John Wiley and
Sons. Reprinted with permission

At the start of any Raman microscope is the excitation source, frequently assigned to a
specific laser. One of the common laser sources available are continuous-wave lasers; these lasers
can generate power of up to 5 mW for sample excitation”. Some common examples include gas
lasers: Ar", Kt*, and He-Ne; however, the technology is quickly moving to solid state diode lasers
(like those used in this project). Following the laser is the microscope system: an optical pathway
that scatters and collects the light needed for analysis. Before the laser enters the microscope, it
passes through a series of filter to allow the passage of one wavelength of light and remove any
diffraction rings that would cause disturbance to the Raman signal™. Once the light enters the
microscope it illuminates a microscopic region of the sample and the scattered light is focused by
the objective lens into an atray of prefilters”. The filters in this case block out any light that has the

same frequency as the incident beam; without them the Raman signal would be hatd to detect™.
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After filtering out any signal of Rayleigh scattered light, the resultant light proceeds to a diffraction
grating (the key component of the spectral analyzer), where it disperses the Raman scattered light
according to its wave number”. Finally the dispersed light is recorded by a detector, usually a
charged-coupled device, CCD, and the now converted electric signal is recorded into a plot of

Raman shift vs wave number by a computer processor™.

The specific system that was used for these experiments was a Horiba LabRAM HR
Evolution Raman system. For the monochalcogenides a 532 nm diode-laser was used but for the
layered metal halides a 405 nm and 633 nm diode-laser were utilized as well. In addition, 2 100 m
grating was used for fine resolution of spectral lines™. Finally, LabSpec software was used to analyze

the results that were obtained by the processing system.
2.3 Scanning Electron Microscopy

In order to analyze the morphology of the films, and examine fine details not seen by the
optical microscope, a scanning electron microscope was used. The scanning electron microscope
(SEM) operates using a focused electron beam, or probe, to scan a microscopic area of a specimen,
providing a magnified version of an image that can reach magnifications up to 100,000X™>. In
addition, the SEM is equipped with an X-ray spectrometer that allows chemical composition
information to also be obtained. The SEM that was used for the series of experiments was a JEOL
JSM-6390 LV, equipped with an INCAx-sight 7582M microanalyzer for Energy Dispersive

Spectrometry measurements.
2.3.1 Principle Arrangement

Even though the exact operation of an SEM differs from many traditional microscopes it
still stands that the internal mechanics of scanning mechanics are notably comparable to optical

microscopes. For instance, in both microscopes, a source of illumination traverses through a series
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of lenses where it then irrevocably strikes a specimen, on a stage, to provide magnified details of the
microstructure of the particular specimen. But while compound light microscopes can only resolve
the microstructure of a material down to 0.2um, the SEM can reach resolving powers down to 15.0

nm”,

The primary cause of this huge discrepancy comes from the source of illumination. In
optical microscopes the image is produced by using visible light, while scanning electron
microscopes, and other electron microscopes (TEM), use a beam of electrons. This is further

illustrated by examining the equation for resolution in an optical microscope™:

d 0.611
R===

2 usina

In order to get higher resolving powers a shorter wavelength of illumination is needed; while the
shortest wavelength of visible light is 400 nm, the wavelength of electrons in SEM are capable of
reaching wavelengths 10,000 times shorter”. Another advantage of the SEM comes from its large
depth of field. When viewing objects from an optical microscope a compromise must be made on
which areas one wants to resolve in fine detail while leaving other areas unresolved. Because of the
large depth of field of an SEM, which can reach to orders of micrometers, the whole image can be

resolved in detail, yielding a 3-dimensional appearance™.

To understand how an image in an SEM is exactly generated it is beneficial to look at the
optical arrangement, mentioned earlier, in greater detail. First a stream of electrons is ejected from
an electron gun. The standard electron gun consists of a cathode, wehnelt electrode, and an anode™.
Next, the then formed electron beam, traverses through the column and passes through two sets of
condenser lenses. As delineated in figure 2.8, the condenser beams act to reduce the crossover

diameter of the electron beam, with the objective lens reducing the final diameter of the beam to a
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nanometer scale”. Finally, using a beam deflected system, that is incorporated within the objective
lenses, a line by line scanning of the specimen surface is done by the probe™. Electrons ejected from

the surface are then collected by a detector to create an image that is displayed on a nearby screen.

Electron gun

1st Condenser

NRNRRNN

le— Spray aperture

Scan coils
2nd Condenser

|7
4 |Magnification | Scan
control generator

Objective lens

Final lens aperture

Display
Detector Amp | | screen

Figure 2.8: Schematic of an SEM arrangement. Note. From “Materials Characterization:
Introduction to Microscopic and Spectroscopic Methods”, by Leng Y 2008. Copyright 2008, by
John Wiley and Sons. Reprinted with permission

2.3.2 Signal Electrons

When the electron beam interacts with a sample there are different types of electrons that
can be ejected from the surface (figure 2.9). The ones that are used in SEM imaging are
backscattered electrons (BSEs), and secondary electrons (SE). While both BSEs and SEs can
provide SEM images from the sample, they both differ in the mechanism in which they are formed.
As a result, different images can be formed from each signal electron. BSEs are continually formed
when the electron beam collides elastically with the sample. These types of wide-angle collisions

result in little energy loss, retaining 60- 80% of the energy of the incident electrons™. BSEs can be
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used to generate an image based off the different sizes of atomic nuclei. On the other hand, SEs are
signal electrons that come from the inelastic scattering from the incident beam and the sample.
Contrary to BSEs scattering, for a SEs to be detected the incident beam has to collide and transfer
most of its kinetic energy to an orbital electron of one of the sample’s atom. Once the kinetic energy
is enough, a SEs is ejected, at an energy considerably lower than the incident beam™. SEs are used to

generate images based off topographical differences.

Incident
Backscattered nciden X Ray
Electrons Electrons EDS) S
Secondary et
Electrons o
Electrons
Cathodoluminescence

Transmitted

Electrons

Figure 2.9: Types of signal electrons

2.3.3 Instrumentation

The JSM-6390 SEM microscope is composed primary of a tungsten filament electron gun; a
4-port specimen chamber; detectors for secondary electrons, backscattered electrons, and
characteristic x-rays; a system of electromagnetic lens; and finally an OS that runs on Windows XP.

Above all the features of the SEM, it is the existence of the detectors that allow us to see the images
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that are produced from the ejected electrons. At the bottom of the objective lens, the JSM-6390 has
a secondary- electron detector, backscattered-electron detector, and a photon detector. Because of
the detectors the user can switch to two imagining modes, and collect x-ray spectroscopy

information.
2.3.4 EDS

As stated previously, the SEM comes equipped with a photon detector to allow the analysis
of characteristic x-rays that are emitted from the sample. By analyzing the signals that are produced
from characteristic x-rays, information regarding the chemical composition can be obtained. This
characteristic technique is known as X-ray spectroscopy. The X-rays from X-ray spectroscopy can
be measured two ways: by their wavelength and by their energy. Energy dispersive spectroscopy
(EDS), the technique employed for this SEM, is the measurement technique when the energies of
X-rays are used to distinguish chemical elements from each other. First, the beam of electrons is
focused on a microscopic area on the sample. Once the electrons penetrate a wide enough depth in
the sample, characteristic x-rays are emanated and collected by the detector. The photon detector in
this system is made up a Si(Li) diode, which converts X-ray photons into electron-hole pairs. After
the electron-hole pairs are created they are picked up by the detector diode and are converted to

electrical pulses%.
2.3.5 Sample Preparation

Samples characterized by SEM/EDS were placed on a tungsten holder and held in place by
double-sided carbon tape. In addition, because each sample was grown on a SiO2/Si substrate, a
thin piece of copper tape was added to minimize surface charging and allow a place for excess

electrons to travel. An example of a sample on the tungsten holder is shown below.
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Figure 2.10: SEM holder with sample

2.4 Atomic Force Microscopy

Another characterization technique that was employed was atomic force microscopy (AFM).
AFM, a subset of scanning probe microscopy, involves scanning the material surface with a fine tip
probe resulting in topographical information of the sample. Unlike optical and electron microscopy,
AFM utilizes near-field forces on the sample under consideration. Near field forces are the forces
that arise from the interactions between the probe tip and the surface of the sample being scanned.
As a result of these near field forces, a sample’s surface can be mapped out through the careful
detection of attractive and repulsive forces. To complete each measurement, each AFM is typically
equipped with a probe, motion sensor, scanner, electronic controller, computer, and a vibration
isolation system™. The following section will give a brief overview on how the AFM is operated and

the basic instrumentation involved.
2.4.1 Principal Operation

An AFM can operate under two distinct modes: a static mode and dynamic mode™. When

the AFM is operating under static mode, the tip that is attached at the end of the cantilever is
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constantly touching the surface of the sample. It is only when the cantilever bends to a certain
degree that the tip adjusts its vertical position with respect to the sample™. As a result, a typical scan
consists of the probe dragging across the sample. Coincidentally this mode is also called contact
mode. Unlike static mode, dynamic mode has the cantilever move at a preset oscillation value™.
Once that value is disturbed a feedback loop will initiate to correct it back to the desired amplitude.

Incidentally, in dynamic mode the AFM can be of contact and noncontact origin™.
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ﬂpoeo°

00000 0 0
00000009900000000 00000093383900000
Sample

O
G

Force

Distance

Fik

() (d)

Figure 2.11: AFM tip-sample interactions. (a) noncontact mode. (b) contact mode (c) force-distance
diagram with noncontact mode. (d) force-distance diagram with contact mode. Note. From
“Materials Characterization: Introduction to Microscopic and Spectroscopic Methods”, by Leng Y
2008. Copyright 2008, by John Wiley and Sons. Reprinted with permission

Because each tip operation of the AFM requires different contact with the surface of the
sample, different near force interactions occur for each mode. To illustrate the different interactions,
the figure below shows what happens the tip from each mode approaches the surface. As
demonstrated in figure 2.11, when the tip is in dynamic noncontact mode all the forces between the
tip and the sample are attractive™. Even the short-range forces, or the forces that are experienced
between the outermost atom at the tip of the probe, and the surface atoms of the sample, experience

an attractive force. This is further exhibited in figure 2.11c, where the force versus distance is
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illustrated; the solid line represents the total force, while the dashed lines represent the short-range
force; z represents the distance at which the tip comes closest to the surface. In contrast, figure
2.11b represents the static contact mode. As seen at the tip apex, the interaction that is experienced
is short-range repulsion. The force diagram for static contact mode is shown in figure 2.11d. In this

case, the contact position, z, is on the repulsion side of the force distance diagram™.

2.4.2 Instrumentation

All the following measurements were taken using an AFM operating in dynamic noncontact
mode. As stated before, in this mode the cantilever oscillates at a delineated frequency set by the
operator. In order to monitor the tip-sample interactions a system of position-sensitive photodiodes
is integrated as the force sensor component™. In a routine scan if the amplitude of the oscillation
goes below or above the value the laser, reflecting off the cantilever, will shift its striking position on
the photodiodes. The signals that are generated by the photodiodes indicate the amount of
deflection, which can further be converted to the force that results on the tip (leng, 173)™. Finally,
the computer system processes the frequency-shift signals and provides a three-dimensional atomic

resolution of the surface™.

The Horiba-AIST-NT NanoRaman was the specific AFM instrument used for characterization
techniques in these expetiments. In addition, the type of tips used were n” silicon with a resistivity of
0.01-0.02 cm. The resonance frequency of the probe operated at 204- 497 kHz and the tip height

was approximately 10 um.
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Chapter 3: Layered Monochalcogenides Results and Discussion

In this chapter the results will be presented on the growth of 2D layered
monochalcogenides. Following the results will be a discussion on how the experimental
methodologies effected the growth of each material, by studying their Raman and
photoluminescence. In addition, SEM and AFM techniques will be used to confirm the morphology

and layer number of the materials grown.

3.1 Monochalcogenides

In order to grow group-III monochalcogenide films, we used the CVD setup described in
chapter 2 (Figure. 2.1). A small modification was introduced to the system, where the one zone
furnace is mounted on wheels and able to move over a long quartz tube (shown in figure 3.1). This
modification leads not only to fast heating a sample, but also fast cooling after the growth. As a
result of the fast cool down, the structure and morphology of the as-grown films are quenched.
Unlike conventional slow cooling down, where the sample transits through different temperature
regimes, any post-growth evolution of the film is minimized using this modified process. With the
utilization of the CVD process, the 2D layered monochalcogenides were successfully grown on
SiO,/Si substrates. As it will be discussed in the next sections, we observed that the number of
layers depends on the temperature of the furnace, amount of precursor used, gas flow rate, and the

time of the synthesis.

33

www.manaraa.com



Figure 3.1: One zone furnace used for growth of the monochalcogenides

3.1.1 GaSe Results

The first monochalcogenide to be discussed in this work is Gallium Selenide (GaSe). As
mentioned in 2.1.1, a mixture of Ga,Se; + Ga in a stoichiometric 1:1 ratio was used as solid powder
source for the CVD growth of GaSe. Based off the Gallium-Selenium phase diagram (appendix A),
multiple phases exist when Ga and Se are mixed; therefore, to ensure enough GasSe; and Ga would
vaporize to form a film with the right GaSe phase at the lower temperature zone, the temperature
was kept below 1273°C. Finally, by manipulating the parameters, discussed above, reasonable

control for the synthesis of layered GaSe was obtained.
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Figure 3.2: Optical images of GaSe samples grown in varying temperature conditions. T,=
temperature at which the boat is, and T,= temperature at which the substrate is, with (a) T»= 1030-
1070°C, Te= 930-970°C. (b) Tv= 930-970°C, T= 850-890°C. (c) T,= 910-950°C, T.= 800-840°C. (d)
Tp= 860-900°C, T;= 760-800°C. (e) Ti,= 810-850 °C, T.= 700-740°C. (f) Ti= 760-800°C, T= 650-

690°C

Using a constant flow rate (200 sccm), growth time (10 min), and precursor amount (50 mg)
GaxSes, (8 mg) Ga,a series of experiments were conducted with the variation of the furnace

temperature. Above (figure 3.2), are the optical images obtained from the temperature dependent
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series. As described in the figure caption, we called T, the temperature range at which the material is

vaporized, and T the temperature ranges the substrate is at, in which the material deposits on.

Starting at high vaporization and substrate temperatures, it is shown that the substrate is
almost entirely covered with material with mixed morphologies and thickness. For example, figure
3.2a exhibits bulk, circular chunks, as well as thick flakes of GaSe that stack on each other vertically
in different directions. Nonetheless, when the temperature is dropped the density of bulky domains,
deposited on the substrate, decreases and the samples consist primary of scattered multi-layered
islands. Decreasing the Ty, even more from 910°C to approximately 860°C; and T from 800 °C to
760°C, causes the multi-layered islands to develop well-defined edges. This effect is demonstrated in
figure 3.2 (c,d); when temperature decreased, the edges from the irregular shaped multi-layers (figure
3.2¢) evolve into well truncated triangles (figure 3.2d). Finally, at the lowest temperature conditions

complete coverage of single layer GaSe was obtained on the substrate (figure 3.2f).

To help further illustrate the structure of the grown GaSe flakes, figure 3.3 illustrates SEM
images that were obtained from a chosen set of experiments. In figure 3.3a, the SEM is taken from
when the sample was vaporized at 1030-1070°C and deposited at 930-970 °C; in this image it is clear
that triangular and hexagonal GaSe stack continuously on top of the substrate forming a multi-layer
configuration of GaSe flakes. Conversely, figure 3.3c shows SEM image of single layer GaSe islands,
obtained when the sample was vaporized at 760-800°C and deposited at 650-690 “C. Because much
of the substrate was covered with continuous single layer GaSe, the image was taken at the end of
the substrate where the film starts to break down into scattered single layer islands. Noteworthy is
the change in shape of the single layer flake with respect to the multi-layer flake. While the mulit-
layer flakes have more of a defined, regular shape, the single layer flakes devolve into rounded,

almost circular islands, with large lateral sizes. Finally, the AFM was used to confirm the film

36

www.manaraa.com



thickness of single layer GaSe. Figure 3.4 shows a height of approximately 0.9 nm, which roughly

agrees with reported data'.

2, W i

20kV  X12,000 1pm 10 30 SEI 5kv. X10,000 1pm 10 30 SEI

Figure 3.3: SEM images of GaSe. (a) multi-layered GaSe, 3000X. (b) multi-layered GaSe, 12,000X.
(c) SL GaSe 4,000X. (d) SL GaSe 10,000X
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Figure 3.4: AFM measurements of SL GaSe

An important verification that GaSe was grown came from extensive collection of Raman
spectra. Indeed, the layer dependency of the GaSe Raman also allows for a rough estimate on how
thick particular flakes are on a sample. When the Raman spectra was collected from the multi-
layered sample (3.2a), with bulk pieces aggregated on top, the Raman spectrum presents peaks at
133.94 cm™, 212.64 cm™, 251.99 cm™', and 307.87 cm™ (Figure 3.5a). Corresponding to these peaks
are the vibrational modes: A'y,, E'ay, B, A%y, respectively, where symbols A and E represent out of

plane and in plane stretching'. The different phonon modes can further be elaborated in figure 3.6.
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Figure 3.5: Raman spectra collected from the samples in figure 3.2 (a-f)
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Figure 3.6: Phonon modes for GaSe. Notation within the parenthesis represents multi-layer GaSe;
and notation outside parenthesis represents monolayer GaSe

Based on the results, as the number of layers decrease, not only do the relative intensities of the
peaks decrease but the peak position shifts as well. For example, the Ay, peak shifts from 133.94
cm’, in multi-layer GaSe to 129.08 cm™ in single-layer GaSe (Figure 3.5). Furthermore, the
vibrational modes, E'5, and E?, vanish completely as the layers reduces from multi-layer to single
layer. The shift in peaks, as well as decrease in intensities has been speculated to be due to the

decrease in inter-layer interaction'.

Another finding that was linked to the structure was the photoluminescence. As shown in
figure 3.7, the PL emitted from many layers is around 625 nm or 1.98 eV. This value agrees well
with the direct bandgap of 2 eV reported for bulk GaSe'’. As the layers decrease the PL intensity
decreases and the electronic structure transitions to an indirect bandgap. Because the indirect
bandgap is reported to be around 3.5 eV for monolayer GaSe the PL shift could not be detected

with the 532 nm excitation laser used in these experiments™.

Finally, EDS spectra were collected from the samples to confirm that GaSe have the right
composition. Figure 3.8 shows that Ga and Se content is very close to a 1:1 atomic ratio, confirming

GaSe was synthesized precisely.
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Figure 3.7: PL spectra collected from the samples in figure 3.2 (a-f)
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Figure 3.8: EDS spectra taken from multi-layered GaSe

Another parameter that considerably affects the material formed on the substrates was the
amount of precursor used for each growth. To properly examine how the amount of precursor
influenced the growth, the flow rate and time were kept constant at 200 sccm and 10 minutes,
respectively. Then two sets of temperatures of the substrate and boat were investigated (T,= 840-
880 °C; 810-850 “C. T,= 730-770 °C; 700-740 “C), in order to see if the temperature can promote
pronounced changes when the precursor amount is also changed. By keeping the stoichiometric
ratio of Ga and Se 1:1, successful experiments, as a function of precursors mass, were able to be

produced.

The optical images, in figure 3.9, show the results of the experiments where the precursor
amount is changed. In both sets of experiments, the substrate is covered primarily with single layer
GaSe; nonetheless by examining the lateral sizes of the additional layers (bi-layer, triple layer, etc.)
formed on top of the monolayer, a trend was observed for each series. Using the series with
T,=840-880°C as an example, when the precursor amount is increased from 50 mg to 75 mg the
average lateral size of the bi-layer islands doubles in size. Additionally, the bi-layer for 50 mg lacks
sharply defined facets, but when 75 mg is used, the bi-layer starts to form well-defined triangular

shapes.
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T, = 840-880

= 730-770
= 810-850
= 700-740

Figure 3.9: Optical images of GaSe samples grown in varying precursor amount. (a) 50 mg GasSes.
(b) 75 mg GasSes. (c) 100 mg GasSes. (d) 50 mg GasSes. (e) 100 mg GasSes.

However, when the amount is increased to 100 mg, the multi-layers islands decrease in lateral size
but increase in thickness and density. This last observation is consistent with the fact that higher
amount of powder precursors will result in higher concentration of gas species. A higher incoming
flux of gas precursors usually reduces the mobility of atoms on the surface of the substrate and

promotes 3D growth instead of 2D lateral growth. The same trend of increasing lateral size, is
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observed at a lower temperature (3.9d, e), but the lateral size of the bi-layer islands are smaller in
comparison to the higher temperature series. Another difference between the two temperature
series, is that when T, is around 840°C and the precursor amount is 75 mg, sizeable tri-layer islands
begin to form; however no tri-layer islands can be seen with any precursor amount variation when

the Ty, is about 810°C.
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Figure 3.10: Raman point scans on Tri-layer GaSe (P1), Bi-layer GaSe (P2), SL. GaSe (P3)

In order to investigate how the Raman signal of GaSe changes from single layer to tri-layer, a
sequence of point spectra was acquired on sample whose morphologies show clear distinction

between each layer (Figure 3.10). Because the A%, peak of GaSe is very close to the Raman mode
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from the Si substrate at ~303.3 cm™, all subsequent analysis was done with consideration of the A'y,

peak at ~129.08 cm™ .

Based on the results in the tri-layer island, the A, mode is a well-defined peak with a
position around 130 cm™. In the Bi-layer island the peak remains in the same position but it has less
intensity. Finally, the point scan at the single layer spot results in loss of the peak altogether. The low
ot no intensity of this peak for monolayers, when the Raman spectrum is collected under ambient
conditions from a single spot, has been a constant limitation in the literature. This is a direct
consequence of the quick deterioration of the monolayer, as a result of the oxidation process that is

accelerated under the influence of the laser.

In addition to the temperature and precursor amount, a series of experiment was also
pursued regarding the growth time. Using a constant set of parameters of: T,=760-800 °C, T= 650-
690 °C, Hy/Ar flowrate of 200 sccm, and precursor amount 50 mg, a substantial set of experiments
was able to be conducted. The subsequent data summarizes what was found when the growth time

was allowed to change.

Figure 3.11 illustrates the results of the series of experiment with the growth time allowed to
vary. As expected, increasing the growth time of the experiment results in an increased coverage of
1L GaSe on the corresponding substrate. For example, at 90 minutes the substrate is nearly
completely covered with monolayer GaSe (Figure 3.11a), while at 40 minutes, the substrate shows
fragments of tiny 1L islands (Figure 3.11c). However, increasing the growth time by 20 minutes
causes the area of the monolayer to increase drastically (Figure 3.11b), until finally continuous

coverage is formed.
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Figure 3.11: Optical images and Raman of GaSe samples grown with different growth times. (a) 90
minutes. (b) 60 minutes. (c) 40 minutes
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In order to reduce the effect of oxidation due to prolonged exposure to the laser beam in a
single spot, we collected the Raman spectrum from monolayers by continuously scanning the laser
in a 20x20 microns large area. The thickness homogeneity in these samples guarantee that the
observed spectrum is actually from monolayers and not an average of different thicknesses domains.

The Raman from samples with different growth times showed agreement with the respective optical
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images. The Aj, mode was shown to increase in intensity with growth time, which is consistent with

increasing coverage and hence scattering volume.

3.1.2 GaS Results

Building on the successful growth of continuous single layer GaSe, as well as feasible control
of few-layer to multi-layer deposition, we used the CVD method described above to also grow single
layer GaS. Using similar conditions that gave optimal single-layer GaSe, a set of experiments were
devised to optimize monolayer GaS. The following results show that by adjusting the temperature,
while keeping the cartier gas composition, flow rate, and growth time constant (H,/Ar= 200 sccmy;

t=10 min), monolayer GaS can be synthesized.

Figure 3.12 shows the optical images of GaS grown on a substrate by changing the
temperature of the boat and substrate. Much like GaSe, at relatively high growth temperatures, GaS
experiences an assortment of chunks and flakes deposited on the substrate (Figure 3.12b). The
mulit-layer flakes form in scattered areas, while bulk pieces of the material cover the substrate
throughout. As the temperature is reduced to a T}, range of 860-890 °C and a T range of 760-800
°C, the lateral size of the multi-layer flakes decreases exceedingly, where average sizes are around 1
um. Finally, a single layer film that covers almost the entire substrate, was successfully obtained with

a temperature range of 700-740 °C.

Accompanying the optical images are the Raman spectra that was taken for the designated
experiments. When the Raman for the multi-layer to bulk pieces are examined the signals found
were: 187.33 cm™, 291.63 cm™, and 358.17 cm™', corresponding to the A'y,, E's,, A's, modes
respectively (figure 3.12)”". As the layers decrease the relative intensity of the peaks go down also, as

well as the spatial resolution. For monolayer GaS, the Raman modes that shift are: E'5, (306.04 cm™),
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and A', (360.2 cm™). Coincidentally, both the E';, mode of GaS, and the A%, mode of GaSe,

coincide with the Raman mode for the silicon substrate.
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Figure 3.12: Optical images and Raman spectra GaS grown at different temperatures. (a) Ty, ~ 930-
970 ° C. T, ~ 850-890 ° C. (b) Tt, ~ 860-900 ° C. T, ~ 760-800 ° C. (c) Ty, ~ 810-850 ° C. T, ~ 700-
740 ° C.
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To examine the morphology in detail, of monolayer GaS, SEM and AFM measurements were taken
(Figure 3.13). The SEM measurements were taken at the side of the substrate farther from the

source, where the film is slightly more discontinuous, confirming that large coverage of monolayer

material was attained.

3.0kV X300 S50pm 12 30 SEI 3.0kV X1,000 10pm 12 30 SEI

0 1 2 3 4 5
Length (um)

Figure 3.13: Morphology of SL GaS. (a) SEM image at 300x. (b). SEM image at 1,000X. (c) AFM

image and measurement
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In addition, Figure 3.13b shows higher magnification SEM images of the single layer islands
structure, demonstrating that each monolayer island grows laterally quasi-isotropic with rounded
edges, instead of the straight sharp edges (facet-like) of the multi-layer islands. Finally, the AFM
measurement shows an approximate layer thickness of 0.8 nm (Figure 3.13c,d), which agrees with

previously reported values for monolayer GaS”".
3.1.3 InSe Results

The last monochalcogenides results to be reported is the attempted growth of layered InSe.
Unlike GaS and GaSe, difficulties were encountered in growing InSe in 2D flakes, even when using
the same growth technique that resulted in multi-layer and monolayer forms for the GaSe and GaS.
While numerous growth parameters were tested (flow rate, growth time, precursor amount, etc.)

here only a small series of experiments for different temperatures will be discussed.

Figure 3.14 displays the results of the sequence of experiments conducted when the
temperature is changed. Instead of thin layers, the material was only able to be synthesized in bulk,
circular chunks. Furthermore, the chunks range in size and spatial arrangement for different growth
temperatures. For example, when T}, was around 1030-1070 °C and T approximately 930-970 °C the
chunks clustered together and lateral sizes reached values of up to 10 um. However, when T}, was
around 860-900 °C and T about 760-800 °C, the growth on the substrate reverted to segregated
chunks with lateral sizes that are as small as 1 um. Following the same trend, at lower temperatures

the bulk InSe decreases in size until finally it grows into a diminutive, powder form (Figure 3.14 c).

Together with optical images, Raman spectra was also collected from the samples. From
figure 3.14b, the bulk pieces show Raman peaks at: 115.6 cm™, 176.52 cm™, 198.06 cm™, 208.95 cm™,

and 225.61 cm™, these values are close to those reported for the A'y,, B's, A2-1O, E-LO, A%,
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vibrational modes, respectively.”” For smaller pieces the A>-LO and E-L.O (3.14b,c) modes are

absent from the spectrum, while the other modes decreased in intensity.
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Figure 3.14: Optical images and Raman spectra InSe grown at different temperatures : (a) Tp~1030-
1070 °C. T~930-970 °C (b) T,~860-900 °C. T;~760-800 °C. (c) T,~760-800 °C. T~650-690 °C.
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In order to pursue InSe flake structures, a slight variation of the CVD procedure described
above, was attempted. For this procedure, a large substrate was placed on top of the boat, leaving a
small gap for the inflow gas to enter. The results from the experiments, with the substrate partially

covering the boat are summarized in figure 3.15.
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Figure 3.15: Optical image and Raman spectra taken at InSe cover experiments. With T~ 690-730
and H/Ar flowrate at (a) 60 sccm. (b) 80 sccm
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By using a lower H,/Ar flowrate (60/80 sccm), and a longer growth time, we were able to
obtain a different morphology of the as-grown InSe. In both experiments the appearance of
scattered film appears on the substrate with small chunks of material distributed throughout.

However, when the flowrate is 60 sccm, the film appears to show more regularity (Figure 3.15 a).

Numerous Raman scans were collected in order to verify the composition of the InSe
scattered film on the substrate. From the Raman spectrum only peaks at 110.43 cm™ (A'y,) and
223.16 cm™ (A%,) are present. Additionally, these modes show a lower intensity (as compared to

bulk samples) and shift from their bulk positions, which agrees with the literature™”.

3.1.4 GaSe-GaS Heterogeneous films

One of the final sets of experiments in the project was an attempt to grow GaSe-GaS
heterostructures. Before starting the experiment, a substrate containing continuous coverage of
monolayer GaSe (Figure 3.16), was examined under the Raman microscope. A black square is
outlined on the figure to display the etched hole that was created after scanning the laser over that
region to acquire the Raman spectrum. Subsequently, the GaSe sample was loaded at a zone in the
tube furnace where the T would be around 650-690 °C. After preparing the precursor powder
(GasS;, Ga), the growth proceeded under normal conditions (T~ 760-800 °C, H,/At- 200 scem, t-
10 min). After the growth, the sample was collected and studied under the Raman microscope. The
morphology of the as-grown sample (Figure 3.106), displays a dusty scattered film formed on top of
the SL GaSe. After taking a duoscan in the area, both GaSe (Figure 3.16 a) and GaS (Figure 3.16 ¢)
peaks were observed in the spectra (figure 3.16 b), confirming that scattered GaS islands grew on

top of the SL GaSe.
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Figure 3.16: Optical images and Raman of heterogeneous GaSe-GaS. (a) Raman of SL GaSe. (b)
Raman of hetrostructure of GaSe-GaS. (c) Raman of SL. GaS
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3.1.5 Monochalcogenides Discussion

The main goal of this chapter was to synthesize and characterize 2D layered
monochalcogenides using an atmospheric CVD system with a post-growth fast cooling down step.
By changing different parameters (temperature, time, precursor amount), the growth conditions for
large area monolayer coverage was optimized. In addition, it was also demonstrated that using a
combination of Ga,Se; + Ga as evaporation sources, the growth of monochalcogenides can be
significantly simplified; since there is no need of pre-synthesizing GaSe powder source as it has been
reported in previous literature. The samples were extensively characterized by Raman spectroscopy,
SEM, and AFM, as a function of the growth conditions. Incidentally, for the first time, under
ambient conditions, the Raman spectra for monolayer monochalcogenides, with a reasonable signal-

to-noise ratio, was able to be collected.

Due to the study of the Raman spectrum, collected from sets of experiments, a further
understanding on the morphology of the material and layer dependent properties became possible.
For example, each monochalcogenide displayed a decrease in intensity of the Raman signals as the
number of layers were reduced from bulk to monolayer. This effect is particulatly noticeable in
figure 3.5 where the A"y, peak decreases in signal-to-noise ratio. The decrease in Raman intensity has
been shown to be due to the decrease in sample thickness and thus Raman scattering volume™®.
Another trend in the Raman came from the shifting of specific modes when certain layers were
present. Regarding the Ay, peak for GaSe again, a decrease in layers yielded a shift of the peak
from 133.94 cm™ in multi-layer GaSe, to 129.08 cm™ in single-layer. In other literature a comparable
trend can be seen with the same peak; described as a red shift of the peak'’. While the intensity of
the peaks is intimately related to how much material is present, the shifting of peaks is shown to be

16

associated with the interlayer coupling that exists among layered materials °. As a result of some
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modes having out-of-plane vibrations and others in-plane vibrations, the number of layers can
greatly influence which mode is present, or which gets shifted'**. Because of the out-of-plane nature

of the A"y, peak, its frequency shift is most likely attributed to the decrease in inter-layer coupling'®.

Another layer dependent property that was examined was the PL emission. In figure 3.7, the
general trend of the PL spectra, which was seen throughout the course of the experiments can be
observed. With decreasing layers of thickness, the intensity of the PL diminishes to zero emission,
associated to the transition from direct band gap in multilayers to indirect band gap electronic

structure in few- and single-layer films.

Finally, an inspection of the high magnification images from SEM and AFM gave
information how the film deposited on the substrate. Using both GaSe and GaS as an example, the
single layer of both materials show that it almost completely covers the substrate with a nearly self-
limited thickness growth for certain range of conditions. Indeed, even under the optical microscope
the contrast is clear between the substrate and the monolayer. The SEM, however, clearly depicts
the formation of continuous film growing on the substrate. Furthermore, when the scattered, single
layer islands are shown at the end of the substrate (figure 3.3c,d; figure 3.13b), they present rounded
edges instead of the straight edges as observed in the multi-layer islands. This also was observed

when the material is grown in an evacuated tube'®.

Regardless of the difference in experiment methodologies, both techniques yielded the
rounded shapes at relatively low growth temperatures. An explanation of this result can be derived
from the formation energy of GaSe monolayer islands. It is predicted that the preferred, minimum
energy shape of a GaSe island is a triangle'’. However, at low growth temperatures, when a GaSe

molecule, adsorbed on the substrate surface, is captured by a nucleation site, it doesn’t have enough
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kinetic energy to desorb or to move to a preferred low energy site, thus the growth is isotropic in all

directions leading to the formation of rounded flakes'®.

In addition to using the shape of the edges of islands to study how the growth mechanism of
the layered monochalcogenides, the lateral sizes of islands also gave information on possible
explanations how the material deposited on the substrate. For the regime in which the 2D layer
lateral growth is predominant, it was shown that the first layer spreads continuously throughout the
substrate, but layers succeeding decrease greatly in terms of lateral size. For example, even when the
monolayer growth of GaSe is optimized, the maximum size that was attainable for the bi layer was
only 20 microns. Interestingly, GaSe is proposed to grow as a ‘layer-plus-island’ mode, in which after

the formation of a continuous single layer, thermodynamically, small islands are favored'**.
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Chapter 4: Layered Metal Halides Results and Discussion

By employing the solution-based technique that was delineated in chapter 2, it was found
that metal halides (Pbl,) were able to be synthesized in layered structures containing few-layers in
thickness. this new method offers an alternative way to grow thin film structures and its
straightforward approach assures its potential for growing other layered materials through a
solubility-controlled mechanism. The following chapter provides insight on the growth of Pbl,, as

well as its optical properties.
4.1 PbI; Results

The initial experiments were done with the substrates surface directly exposed to the Pbl,-
H>O solution, e.g. immersed substrate without any type of coverage. Subsequently, the water in the
solution is slowly evaporated in a convection oven. As the water evaporated, the solution saturates
and start forming the Pbl, solid phase. As a result of this setup a large amount of Pbl, is deposited
on the substrate surface. Once all the water had evaporated the substrate was collected and analyzed

using similar characterization techniques (AFMA, SEM and Raman) that were used in chapter 3.

Figure 4.1 shows experiment described above. Under the optical image large irregular shapes
cover the full substrate. Furthermore, the platelets stack on top of each other in random orientations
with bulk pieces scattered throughout the substrate. In addition to the optical image, Raman
spectroscopy was also utilized to characterize the samples. As shown in figure 4.1, when the sample
is excited with a 532 nm laser, the spectrum is mainly composed of five peaks: 77.08 cm™, 96.29 cm’
1, 111.69 cm™, 166.72 cm™, and 218.91 cm™; which have been reported to respond to the B, Ai,, Az,

26,27,28,43

2E,, and 2LO(M) vibrational modes respectively
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Figure 4.1: Optical Image and Raman of Pbl; platelets using 532 nm laser. (a) point scan area of Pbl,
flake. (b) Raman spectra of (a). (c) second point scan area of Pbl, flake. (d) Raman spectra of (c)

In an effort to control the size and distribution of the Pbl, platelets another set of
experiments was conducted that employed two glass slides, to sandwich the substrate contained in
the PbI,-H,O solution. The results (Figure 4.2) are smaller Pbl, platelets with a hexagonal
morphology. As before, Raman spectroscopy was used to study the nature of the material. In
addition to the 532 nm laser, a2 633 nm laser was used as excitation source to see Raman shifts in the
grown platelets. Upon investigation, when the outlined platelet was excited with the 633 nm laser the
same vibrational modes (Eg, A1, Az, 2E,) observed with the 532 nm laser also appear (Figure 4.2a).
However, there was a considerable shift in the E, mode (73.73 cm™), and the 2Eg mode (164.08 cm™

Y. In addition, the 2I.LO(M) mode was not observed using the 633 nm excitation laser.
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Figure 4.2: Optical Image (a) and Raman of Pbl, using (b) 633 nm laser. (c) 532 nm lasers.

Another analysis that was performed on the sample was a series of Raman maps
independently acquired with both the 633 nm and 532 nm lasers. The results from the Raman
mapping can be seen in figure 4.3. The first map (Figure 4.3a) shows the intensity distribution of the
Raman peak at 73.73 cm’. The distribution of color shows that the intensity of the 73.73 cm™' peak
is moderately uneven in the platelet: the edges and fractions of the center have a relatively high
intense count, while the area directly above the bottom edge shows extremely low intensity counts.
Incidentally, when the map includes the range 83-103.23 cm™ it results in an enhanced Raman signal
around the edges (Figure 4.3b). When the spectrum is examined it is shown that the enhancement
comes from the 95.55 cm™ peak. The intensity distribution map for the 112.28 cm™ peak (Figure

4.3¢) is like that in figure 4.3a, for the mode at lower wave number. Finally, the Raman spectra,
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generated from a line scan across the middle of the platelet (see figure 4.3d), provided additional

evidence that supported the enhancement of the Raman signal around the edges (figure 4.3¢).

When the bottom of the graph is examined an intense Raman signal is shown (esp. from the 95.55
cm’ peak), but once the scan traverses away from the edges the intensity of the signal decreases

exceedingly and remains low until it reaches the top edge of the platelet.

Using the same island, a set of Raman intensity distribution maps was produced by the 532
nm laser (Figure 4.4). Because of the difference in the Raman shift from the laser sources (Figure
4.1, 4.2b), the resulting maps produced from the 532 nm laser gave slightly different results. In
particular, the E; mode is shown to be not as dominant when excited with the 532 nm laser.
Consequently, the map for this mode (Figure 4.4a) results in a random intensity distribution due to
the low signal-to-noise ratio, with intensities within the island matching those of the surrounding

background.

Furthermore, the mapping corresponding to only the 96.20 cm™ peak (Figure 4.4b), also
showed differences, albeit slight. While both blue maps of the 633 nm and 532 nm laser show higher
intensity at the edges, the enhancement from the A, mode, excited by the 633 nm laser, is more
pronounced than it is when the island is excited with the 532 nm laser. In addition, the blue map
from the 532 nm laser demonstrates characteristics like the green and red maps of figure 4.3. Indeed,
each of these maps has areas in the center of the platelet where the intensity of the mode resembles
that of the intensity of the edges. Likewise, the red map (Figure 4.4¢c) of the platelet, corresponding
to the intensity distribution of the A, mode, produces color distribution identical to the blue map
(Figure 4.4b). Lastly, the line spectrum provides further confirmation of edge enhancement from the

Raman from the 96.20 cm™ and 111.69 cm™peak, whereas the 77.08 cm™ peak is very weak.
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Figure 4.3: Raman Intensity maps at different wavenumbers (excited with 633 nm laser). (a) 62-85
cm™. (b) 83-103.23 cm™. () 103.23-121 cm™. (d) Optical image of mapping area. (¢) Raman line

spectra
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Figure 4.4: Raman Intensity maps at different wave numbers (excited with 532 nm laser). (a) 62-85
cm™. (b) 83-103.23 cm™. (c) 103.23-121 cm™". (d) Optical image of mapping area. (¢) Raman line
spectra

For the purpose of seeing if the edge-enhanced Raman intensity were size dependent additional
Raman maps were conducted on Pbl, hexagons with different edge lengths. Because the edge
enhancement was more pronounce when exciting with the 633 nm laser, all subsequent analysis and
studies were done with this excitation source. Using hexagons with lateral sizes ranging from 3 um

to 10 um the Raman measurements were performed. The results for an island with approximately 10

63

www.manaraa.com



um in lateral size, is summarized in figure 4.5. As demonstrated, even when the edge lengths of the

platelets changes, the Raman enhancement is still observed.
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Figure 4.5: Raman Intensity maps at different wave numbers (excited with 633 nm laser). (a) 62-85
cm’™. (b) 83-103.23 cm™. (c) 103.23- 121 cm™. (d) Optical image of mapping area. (¢) Raman line
spectra

Once maps were collected for a sizeable distribution of Pbl, hexagons, the Raman from a
single point at the edge of each island was used for comparison. This comparison is shown in figure
4.6; all Raman spectra was collected at the points highlighted in the optical images of each platelet at
the right of the figure 4.6. Using the Raman peak at 111.69 cm ', the intensity was plotted as a
function of the edge length of the platelet. From the investigation, as the length of the edges of the

hexagon increases, the intensity of the Raman signals decreases.
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Figure 4.6: Raman intensity of 111.69 cm™ peak at different edge lengths. (a) Line graph. (b) point 1.
(c) point 2. (d) point 3. (e) point 4

In addition to the Raman measurements, a sequence of PL intensity maps was taken to
investigate how the photoluminescence changes throughout an island that experiences Raman
enhancement at the edges. In this case, the PL was acquired by using a 405 nm excitation laser
which provides an energy larger than the bandgap in order to excite the inter-band electronic
transition. As revealed in figure 4.7, the PL spectrum shows a peak approximately at 515.96 nm, as
well as additional peaks around 600 nm and 750 nm. The peak around 515.96 nm is close to the
values previously reported in the literature, and corresponds to the optical bandgap which in this
case is around 2.40 eV ™', The peaks between 600-750 nm can be due to light emission associated
with electronic transition to states within the bandgap originated by crystalline defects. Because of
the presence of these different peaks, three maps were generated: one that encloses all the peaks,
another that just contains the 519.96 nm peak, and finally a map that just consists of the 600 nm and
750 nm peaks. The full spectrum map and the 519.96 nm map show an opposite trend of what is
observed in the Raman intensity maps; inside the Pbl, hexagon the PL intensity is relatively constant
while at the edges it is slightly lower. The lower intensity at the edges can be just a consequence of

the laser intensity profile (Gaussian profile) that, at the edges is partially exciting the material. There
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is a region inside the island showing slightly lower PL intensity (green horizontal strip), the origin of
this lower intensity could be associate with a higher density of defects in that region. This
assumption is supported by the fact that the PL. map which ranges from 575-800 nm (defect related
emissions) (Figure 4.7¢) displays the opposite trend to those maps in Figures 4.7a and 4.7b.
Additionally, this last map also shows lower intensity on the borders due to the partial excitation of

the material by the Gaussian laser profile.
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Figure 4.7: PL intensity maps at different wave numbers (excited with 405 nm laser). (a) 406.05-800
nm. (b) 478.86-556 nm. (c) 575-800 nm. (d) optical image of mapping area. (¢) PL line spectra
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To further investigate the enhancement in the Raman signals on the edges of the hexagons,

another experiment was performed that produced Pbl, platelets with different thicknesses.

Hexagons with different thicknesses appear with different colors in the optical images due to

different constructive interference conditions in thin films (Figure 4.8a). The optical image in Figure
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4.8 shows an area with hexagons that have edges of similar (or very close) length, but an assortment
of colors (different thicknesses). Correlating the colors in the optical image and AFM data (Figure
4.8b), a color guide was constructed: coral pink corresponds to a thickness of around 90 nm; orange
to a thickness of approximately 85 nm; purple to a thickness of 100 nm; and green correlates to
thicknesses between 140-180 nm. Figure 4.9 shows the AFM height profiles that correspond to the
AFM image in Figure 4.8.
ﬁ 720
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Figure 4.10: Raman Intensity maps performed at different thicknesses. (a-c)— 85 nm. (d-f)— 140
nm. (g-1)—90 nm. (j-)—100 nm

Like before, Raman mapping was done on each hexagon to study the effect thickness had on
the Raman enhanced edges. A summary of the Raman intensity maps is outlined in figure 4.10. The
correspondence between the individual hexagons in the area of consideration (Figure 4.8) and the set
of Raman maps is shown with: figure 4.10a-c representing the orange hexagon; figure 4.10d-f the
green hexagon; figure 4.10g-1 the coral pink hexagon; and figure 4.10j-1 as the images that come from
the purple hexagon. From examining this collection of Raman maps, it can be observed that not all

the platelet thicknesses will guarantee the enhancement around the edges. Notably, the enhancement
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around the edges is more prominent for thinner platelets (i.e. figure 4.10a-c, g-1); while for thicker

platelets the distribution of the Raman intensity is more homogenous.
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Figure 4.11: Line Raman spectra and contour maps of Pbl, platelets at different thicknesses. (a) 85
nm. (b) 140 nm. (c) 90 nm. (d) 100 nm.

To better visualize the differences in the Raman enhancement around the hexagon edges as
a function of the thickness of the platelets, graphs of Raman line scans and equivalent contour color
plots are shown in Figure 4.11. In these figures the entire spectrum is show for different positions
on the platelets as the laser is scanned along a line crossing the platelet. The line maps convey
comparable behavior to that of that Raman maps in figure 4.10. For example, in figure 4.11a (orange
hexagon) the intensity of the Raman peaks at the edge is considerably less than the intensity at the
edges for the green hexagon (Figure 4.11b). Incidentally, the difference in peak intensity between the
edges (bottom and top of the graph) and middle of the orange hexagon (center of the graphs in

Figure 4.11) are more prominent than that of the green hexagon; showing more evidence that lower
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thickness platelets have a higher enhancement around the edges than the platelets with higher

thicknesses.

SEM and EDS were used to further characterize the platelets that were grown from the
experiment. Figure 4.12 shows a magnified version of a typical area with several Pbl, hexagons. The
regularity of the hexagons is clearly seen, with the average edge length of each hexagon around 5

microns.

5kvV X2,000 10pm 10 10 SEI 5kv X3,500 S5pum 10 10 SEI

Figure 4.12: SEM of Pbl, Platelets under different magnifications

Energy Dispersive Spectroscopy (EDS) was performed in order to determine if there was any
composition (stoichiometry) difference between the edge and center of the hexagons that presented
Raman enhancement (Figure 4.13). From the EDS, no significant difference in atomic percentage of
Pb and I between the edge and center was found. Consequently, the Raman enhancement observed
for certain islands cannot be attributed to stoichiometry variations along the hexagonal platelets. In

the next section (4.2) we retake this discussion to propose a tentative explanation for the Raman

enhancement at the edges.
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Figure 4.13: EDS scan of different regions of PbI2 platelet. (a) edge of platelet. (b) center of platelet.
(c) spectra of edge of platelet. (d) spectra of center of platelet

4.2 Layered Metal Halides Discussion

Ultimately, the solution-based technique provided a pertinent approach for the growth of
2D layered metal halides. Even more, it was discovered that by keeping the solution within a
confined space during the evaporative crystallization, the size and amount of crystals could be
controlled. Using the conventional characterization techniques (Raman, PL, SEM and AFM) the
identity and structure of the materials were validated. Furthermore, using Raman spectral mapping,

Raman-enhanced edges were identified on the Pbl, platelets.

As stated before, one of the main objectives in this endeavor was to study the feasibility of

using a solution-based method in growing layered metal halides. The approach consisted in
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producing a supersaturated solution of metal halide by evaporating the excess water, this continuous
evaporation and supersaturation initially results in segregation of small solid crystals that further
growth laterally to form a large layered crystal of PblL. Interestingly, without anything on top of the
glass dish (open space evaporation), large bulky crystals were produced. To circumvent this, the
substrate was placed in between two glass slides, limiting the space and amount that could
precipitate, in order to yield small and regular hexagons of Pbl, with the platelets ranging from 80

nm to 150 nm in thickness.

An explanation on why the addition of glass slides allowed for manageable growth lies in the
fundamental nucleation step. It is stated that when nucleation proceeds at a rapid pace, a
considerable amount of small crystals grow on the specific medium®. By distributing the growth
container with the glass slides, it is likely nucleation was allowed to proceed too fast, and the amount
of precursor in solution was also limited, yielding small crystals. As evidence, when the same growth

was done without glass slides, hardly any crystal was shown to be of a small scale (Figure 4.1).

Even though the Raman and PL were irrelevant in detecting the number of layers the metal
halides had (due to significant number of layers), reliable structural information was still obtained
when using these characterization techniques. For example, one of the interesting things found is
using different excitation lasers leads to the shifting and intensity increasing of certain modes. A
prominent mode, E,, was hardly discernable when exciting a Pbl platelet with a 532 nm laser.
However, the intensity of that same mode increased notably using the 633 nm laser. Results from
the PL also gave insight on the crystal structure of the Pbl, platelets. Namely, two additional peaks,
around 600 and 750 nm, were found when an island was excited with a 405 nm laser; the same peaks

were previously reported as results of defects from the crystal structure®’.
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The most interesting finding, using Raman spectroscopy, was the enhancement of the
Raman signal around the edges for certain types of platelets. Using Raman spectral mapping a few
trends were observed. First, it was found that when the edge length of a hexagon of certain
thickness is decreased, the intensity of the Raman enhancement increases (Figure 4.6). The fact that
these results held consistent with all the Raman modes under consideration (E,, A1, Az indicates
that the edge length of platelets could be related to enhancement. Another link between the
structure of the platelets and the enhancement came from the thickness of the material. As
demonstrated in figure 4.10, islands with thickness around 80-90 nm had a pronounced
enhancement around the edges, but as the number of layers increased the enhancement starts to
fade. The spatial distribution of the Raman intensity around the edges holds a remarkable similarity
with the whispering gallery modes and the distribution of the electric field, recently reported by Liu,

for this material (see Figure 4.14)%.

Whispering gallery modes are electromagnetic waves that circulate within the cavities of
dielectric structutes*. There propagation within these structures are supported by total internal
reflections. The structures themselves have been around well over a hundred years; with historical
contributions from the sound waves that circulate around the dome of the St Paul’s Cathedral®.
However, recently they have gained attention in fields such as optics and quantum electrodynamics
for their ability to confine light in small volumes®. Indeed, one of the most prevalent usage is as a

semiconductor micro-laser.

Although there are no current reports of whispering gallery modes, from the Raman modes
of Pbly, it has been reported for the PL at low temperature. Liu’s group used a pulsed laser, under
cryogenic conditions (77K-210K), to excite a PL. emission~ 500 nm that circulated around the Pbl,

hexagonal cavity”. Using a finite-difference time-domain (FDTD), they were able to confirm the
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whispering gallery mode lasing. Their results are summarized in figure 4.14. From figure 4.14, an
optical image of the Pbl; (thickness~150 nm) is provided, as well as the image of the PL emission
without the fluence of the excitation laser. It is important to note that the emission spectra collect at
the corners of the hexagon; this confirms the confinement of light that is characteristic of
whispering gallery modes. The results of the simulation, that show the optical field distribution,
show that both transverse magnetic, and transverse electric waves have a field that confines itself in
the cavity. Ultimately, the group was able to attest that the whispering gallery modes were the result

of the radiative recombination of biexcition peak XX, with the highest energy confinement from 45-

300 nm™*.
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Figure 4.14: Results from Liu’s FDTD simulation for hexagonal Pbl. platelet. (a) optical image of
platelet. (b) PL emission image after filtering pump laser line. (c) field distribution using TM mode.
(d) field distribution using TE mode. Note. From “Whispering Gallery Mode Lasing from
Hexagonal Shaped Layered Lead lodide Crystals”, by Liu, X 2015, ACS Nano. Copyright 2015, by
American Chemical Society. Reprinted with permission
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It is reasonable to believe that strong electric fields close to the edges (due to whispering
gallery modes) can locally enhance the Raman signal when compared to the center of the platelet
(resonant cavity). Raman spectra were collected from the edges and at the center of the Pbl,
platelets as a function of the laser power, (Figures 4.15 and 4.16). The excitation laser used in these
experiments was 633 nm. Each spot on the hexagon showed that the intensity of the 112.2 cm™
mode increased linearly with the power, with the bottom and top edge displaying the highest slopes
in the curves. Although it is possible to associate the Raman enhancement with locally distributed
whispering gallery modes; due to the linearity exhibited for each line it cannot be concluded that the
Raman signal displays lasing activity. Lastly, it is important to emphasize that while the report by Liu
and co-workers were done under cryogenic conditions, the Pbl, experiments conducted for this

study were all performed at room temperature.

—ill— Bottom Edge|
~@— Top Edge
|~ Center

8000

6000 —

4000

Intensity (a.u.)

2000

T T T T T T
0 200 400 600 800 1000

Laser Power (uW)

Figure 4.15: Laser power dependence of the Raman intensity. For the 112.2 cm™ peak at the edges
and center of Pbl platelet (thickness~90 nm). The inset shows the Pbl, platelet
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Chapter 5: Conclusion

The goals of the project were to synthesize and characterize 2D layered group-111
monochalcogenides (GaSe, GaS, InSe) and metal halides (Pbls,). Based on the characterization
techniques used, the aims of the project were met. In general, there are several different ways that
can be used to grow 2D crystals, or even thin films. Even more, each technique has its own
challenges and benefits; a trade-off is usually required when choosing a growth method. However,
using only chemical vapor deposition, it was found that the growth conditions for single layer to
multi-layer monochalcogenides could be optimized by changing only the parameters (temperature,
growth time, flow rate, etc.) for each experiment. In addition, while the synthesis of 2D layered Pbl,
remains relatively unexplored (compared to their 2D counterparts), their growth can also be attained

using a low-cost solution-based technique.

On the other hand, the discovery of edge-enhanced Raman modes in Pbl: platelets, has not
been reported before. The possible connection between this effect and the existence of whispering
gallery modes in these structures is not only interesting from the fundamental point of view, but also
open new avenues to use these materials in novel optical devices. Further optimization of the
crystalline structure could lead to Raman lasing devices, naturally formed from the growth without

the needs of complex microfabrication procedures.
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Finally, due to the time constraints, some areas of the research will be the topic of future
studies. For example, while single layer coverage of GaSe and GaS was successfully achieved, InSe,
InS and heterostructures of GaSe-GaS proved to be more challenging and require further

optimization of the growth parameters.
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Appendix A: Additional Figures

The following figures were used to assist in the start of the growth of the monochalcogenides*****’
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Figure al: Ga-Se (Gallium Selenium) phase diagram. Note. From “Ga-Se (Gallium-Selenium), by
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Appendix B: Copyright Permissions

The permission below is for figure 1.1:
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permits use, distribution and reproduction in any medium, provided the original work is
peoperly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial " for-profit” organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and wall be subject to a fee.

Further details can be found on Wiley Online Libeary
=1 ol - B

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare(a copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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The permission for figure 1.8 is below:

JEAWA20 hips
Cﬂpyrlgln:
I i Marketplace
Royal Society of Chemistry - License Terms and Conditions
Order Date
Order license ID
IS5M
Type of Us=
Publisher
Portion
LICENSED CONTENT
Publication Title Manoscale
Author/Editor Matianal Center far
Manascience and
Technalagy., Royal Society
of Chemistry (Great
Britain]
Date 001 F 200
Language English
REQUEST DETAILS
Portion Type Chart’graphitablefigure
MNumbser of charts / 1
graphs { tables ! figures
requested
Farmat {select all that Elesctromic
apply)
Who will republish the Academic instibution
cantent?
Duration of Use Life of current edition
Lifetime Unit Quantity Lip to 924
Rights Reguested Main product

NEW WORK DETAILS

Title Grawth and
Characterization af 20
Layered Materials

Instructor namse Furnberts putiernez

ADDITIONAL DETAILS

Order reference number MU

REUSE CONTENT DETAILS

13-har-2020
10230571
2040-3372

Lo Sy M lcenseidd e 3a0 - adbt e She b T T-oba def3 Ne4 28 16608 c3-4 cod-4d 2e-a 1 e5-ca0ll Tal et ba

Republsh in a thesi/dissertation

R&C Pub
Chart/graphftablefigure

Country

Rightshalder
Publication Type
URL

Distribution
Translation

Copies for the disabled?

Minar editing privileges?

Incidental promotional
use?

Currency

Institution name
Expected presentation
date

The requesting person /
organization to appear
on the license

United Kirgdom of Great
Britain and Narthern

Irelarsd
Rayal Seciety of Chemstry
-jcurnal

htpid e rec.orgPubls
hingflournals/MRfindes, a5
p

Warldwide

Original language of
publication
et

Vs,

Mo

LS

Liniversity of South Florida
2020-03-20

Liniversity of South Florida
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Title, description or Fig. 3 Title of the Single layer lead iodide:
numeric reference of the articlefchapter the cormputational exploration
poartion(s) partion is fram of structural, electranic
. and optical properties,
Editor of partian(s) LT ctrain incluoed
Valume of serial or T modulation and the role
managraph of spin-arbital-cougling
Page ar page range af 15170 duthar of portion(s) Mational Center far
partion Mancecience and
Technology.; Royal Society
of Chernistry (Great
Britain}
Essue, if republishing an I,
artiche from a serial
Publication date of 2009-01-01
partian

CCC Republication Terms and Conditions

1. Description of Service; Defined Terms. This Republication License nables the User to obtain licerses for
republication of cne or mone copyrighted works as described in detail on the relevant Order Confirrmation (the
“Work{s)). Copyright Clearance Center, Inc. (0007 grants hcenses through the Service on behalf of the
rightshalder identified an the Order Confirmation (the “Rightsholder®). "Republication®, a5 wsed herein, generally
means the inclusion of 4 Wark, inwhale ar in part, in a8 new work or woris, also as desoriibed on the Order
Confirmatiaon. "User”, 45 used herein, means the person or entity making such repubdic stion.

2. The termres set forth in the relevant Order Confirmation, and any termes set by the Rightsholder with respect to &
particular Work, govern the terms of wse of Warks in connection with the Service. By using the Service, the persaon
transacting for & republication cense an behalf of the User represents and warrants that hedShedit (a) has been
duly sutharized by the User to accept, and hereby does accept, all such terms and canditions an behalf of User,
and (b shall inform User of all such terms and conditions. In the event fuch person is a "freelancer® ar other third
party independent of User and CCC, such party shall be deemed jonthy a "User® for purposes of these terms and
condtions. in any event, LUser shall be deemed to have sccepted and agreed to all such terms and conditiares if
Lbser republishes the Work in any fashion.

3 Spoape of Licerse: Limitations and Obligations.

3.1, All'Works and all rights therein, induding copyright rights, remain the sole and enclusive property of the
Rightshobder. The license created by the exchange of an Order Confirmation (andfor amy invaice) and
payment by User of the full amawnt set forth on that document includes only thase rights expresshy set
farth in the Order Confirmatian and in these terms and conditions, and comeeys no other rights in the
Work[s) to User. All rights nat expressly gramted are hereby reserved.

3.2, General Payrment Terms: You may pay by eredit card ar through an account with us payable at the end of
the month, If you and we agree that you may establish a standing account with COC, then the fallowing
terrms apphye: Remit Payment toc Copyright Clearance Center, 29718 Network Place, Chicagp, IL B0673-1291.
Paymernts Due: invoices are payable upan their delrery o you (or upan our nobice to you that they are
avatilable to you for downloading). After 30 days, outstanding amounts will be subject to & senvice change
of 1-1/2% per manth ar, if less, the maximum rate allowsed by applicable las. Unless otherwise specifically
set farth in the Order Confirmation ar in a separate written agreerment signed by CO0C, imaices ane due
and payable on “net 307 terms. While User may exercise the rnghts licensed immediately upon issuance of
the Order Confirmation, the Boense & automatically revoked and & null and woid, as if it had never been
issued, if complete payment fior the license i< not received on a tirmely basis either from User directly or
thraugh a payment sgent, such 2% & credit card companmy.
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Unless ptheraise pravided in the Order Confirmation, amy grant of rights to User [i) 5 "one-tirme® {induding,
the editions and prodwct family specified in the Boense), (i) is non-exdusive and non-tramsferable and (iii
i% subject ta ary and all limitations and restrictions (such as, but nat limited to, limitations on duration of
use ar circulation) included in the Order Confirmation ar imsice andfor in these tenms and conditions.
Lpan completion of the licensed use, User shall either secure 4 new permission for further use of the
Work[s) ar immedistely cease any new use of the Wark(s) and shall render insccessible [such as by
deleting or by remaving ar severing links or ather locatars) any further copies of the Wark [except for
topies printed on paper in accordance with this licerse and still in User®s stock at the end of such period).

3.4 In the event that the material for which a republication licerse & sought indudes third panty materials
(such as phategraphs, llustrations, graphs, mgerts and similar materials] which are identified in such
material as havirg been wsed by permission, User is responsible for dentifying, and seelang separate
licerses funder this Service or othenwise) for, any of such third party materials; withouwt & separate license,
such third party materials may not be used.

3.5 Use of proper copryright notice for & 'Work s reguired a5 a condition of any license granted under the
Service. Unless atherwise pravided in the Order Confirmation, a proper copyright notice wall read
substantially & follows: "Republshed with permissian of [Rightsholders name], from [Wark's title, suthor,
wolurne, edition nurnber and year of copyright]; permission conveyed through Copyright Clearance Center,
Imc. * Swch notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of & by-line or fostnote but not & &
separate electronic link] or in the place where substantially all other credits or notices far the new work
tontaining the republished 'Work are located. Failure ta indude the required notice results in loss to the
Rightsholder and CCC, and the User shall be lishle to pay liquidated darmages for sach such failure equal
ta twice the use fse specified in the Order Confirmation, in addition to the use fes itself and any other fees
and charges specified.

3.6 User may anly make slterations to the Waork  and as expressly et forth in the Order Confirmation. Mo
Work may be used in amy way that & defamatory, violates the fghts of third parties (induding such third
parties’ rights of copyright, privacy, publicity, ar other tangible or intangible property), or is otherwise
illegal, sexually explicit or obsoene. In addition, User may not conjoin a Wark with any ather material that
may result in damage bo the reputation of the Rightsholder. User agrees to infarm CCC if it becomes aware
of any infringement of any rights in & Work and to cooperate with any reasonable request of COC ar the
Rightsholder in connesction therewith.

4. Imndemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective
ermployees and directars, agairst all claims, liability, darmages, costs and experses, including legal fees and
expenses, arising out of any use of & Work beyond the scope of the rights granted herein, or any use of & Work
which has been altered in any unautharized way by User, including clairms of defamation ar infringement of rights
of copyright, publicity, privacy or other tangible ar intangible property.

5. Limitation of Lisbdity. UNDER NG CIRCLMETANCES WILL OO0 OR THE RIGHTEHOLDER BE LIABLE FOR AMY DIRECT,
INCIRELT, COMSECHUIEMTIAL OR IMNCIDEMNTAL DAMAGES (IMCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BLSIMNESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE LISE OR INABILITY
T USE A WORK, EVEM IF OME OF THEM HAS BEEM ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In amy event,
the tatal liability of the Rightsholder and CCC (including their respective ermployees and directors) shall not exceed
the: tatal armaunt actually paid by User for thes license, User assurnes full liability for the actions and omissions of
its principals, employees, agents, affiliates, sucoessars and assigns.

Limited Warranties. THE WORK(S) AMD REGHTIS) ARE PROVIDED "AS 15", COC HAS THE RIGHT TO GRAMT TO USER
THE RIGHTS GRAMTED IN THE ORDER COMARMATION DOCIUMENT. CCC AND THE RIGHTSHOLDER DESCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORKLS) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTARILITY OR FITMESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQLIRED TO LSE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORE (A5 OPPOSED TO THE ENTIRE WORK) IN & MAMNMER CONTEMPLATED BY USER;
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LFSER UWDERSTANDS AMD AGREES THAT MEITHER OCC MOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRAMT.

7. Effesct of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the licerme et farth in the Order Confirmation andfor these terms and conditions, shall be a material bresch of
the Bienge created by the Order Confirmation ard these terms and conditions. Any breach nat cured within 30
days of written notice thereof shall result in rmmediate termination of Such license withaut further notice. Ary
unauthorized (but licersable) use of & ‘Waork that is terminated immediately upan notice thereaf may be liguidated
by payrment of the Rightshalders ordinary bicense price therefar; any unautharized (and unlicensable) use that s
mot termin ated irmmediately for any reason fincuding, for example, because materisls comtaining the Wark cannat
reasanably be recalled) will be subject to all remedies available at law ar in equity, but in no event to a payrment of
less than three times the Rightshalder's ardinary license price for the mast closely analogous licensable use plus
Rightshalder's andior O0C's costs and expenses incurred in colledting such payment.

B Micellaneous.

8.1. User acknowledges that CCC may, from time to tirme, make changes or sdditions to the Service or to these
terms and conditians, and COC reserses the right to send notice to the User by electranic mail or
otherwise for the purposes of notifying User of such changes or additions; prowvided that ary such changes
or additions shall not apply to permissions already secured and paid for,

8.2 Use of User-related information callected through the Service & governed by COCs privacy palicy,
available online here: httpssmarketplace copyright comirs-ui-webdmpdprivacy-policy

8.3 The licensing trarsaction described in the Order Confirmation & persanal to User. Therefore, Lser may
rat assign or trarsfier to any other person (whether a natural person or an organization of amy kind) the
licerse created by the Order Confirmation and these terms and conditions or ary rights granted
hereunder; provided, howeser, that User may assign such license in it entirety on written notice to O0C in
the evert of & transfer af all or substantially all of Users rights in the new material which ncludes the
Work{s) licensed under this Servce.

8.4 Noamendment or waiver of any terms is binding unless st farth in writing and signed by the parties. The
Righmsholder and OCC hereby object to any terms contained in ary writing prepared by the User or its
principals, employees, agents or affiliates and purparting to gowern aor otherwise relate to the icensing
trangaction described in the Order Confirmation, which termed are in amy way incansstent with any terms
set farth in the Order Canfirmation andior in these terms and conditions ar CCC's standard operating
procedures, whether such writing is prepared priar to, simultanecusly with or Subssquent to the Order
Canfirmatian, and whether such writing appears on a copy of the Order Confirmation ar in & separate
imstrument.

8.5 The licensing trarsaction described in the Order Confirmation document shall be governed by and
construed urnder the law of the State of Mew York, US&, without regard to the principles thereaf of conflicts
of law. Ay case, controversy, suit, action, or procesding arising out of, in connedtion with, or related to
such licensing transaction shall be brought, at O0Cs sole discretion, in any federal aor stave court located in
the Caunty of Mew Yark, State of Mew Yark, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightshalder st farth in the Order Confirmation. The parties
expresshy submit to the personal jurisdiction and venue of each such federal ar state cownt. i you haee ary
cormiments or questions about the Service ar Copyright Clearance Center, please contact us at 978-750-
B200 or send an e-mail to supportBcopyright.com.
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The permission for figure 1.9 is below:

REQUEST DETAILS

Partion Type Chart/graphitablefigure

Number of charts / 2

graphs / tables | figures

requested

Farmat {select all that Elesttranmic

apply)

\iho will republish the Academic institution

cantent?

Duration of Use Life of current edition

Lifetirme Unit Quantity g 1o 595

Rights Reguested Main product

NEW WORK DETAILS

Title Groreth and
Characterization of 2D
Layered Materials

Instructor name humberto gutierrez

ADDITIONAL DETAILS

Order reference nember MiA

REUSE CONTENT DETAILS

12-Mar-2024

10230581
2040-2372

Republish in & thesis/dssertation

RSEC Pub
Chart'graphftabledfigure

Country

Rightsholder
Publication Type
LIRL

FTIA020 Ttips oomnirs-i
Cq:u:.'rtgh:
Royal Society of Chemistry - License Terms and Conditions
Order Date
Order license ID
IS5M
Type of Ls=
Publisher
Partion
LICENSED COMTENT
Publication Title MNanoscale
Author/Editor Mational Center for
Manoscience and
Techrology., Royal Society
of Chernistry (Great
Britair}
Date 010172005
Language English

Distribution
Transzlation

Copies for the disabled?
Minor editing privileges?

Incidental promaotional
use?

Currency

Institution name

Expected presentation
date

The requesting persan /
organization to appear

on the license

United Kingdam af Great
Britain and Marthern
Ireland

Royal Saciety of Chemistry
ejaurnal

et v rsc.arg/Pulbilis
hing/Jour nalaM™RY index.as

[

‘Warldwide

Onginal language of
publication

Yes

Yes

No

usD

University of Sowth Florida
2020-03-20

University of Sowth Flarida

100

www.manharaa.com



3172000 g aikesslacs. copTighl comin-u-webimpenee eI 00al-a s

Title, descriptian or Fig 2 Fig 5. Title of the Large-scale X0
numeric reference of the articlefchapter the Phi2monalayers:
partion(s) portion is from experimental realizaticn
Edit . ard their indirect band-
of pa &) s gap related properties
:"'""" "fr"' o s Author of partion(s) Natianal Center for
» Nanoscence and
Page or page range of 3738-373 Technalogy.. Royal Society
parton af Chemistry (Great
Britai

Issue, if republishing an Wi,

article from a serial

Publication date of 2005-01-01

portion

CCC Republication Terms and Conditions

1. Description of Service; Defined Tenms. This Republication License enables the User to abtain boenses far
republication of ane or more copyrighted warks as described in detal an the relevant Order Confirmation (the
“Wark(s)"). Copyright Clearance Center, Inc. ("CCC") grams licenses through the Service an behalf of the
rightshalder identified an the Order Cardirmation (the "Rightshalder®). "Republication®, &5 used hersin, generally
mears the indlusion of 8 Wark, in whale or in part, in a new wark or warks, also as described on the Order
Confirmation. *User”, a5 used herein, means the person or entity making such republication.

2, The terms set forth in the relevamt Order Confirmation, and amy terms et by the Rightsholder with respect to a
particular Work, goeern the terms of use of Weorls in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that bedshest (a) has been
duly authorized by the User to sccept, and hereby does accept, all such terms and conditions on behalf of User,
and (b} shall infarm User of all such terms and conditiors. in the event such persan i a “freelancer” or other third
party independent of User and CCC, such party shall be desmed joirtly & "User” for purpages of these terms and
conditions. In any event, User shall be desmed to have accepted and agresd to all such terms and conditions if
Lbser republishes the Wark in any fashion.

3. Scope of License; Limitations and Obligations,

3.1, All Works and all rights therein, including copyright rights, rermain the sobe and exclusive property of the:
Rightsholder. The license created by the exchange of an Order Confirmation (andfar any irvoice] and
payment by User of the full amaunt set farth on that docurment includes anly thate rights expressly set
farth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) ta User. All rights not expresshy granted are herebry resersed.

32 General Payment Termes: You may pay by credit card or through an account with us payable st the end of
the month. If you and we agres that you may establich a standing sccount with CCC, then the falleswing
terrms apply: Remit Payment toc Copyright Olearance Center, 29118 Metwork Place, Chicaga, IL 60673-1251.
Payments Due- invaices are payable upon their delivery to you (or upon our notice o you that they are
available ta you for downloading). After 30 days, outstanding amournts will be subject to a servdce charge
of 1-1/2% per month or, if less, the maximurm rabe allowed by applicable L. Uinless otherwise specifically
set farth in the Order Confirmation or in & separate written agreement signed by CCC, invaices are due
and payahle on “pet 30° terms. While User may sxercise the rights eensed immediately upon issuance of
the Order Canfirmation, the licerse & sutomatically revoked and is null and void, &< if it had neser been
issued, if cornplete payment for the licerse & nat received an a timely basis either from User directly ar

through a payment agent, such as a credit card cormpany.

13,
Unless atherwise provided in the Order Corfirmation, any grant af rights to User (i} is "one-time” {induding
the editions and product farmily specfied in the licerse), (i) & non-exclusie and non-transferable and (m)
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it eubject ta ary and all limitaticene snd rectrictiant {buch ag, buk net lirmated te, bmitabane an ducaticn of
use o circulation) included in the Order Coanfirmation or invaice andior in these terma and conditions.
Upan completion of the licersed use, User shall either secure & new permission far further use of the
Wark(s) ar immediately cease army new use of the Work(s) and shall render inaccessible (such as by
deleting ar by remaving or Severing links or other locators) amy further copies of the Work (except for
topies printed on paper in accordance with this license and <till in User's stock at the end of such period )

34, In the event that the material fior which & republication license is sought includes third party materials
(Such &5 photagraphs, llustrations, graphs, imserts and similar materials) which are identified in such
material a5 having been uted by permissian, User & resparsible for identfying, and seeking separats
licerses (under this Service or otherwise) for, army of Such thind party materialks; without a separate lioerse,
such third party materials may not be wsed.

15, ke of proper copyright notice for 8 Wark is required as a condition of any license granted under the
Service. Unless othensse provided in the Order Confirmation, a proper copyright notice will read
substamtially as follows: “Republished with permission of [Rightsholder's name], fraom [Work's title, authar,
wolurne, edition number and year of copyrightl permission cormeeyed through Capyright Clearance Center,
Inc. * Such notice must be provided in & reasonably legible font Size and must be placed either
immediately adjacent to the Wiark &5 used (for exarmple, a5 part of a by-line ar footnote but not as a
separate electronic link) ar in the place where substantially all ather credits ar notices for the nes work
containing the republshed Wark are located. Failure to include the required notice results in lass to the
Rightsholder and OO0, and the User shall be able to pay hiquidated damages for each such failure egual
by twice the use fee specified in the Order Confinmation, in addition to the use fee tself and any ather fees
and charges specified.

1.6, User may anly make alterations ta the Work if and &5 expressly set farth in the Order Confirmation. Mo
Work rmary be used in any way that is defamatory, violates the rights of third panties (including such third
parties’ rights of copyright, privacy, publicity, or ather tangible or intangible propertyl or & atherwise
illegal, sexuwally explicit or obascene. In addition, Uiser may nat conjoin & Work with any other material that
miay result in damage to the reputation of the Rightsholder. User agrees to inform O0C if it becormes sware
of any infringerment of any rights in a Waork and to cooperate with army reasonable reguest of CCC ar the
Rightsholder in connection therewith.

4, Indemnity. User hereby indemnifies and agrees to defend the Rightshalder and COC, and their respective
ernployees and directars, against all ¢laires, lisbility, damages, costs and expenses, induding legal fees and
ExpEnses, arising out of any use of 8 Wark beyand the scope of the rights granted herein, or ary wse of a Wark
which has been altered in amy unauthorized way by User, induding cdaims of defamation or infringement of rights

of copyright, publicity, privacy ar other tangible or intangible property.

5. Limitation of Liability. UNDER B0 JIRCUMSTAMCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, COMSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSIMESS PROFATS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
T USE A WORE, EVEN IF OKE OF THEM HAS BEEW ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any ewent,
the tatal liability of the Rightsholder and COC fincluding their respective employees and directars) shall not exceed
the tatal amount actually pasd by User for this cense. User assumes full liability for the sctions and omissions of
its principals, employees, agents, affiliates, successors and assigns.

G. Limited Warranties. THE WORK[S) AND RIGHT(S) ARE PROVIDED “AS 15" OCC HAS THE RIGHT TO GRANT TO LISER
THE RIGHTS GRANTED IM THE ORDER CONFIRMATION DOCUMENT. JCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATIMNG TO THE WORK[S) AND RIGHT|S], EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMTATION IMPLIED WARRANTIES OF MERCHANTABILITY OR ATHESS FOR A& PARTICULAR PURMOSE.
ADDITIOMAL RIGHTS MAY BE REQUIRED T UISE ILLUSTRATIOMNS, GRAPHS, PHOTOGRAPHS, ABSTRALTS, INSERTS
OR OTHER PORTIONS OF THE WORK (A5 OPPOSED T THE ENTIRE WORK] IM A MANKER CONTEMPLATED BY LISER,
LFSER UNDERSTANDS AMD AGREES THAT MEITHER COC NOR THE RIGHTSHOLDER MAY HAVE SLICH ADDITIOMAL

RIGHTS TO GRANT.
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7. Effect of Bresch, Ary faillure by User to pay amy amount when dus, or any use by User of a Wark beyond the scope
of the license set farth in the Order Canfirmation anddar these terms and conditions, shall be 8 material bresch of
the: license created by the Order Confirmatian and these terms and conditions. Any bresch not cured within 20
days of writben natice thereaf shall result in immediate termination of such ikense without further notice. Army
unauthorized (but licensable) use of & Work that & terminated immediately upon notice thereof may be bguidated
by paypment of the Rightshobder's ardinary license price thenefar; any unauthorized (and unlicersabde ) use that s
not terrmanated immediately for anmy resson (induding, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies svailable at law or inequity, but in no esent to 4 payment of
less than three times the Rightsholder's ordinary beense price for the most closely analogous licersable use plus
Raghtsholder's andfor OO0 costs and experses incurred in collecting such payment.

B. Miscellaneous.

B1. User acknowledges that CCC may, fram time to time, make changes or additions to the Service or to these
terrms and conditions, and OCC reserves the right to send notice to the User by electranic rmail or
otheraise for the purposes of natifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

B2 Use of Iser-related infarrmation collected through the Service is governed by O0C's privacy policy,
auailable online here: hitps:fmarketpl ace copyright comirs-ui-wehimpliprvacr-policy

2.3, The licensing transaction described in the Order Confirmation is personal ta User. Therefore, User may
not sssign or transfer to any other person (whether a natural persan or an arganization of any kind) the
licerse created by the Order Confirmation and these terrms and conditions or any rights granted
hereunder; provided, howeser, that User may assign such icense in its emtirety on writben notice ta CCC in
the event of & trarsfer of all or substartially all of User's rights in the new material which indudes the
Warkis] licensed under this Servce,

B4, No amendment or waiver of ary terms is binding unbess set forth in writing and signed by the parties. The
Rightsholder and OCC hereby object to any tenms contained in any writing prepared by the User ar its
primcipals, ermployees, sgents ar affiliabes and purporting ta govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with arry terms
set farth in the Order Confirmation andfar in these terms and conditions or O0C's standard operating
procedures, whether such writing is prepared priar to, simultanesushy with or subsequent ta the Order
Confirmation, and whether such writing appears on a copy of the Order Canfirmation ar in a separate
instrument.

B.5, The licensing transaction described in the Order Canfirmation document shall be gaverned by and
construed under the law of the State of New Yark, USA, withouwt regand to the principles the reaf of conflicts
of law. Any case, controversy, Suit, action, or proceeding arising out of, in connection with, or related to
such licersing transaction shall be brought, at CCC'S Sole dscretion, in any federal or state court located in
the County of New York, State of Mew ¥York, US4, or in any federal or state court whose geagraphical
jurisdiction cowers the location of the Rightsholder st fiorth in the Order Confirmation. The parties
eapresshy submit to the personal jurisdiction and venue of each such federal or state court. if you have any
carmments ar questions about the Service or Copyright Oearance Center, please contact us at 978-750-
B400 ar send an e-rmal 1o suppartBcopyright.cam.

v
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The permission for figure 2.3 is below:

AN TE020
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Marketplace”

Elsevier Science & Technology Journals - License Terms and Conditions

Crrder Date
Crrder licenze ID
EAN-13

Type af Lse
Publizsher
Partion

LICENSED CONTENT

Publication Title

Author/Editor
Date

Language

REQUEST DETAILS

Fortion Type
Number of charts §

graphs / tables ! figures
regquested

Format (select all that
apply)

Who will republish the
cantent?

Duration of Use
Lifetime Unit Quantity

Rights Requested

NEW WORK DETAILS

Intreductary Raman
LPECIraSCopy
FERRARD, JOHM
01052003

English

Chart!graphtablefigure
i

Electranic

Acaderic irstitution

Life of current edition
Lip 0 G915
Main preduct

Title Groedth and
Characterization of 20
Layered Materials

Instructor name humberto gutierrez

ADDITIONAL DETAILS

Crder reference number A

REUSE CONTENT DETAILS

12-Mar-2020
10230591
G7A01 22541056

Republish in & thesis/disertation

ELSEVIER
Chart‘graphftablefigure

Country

Rightsholder

Publication Type

Dristributicn
Tran=lation

Copies for the disabled?
Minor editing privileges?

Incidental promational
use?

Currency

Institution name

Expected pres=ntation
date

The requesting person J
organization to appear

on the license

United Kingdam of Great
Britain ard Maorthern
irefand

Elfemaer Science &
Technalogy journalks

Baak

Waorldwide

Original language of
publication

Yes
Yes

Ma

usD

Unieersity of Sauth Flarida
20200320

University of South Flarida

1840-8013-2508% 1 bhadiBsGob0a1-coad 431 5- 00670600 18 3a 5247 L]
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Title, description or Figure 1-10: Atamic Tithe of the Bagic Theory
Auirmeric refsrences of the matinne in nareal meeise artirlafrhapter the

partion(s) of vibratiors in CO2 portion is from

Editor of partion(s) Carla Kinney Author of partion(s] FERRARCD, JOMHN
Valume of serial or A |sswe, if republishing an WA
mionagraph article from a serial

Page or page range af 149 Publication date of 2003-01-01
partion portion

PUBLISHER TERMS AND CONDITIONS

Elevier publishes Open Access artiches in bath its Open Access journals and via its Open Access artiches aptian in
subscription jowrnals, for which an author selects a user license permitting certain types of reuse without permission.
Befare proceeding please check if the article is Open Access on httpoifwww. Sciencedirect.cam and refer to the user license
for the individuwal article. Ary reuse not induded in the wser licerse terms will require permission. You must always fully
and apprapriately credit the authaor and source. If any part of the material to be wsed ifor exarmple, figures) has appeared
in the Elsevier publication for which you are seeking permissian, with credit or acknowledgement to anather source it £
the resparsibility of the user to ensure their rewuse complies with the terms and canditions determined by the rights
halder. Plesse contact permissions@elsevier.com with any queries.

CCC Republication Terms and Conditions

1. Deseription of Service; Defined Terms. This Republication License enables the User to abtain icenses for
republication of are or more copyrighted warks as described in detad on the relevant Order Confirmatian (the
“Wark(s)"). Copyright Clearance Center, Inc. ("CCC™) grants licenses through the Service an behalf of the
rightshalder identified an the Order Carfirmation (the "Rightshalder®). "Republication”, & used herein, gererally
meare the indusion of & 'Wark, in whole or in part, in a new work ar warks, also as described on the Order
Confirmation. "User”, a5 uSed herein, means the person ar entity making such republicatian.

2. The terms set forth in the rebevant Onder Confirmation, and any terms set by the Rightshalder with respect to a
partioul ar Work, govern the terms of use of ‘Waorlks in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that hefshedit (a) has been
duly suthorined by the User to sccept, and hereby does sccept, all such terms and conditions on behalf of User,
and (b} shall infarm User of all such terms and canditions. In the event such persan s a *freslancer” or ather third
party independent of User and CCC, such party shall be deemed jaintly a "User” for purpases of these tenms and
conditions. In any event, User shall be deemed to hawe accepted and agresd to all such terms and conditions if
Lser republshes the Wark in any fashian.

3. Scope of License; Limitations and Obligations.

31, All Works and all rights therein, including copyright rights, rermnain the sole and eaclusive property of the
Rightsholder. The license created by the exchange of an Order Confinmation (andfor any irmeoice] and
payment by User of the full amount set farth on that docurnent includes only those rights expresshy sst
forth in the Order Confirmation and in these terms and conditions, and conveys na other rights in the
Wark(s) to User. All rights not expressly granbed are hereby resersed.

12
General Payment Terms: You rmay pay by credit card or through an account with us payable at the end of

the morth, If you and we agree that you may establish a standing sccount with CCC, then the following
terms apphly: Rernit Payment toc Copyright Clearance Certer, 29118 Network Place, Chicago, IL G60673-12591.
Payments Due: Invaices are payable upan their delivery to you [or upon aur ratice Eo you that they are
available o you for downloading). After 20 days, outstanding amournts will be subject to a serdce charge
of 1-1/2% per month or, if less, the maximurm rate sl owed by applicable Law. Unbess otherwise specfically
set farth in the Order Confirmation or in & separate written sgreement signed by CCC, invaices are due
and payable an "net 30° terms, While User may exercise the rights boensed immediately upon issuance of
the Order Carfirmation, the licerme i sutomatically revoked and is mull and void, & if it had never been
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issued, if complete payment far the license & nat received an a timely basis either from User directly ar
el & gaapnienl agend, such as a credit cand Conimgasiy.

313, Unless atherwise provided in the Order Confirmation, any grant of rights to User (i} is "one-time” {intluding
the editions and product family spedified in the licerse), (i) & non-exclusive and non-transferable and ()
i% subject ta any and all limitations and restrictions (guch as, but not limited to, mitations on duration of
e o dirculation) included in the Order Confirmation ar invaice andfar in thede terms and conditions.
Upan cormpletion of the licersed use, User shall either secure & new permission for further use of the
Woark(s) or immediately cease any new use of the Work(s) and shall render inaccessible (Such as by
deleting ar by rermaving or Severing links or ather locators) any further copies of the Weork (except for
copies printed on paper in acordance with this license and still in User's stock &t the end of such periad)

3.4, In the event that the material for which a8 repulblication license is sought includes third party materials
(such &= photagraphs, Bustrations, graphs, insects and similar materials) which are identified in such
material as having been used by permission, User i resparsible for identifying, and seeking separate
licermes (under this Service or otherwise) for, ary of Such thind panty materials; without a separate licerse,
such third party materials may not be used.

35, ke of proper copyright notice for 4 Wark is required a5 a condition af amy cense granted under the
Service. Unless othersise provided in the Order Confirmation, a proper copyright notice will read
substarmtially as follows: “Republished with permission of [Rightsholder's name], fram [Work's title, author,
volurne, edition numbser and year of copyrightl permission corveyed through Copyright Cearance Center,
Ine. * Such notice must be provided in & reasonably legible fant size and must be placed either
immediately adjacent ta the Wark s used (for exarmple, a5 part of a by-line or footnote but not as a
separate electron link) ar in the place where substantially all other credits or notices fior the new work
cantaining the republshed Work are located. Failure to include the required notice results in loss ta the
Rightsholder and OO0, and the User shall be kable to pay bguidated damages for each such failure egual
to twice the use fee specified in the Order Confirmation, in additon to the use fee it<elf and any other fees

and charges speacified.

3.6, User may anly make alterations to the Work if and a5 expressly set forth in the Order Confirmation. Mo
Woark may be used in any way that is defamatory, wiolates the rights of third parties. (including such third
parties' rights af copyright, privacy, publicity, or ather tangible ar intangible property]l or s otherwise
illegal, sexually explict ar ohscene. In addition, User may nat conjoin & Work with any other material that
miay result in damage to the reputation of the Rightsholder, User agrees to infarm O0C if it becormes aware
of any infringerment of army rights in a Wark and to cooperate with any reasonable request of OCC ar the
Rightsholder in connection therewith.

4, Indemnity. User herebry indemnifies and agrees to defend the Rightshaolder and COC, and their respective
ernplayees and directors, against all dlams, liability, damages, costs and expenses, including legal fees and
Expenses, arising out of amy use of 4 Wark beyand the scope of the rights granted herein, or any wse of a Wark
which has been altered in amy unauthorized way by User, induding dlaims of defamation or infringement of rights

of copyright, publicity, privacy or other tangible or intangible property.

5. Limitation af Liability. UNDER MO ORCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDCIRECT, COMSEQUEMNTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DebaGES FOR LOSS OF
BUSIMESS PROFATS OR INFORMATION, OR FOR BUSINESS INTERRUPTION ) ARISING QUT OF THE USE OR INABILITY
T USE A WORK, EYEN IF OME OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any swem,
the tatal liakility of the Rightsholder and OCC (including their res pective employees and directars) shall not exceed
the tatal amount actually paid bry User for this icense. User sssumes full lishility for the actions and omissions of
its principals, employess, agents, affiliates, successors and assigns.

Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “A% 15" OCC HAS THE RIGHT TO GRANT TO LISER
THE RIGHTS GRANTED IN THE ORDER CONRIRMATION DOCUMENT. {CC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORE(S) AMD RIGHT(S], EITHER EXPRESS OR IMPLIED, INCLLIDING
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WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK]) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

7. Effect of Breach. Any fadlure by User to pay any amount when due, or any use by User of 8 Work beyond the scope
of the license set forth in the Order Confirmation and/or these terms and conditions, shall be 4 material breach of
the Icense created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such icense without further notice. Any
unauthorized (but licensable) use of s Work that = terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ardinary license price therefor; any unauthorzed (and unlicersable) use that
not terminated immediately for any reason {induding, for example, because materials containing the Work cannot
reasonably be recalied) will be subject to all remedies available st law or in equity, but in no event to 4 payment of
less than three times the Rightsholder's ordnary license price for the most chsely analogous licensable use plus
Rightsholder's and/or CCC's costs and experses incurred in collecting such payment.

8. Miscellansous.

8.1, User acknowledges that CCC may, from time to time, make changes or additions to the Sesvice or to these
terrns and conditions, and CCC reserves the right to send notice to the User by electronc mail or
otherwise far the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for,

8.2, Use of User-related informatian collected through the Service is governed by CCC's privacy policy,
avadable online here! https:/marketplace copyright com/rs-ui-web/mp/privacy-policy

A3, The licensing transaction described in the Order Confirmation is personal to User, Therefore, User may
not assign or transfer to any other person (whether a natural person or an organzation of any kind) the
license created by the Order Confirmation and thess terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written naotice te CCCin
the event of a transfer of all or substantially all of User's rights in the new material which indudes the
Work(s) licensed under this Service.

8.4, No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties, The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, ermployees, sgents or affilates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are an any way inconsistent with ary terms
wet forth in the Order Confirmation and/ar in these térms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, ssmultanecusly with or subsequent ta the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
irstrument.

B.5. The licensing transaction dexcribed in the Order Confirmation document shall be gaverned by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, su, action, or proceeding arising out of, in connection with, or related to
such licersing transaction shall be brought, at CCC's sole discretion, in any federal or state court locsted in
the County of New Yark, State of New York, USA, ar in any federal or state court whose geographical
Jurisdiction covers the location of the Rightsholder set forth in the Order Confirmatiaon. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.if you have ary
commuments ar questions about the Service or Copyright Oearance Center, plesse contact us st 978.750-
BA00 or send &n e-mad to support@copyrightcom.

viit
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The permission for figure 2.7 is below:

ERELIE ] Riaghisl o, Prinlbk Lioensa

JOHM WILEY AND SONS LICENSE
TERMS AND CONIMTIONS

Mar 13, 200
This Agreement between Universaty of South Florda ("You®™) and Jokn Wiley and Sons

{*Jahn Wiley and Sons" ) consisis of your license details and the tems and conditions
provided by John Wiley and Sons and Copyright Clearanee Center.

License Number ATETIZI 264443
License date Mar 13, 2020
Licensed Content Publisher Jahn Wiley and Sons
Licensed Content Publication Wiley Books
Licensed Content Title Vibrational Spectroseopy for Molecular Analysis
Licensed Content Date Jan 29, X0
Licensed Content Pages i)
Type of use Dasaertation Thesis
Requestor type Universiny, Academac
Format Electromic
Portion Frzurstable
Nurmber of figuretables 3
g 1 , F i e =liT1 o4 G- Be7 548500 50 beba 1 BB 4 i
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30 Riagttslink Prinlathe Licwms
Original Wiley figure/table number(s) Figure 9.3, Figure 9.6, Figure 9.28

Will you be translatmg™ Mo

Title of your thesas | dissertation Cirowth and Charactenzation of 20 layensd Materials

Expected completion date Mar 220

Expected saze {number of pages) 1

University of South Florda

4202 East Fowler Ave
Reguestor Location

TaMPA_ FL 33620

United Stabes

Aftn: University of South Flornda
Pubdisher Tax [D EUSIa007151
Toial 00 USD
Terms and Conditions

TERMS AND COMNDITIONS

This copyrighted matenial is owned by or exclusively hcensed to John Wiley & Sons, Inc. or
one of s group companies (each a™Wiley Company™ ) or handbed on bebalf of a socwty with
which a Wiley Company has exclisive publishing rights in relation toe a particular work
{eollectively *WILEY™). By clicking "accept” in connection with completing this licensing
transaction, you agree that the following terms and conditions apply 1o thas tmnsacton
{along with the billing and payeent terms and conditions established by the Copyright
Clearance Center Inc_, (SCOCs Billing and Payment terms and conditions”), at the tme that
wou opetned your Rightslink account {these are available ar any time at

hutpemyaccount copyright com).

Terms and Conditions

= The materials you kave requested permssion 1o reproduse or reuse (the " Wilsy
Materals™) are protected by copynighi.

Pl 05 100 cnpyrighlcermiCusiommarAdminPLF g Prel =0T 104 Sec-Sd7 5 4850-050 6 habl 1B Ealesh L
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= “You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-

:Jnne I:aau: non- u—amfﬁralﬂe wlqiwde quulad license o reproduce the Wiley
erials St & e process, This lioense, and any

EﬂHI'EHT l_H]F ar hnt&lle] plm:lnad as part of vour order, 15 for 2 one-tme
use only and limited 1o any maxamiom distribution naumber specified n the heense.
The first instance of republication or rense granted by this heense must be completed
within two years of the date of the grant of this heense (althoush copies prepared
before the end date may be dstrbuted thersafter). The Wiley Materials shall not be
used 1 any other manner of for any other purpose, beyond what 15 granted m the
leense. Parmission is granted subject to an appropnate acknow ledpement given 1o the
author, itle of the matenal/bookjournal and the publisher. You shall also duplicate the
copyrght notice that appears in the Wiley publication i your use of the Waley
Maternal. Permission 15 also granted on the understanding that nowhbens in the text s a
previowsly published source acknowledged for all or part of this Wiley Matenal. Any
third party content iz expressly excluded from this permission.

* With respect to the Wiley Matenals, all nghits are reserved. Except a5 expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformalting requarad by the new Publication),
translated, reproduced, imnsferred or distnbuted, in any l'nrmmh'_'.l any means, and o
derivative works may be made based on the Wiley Matenials sathout the prior
permpaion of the respective copyrght oamer. For STM Skgnatory Publishers
clearing permission uader the terms of the 310 Permissions CGuidelines only, te
termas of the leense are extended to inclade subseguent editions and For editions
in other languages, provided such editions are for the work as a whole in situ and
dives nol involve the separate exploitation of the perminied figors or exiracts,
You may not alter, remove or suppress imoany manner any copynght, irademark or
other notices displayed by the Wiley Matenals. You may not License, rent, sell, loan,
lease, pledge, offer a3 secunty, ransfer or assign the Wiley Materials on a stand-alone
basiz, or any of the rights granted 1o you hereunder 1o any other person.

+ The Wiley Materials and all of the itellecnsl property rights therein shall at all tmes
remain the exelusive property of John Wiley & Sons Inc, the Wiley Companies, or
therr respective heensors, and your mterest therem s only that of having possessaon of
and the right o reproduce the Wiley Matenals pursuant to Section 2 herein dunng the
contmianee of this Agreement. You agree that you own oo nght, title or intenst mor
o thee Wiley Materials or any of the mtellectssl property nghts therem. You shall kave
ni rights hereunder other than the leense as providied for above in Section 2. Mo nght,
lcense or interest o any trademark, trade name, service mark or other bramding
{“Marks™) of WILEY or 1is Licensors 15 granted hereunder, and you agree that you
shall not assert any such nghi, heense or mtensst with respect thendo

« NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOLU OR ANY THIRD PARTY,
EXPFRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OF THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NOMN-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
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BY Yo,

WILEY shall have the nght to termanate this Agreement immediately upon breach of
this Agreement by you,

You shall indermmify, defend and hold harmless WILEY, s Licensors and their
respective directors, officers, agents and employees, from and against any actoal or
threatensd claims, demands, cuuses of action or proceadings ansang from any breach
of this Agreement by you.

[N MO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
FUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONMECTION WITH THE DOWNLOADING, PROVISIONIMNG, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT., BREACH OF WARRANTY. TORT,
HEGHIGENCE, INFRINGEMEPNT (1R OTHFRWISE (INCT TITHNG . WITHOITT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR MOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurnsdaction
to be illegal, mnvalid, or unenforceable, that provision shall be deensed amended to
schieve as nearly as possible the came economic effect as the erigimal provision, and
thee lgality, validity and enforceability of the remaming provisions of thas Agreement
shall not be affiscted or impasred thereby.

The failure of sither party 1o enforce any term or conditbon of this Agreement shall not
constitute a waiver of either party's mght to enforce each and every term and condition
of this Agreement. No breach under this agreensent shall be deemed waived or
excused by either party unless such waiver or consent 15 1 wniing signed by the party
grantmg such waiver or consent. The warver by or consent of a party to a boeach of
any provasion of this Agreement shall not operate or be construed a3 a waiver of or
comsent o any other or subsequent breach by such other party.

This Agreerment may not be asagned (meludimg by operabon of law or otherwise) by
you without WILEY s pror wrillen eomsenit.

Any fee required for this permission shall be non-refundable after thirry (30) days
from recapt by the COC,

These terms and conditions together with COC's Balling and Payment terms and
conditions {which are incorporated herein) fonm the entine agreement between you and
WILEY concerning this licensing iransaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or woinen. This Agreement
may not be amended except in writing signed by both pamies. This Agreement shall be
banding wpon amd midre o the benefit of the partes” successors, begal representatives,
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and authonzed assigns,

# [n the event of any conflict between your obligatons extablished by these terms anmd
conditions amd those established by OCC's Billing and Payment terms and condinons,
these terms and conditions shall prevasl.

= WILEY expresly nserves all nghis mot specifically granted i the combasation of (1)
the hicense detals provaded by you and accepted i the course of this hcensing
transaction, (1) these terms and conditions and (in) OOC's Billing and Payment terms
and comdations.

= This Agreement will be voud if the Type of Use, Format, Circulation, or Reguestor
Type was misrepresented durmg the hicensimg process.

& This Agreerment shall be govemead by and construed in accordance with the laws of
thee State of Mew York, USA without regards to such state’s conflict of law rules. Any
legal action, suil or procesding ansing out of or relating to these Terms and Conditions
or the breach thereof shall be mstimted n a court of competent junsdiction m New
Sork County m the State of New York in the United States of Amenca amd sach party
hiereby comsents and submits to the personal jurisdiction of such court, warnvies any
obpecivon to venue in such court and consents to service of process by registersd or
cerlified mail, return receipt requested, at the Last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Aceoss Articles i fully Open Access Journals and in Subsenpion
Jurmals offering Online Open. Although most of the fully Open Acoess journals publish
open access articles under the terms of the Creative Commons Annbution (CC BY) License
only, the subscription poumals and a fiew of the Open Acsess Joumals offer a choace of
Creative Commons Licenses. The lcense type is clearly identified on the article.

The Creative Commons Afiribution License

The Crzative Commons Abtribution License (CC-BY') allows users to copy, distributez and
transrmil an article, adapt the article and make commensial use of the amicle. The CC-BY
license permits commercial and non-

Creative Commons Attribation MNom-Commercial License

The Creative Compsons Attnbution Nop-Commercial (CC-BY-NOLicmse permils wse,
dagtribution and reproduction in any medium, provided the onginal work 15 propery cited
amd 15 not used for commercial purposes. {see below)

Creative Commons Atribution-Non-Commercial-NoDerivs License

The Creative Commaons Attribution Mon-Commercial-MoDenvs Licems (OC-BY-NC-ND)
permits use, dstnbution and reproduction m any mediom, provided the original work =
properly cited, i3 not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial “for-profit™ organizstions
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Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and wall be subgect to a fee.

Further detsils can be found on Wiley Online Libeary
huepeVolabout. wibey conm WileyC DA/ Section id-4 10895 himl

Oher Terms and Conditions:

v1.10 Last updated September 2015

Duestions” customercare(d copyrighlcom or +1-B55-23%-3415 (toll free in the US) or
+1-9T8-646-2TT7.
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The permission below is for figure 2.11:
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JOHN WILEY AMD SONS LICENSE
TERMS AND CONDITIONS

Mar 13, 2030
This Agreement between Universaty of South Florda ("You™) and Jobn Wiley and Sons

{“John Wiley and Soms™) comsasts of yoiur heense details and the tems and conditions
provided by Jobhn Wiley and Sons and Copynght Clearnce Center.

License Number 4TETIA1IRA1RE
License date Mar 13, 2020
Licensed Content Publisher Jahm Wiley and Sons
Licensed Comtent Publication Wiley Books
Licensed Content Title Scanning Probe Microscopy
Licensed Content Datie Jan 29, X010
Licensed Content Pages 10
Type of use Dassertation Thesis
Reguestor type University,/ Academa:
Format Electronic
Portion Frgurstable
Murmber of figures/tables 1
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Original Wiley figure/iable number(s) Figure $.10

Will you be translatimg” Mo

Ttle of your thesas [ dissertation Girowth and Charactenzation of 20 layersd Materials

Expected completion date Mar X020

Expected saze {number of pages) 1

Uniwersity of South Florda

4202 East Fowler Ave
Reguestor Location

TAaMPA, FL 33620

United States

Adtn: Unaversity of South Florda
Publisher Tax [D EUSX007151
Toaal (00 USD
Terns and Conditions

TERMS AND CONDITIONS

Thas copyrghted matenal is owned by or exclusively hemsed to John Wiley & Sons, Ine. or
one of s group companies (each a"Wiley Company™ ) or handled on belalf of a society with
whach a Wiley Company bas exclsive publishing rights in relation to a particular work
{eollectively *WILEY™ ). By clicking "acoept” in connection with completing this licensing
iransaction, you agree that the following terms and conditions apply 1o this trnsaction
{along with the billing and payment terms and conditions established by the Copyright
Clearanee Center Inc., ("CCCs Billing and Payment terms and conditsons™), at the time thar
you opened your RightsLink accoumt {these are available at any tme at

hatpeVmyaccount copyrightcom).

Terms and Conditions

= The materials you have requested permission 1o reproduce or rewse (the "Wiley
Materials™) are protected by copyright.
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= You are hereby granted a personal, non-exclusive, aon-sub licensable (o a stand-

a]nne I:a.m: non- lra.n.'ifﬁ'raH-E wldw-de Imwad license o reproduce the Wiley:
als fo | g process, This license, and any

i:umm I l_l'l.ltr -Hnuﬁlle] pl.l.l'q:ll.iad a5 part of your ander, 1 for a ope-ume
use only and limited 1o any maximom distnbution number specified mothe leense.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copes prepared
b fore the end date may be distributed thersafter). The Wilsy Materials shall not be
used 1 any other manmer or for any other purpose, beyond what 15 granted m the
leense. Parmissuon is granted subject to an appropnate acknow ledgement given o the
author, e of the matenal bookjoimal and the publisker. You shall also daplicate the
copyright notice that appears in the Wilsy publication i your use of the Wiley
Material. Permission is also granted on the understanding that nowhene n the texn is a
previowsly published source acknowledied for all or part of this Wiley Matenal. Any
third party content is expressly excluded from this permission.

* With respect to the Wiley Materials, all nghts ane reserved. Except a5 expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
miodified, adapted (except for minor reformatting requirad by the new Publication ),
translated, reproduced, transferred or distnbusted, m any form or by any means, and moe
derivative works may be made based on the Wiley Materials wathout the prios
permssion of the espactive copynight owner. Far STM Skgnatory Publishers
dlearing permission under the terms of the 3TA Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other lainguages, provided such editions are for the work as a whole in site and
dies nol involve the separabe exploitation of the permitied gures or exiracts,
You may not alter, remove or suppress m any manner any copynght, irademark or
other notices displayed by the Wiley Matenals. You may not license, rent, sell, boan,
lzase, pledge, offer & secunty, transfer or assum the Wiley Matenals on a stand-alone
basas, or amy of the rights granted to you hersunder 1o any other person.

» The Wiley Materials and all of the intellecisal property rights theremn shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
thiear respeetivie heensors, and your interest therein s only that of having possession of
amd the right to reprodsce the Wiley Matenals pursuant to Section 2 herein dunng the
contmuanee of this Agresment. You agree that you own no nght. ttle or interest i or
o thee Wiley Materials or any of the mtellectsal property nights therein. You shall bave
ni rights hereunder other than the license as provided for above in Section 2. Mo aght,
lcense or intensal to any tradermark, trade name, service mark or other branding
{"Marks") of WILEY or its Licensors 18 granted hereunder, and you agree that you
shall mot assent any such nehi, license or imtenest with respect thereto

= MEITHER WILEY MOR ITS LICEMSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD FARTY,
EXPRESS, IMPLIED OR STATUTORY. WITH RESPECT TO THE MATERIALS
O THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMFLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AMD ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
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WILEY shall have the right o terminate this Agreement immediately upon breach of
this Agreement by you.

You shall mdermmify, defend and bold harmless WILEY, its Licensors and their
respective directors, officers, agents and emplovees, from and against any actual or
threatenesd clamms, demands, causes of action or procesdings ansing from any breach
of this Agreement by you.

[N MO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSOM OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT. BREACH OF WARRANTY, TORT,
MEGLIGEMCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED OM LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OF. 20T THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY BOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent junsdiction
o be illegal, mvalid, or unenforceable, that provasion shall be deemed amended 1o
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaiming provisions of this A greement
shall not be affected or impaired thereby.

The failure of sither party 1o enforce any term or condition of thas Agreement shall not
comstitute a waiver of sither pany’s nght 1o enforce sach and every term and condition
of this Agreement. Mo bozach under this agreement shall be deemed waived or
encused by either party unless such waiver or comsent 15 1 wniting signed by the party
grantmg such waiver or consent. The wanver by or consent of a party to a breach of
any provision of this Agreersent shall ot operate or be constroed a3 a waiver of or
consent o any other ar subsequent breach by such other pary.

This Agrecrment may not be assigned (mcluding by operavon of law or otherwise) by
you without WILEY s prior writben comsent.

Any fee required for this permission shall be non-refundable after tharty (30 days
from recept by the COC,

These terms and conditions together with OOCs Balling and Payoent terms and
conditioms {which are incorporated herem) fonn the entire agreement berween you and
WILEY concemimg this licensing transaction and (1 the absence of frawd) supersedes
all prior agreements and representations of the parties, oral or wntn. This Agreement
may not be amended except in writimg signed by both parties. This Agreement shall be
banding wpon and more 1o the benefit of the parties” sucsessors, legal representatives,
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and authorized assigns.

» In the event of any conflict berween your obligations establishbed by these tenms and
conditions and those esablished by OCC's Billing and Payment terms and conditions,
these terms and conditions shall prevaal.

» WILEY expressly reserves all nghis not specifically granted in the combination of (i)
thi heense detals provaded by you and aceepted n the course of this censing
Transaction, (i) these terms and conditions and (i) OCC's Billing and Payment terms
and conditions.

# This Agreerment will be voud if the Type of Use, Format, Crircalation, or Requestor
Type was misrepresented durmg the Lcensing prooess.

+ This Agreement shall be govermed by and constrved 1 aceondance with the laws of
the State of Mew York, USA without regards 1o such state's conflict of law rules. Any
lzgal action, suit or procesding ansing out of or relating o these Tenns and Conditons
or the breach thereof shall be matimated in a court of competent jurisdiction n Mew
York County m the State of Mew York in the United States of Amenca amd each party
hereby comsents and submits 1o the personal junsdiction of such court, waives any
whpection o venwe in such court and consents o service of process by registenad or
certified mal, return receipt requested, at the kst known address of such party.

WILEY DPEN ACUESS TERMS AND CONMTIONS

Wiley Publishes Open Access Articles in fully Open Aceess Journals and in Subscrption
Jourmals offermg Online Open. Although most of the fully Open Access joumals publish
open access articles under the terms of the Creative Commons Atnbution (CC BY) License
only, the subscription joumals and a few of the Open Access Joumnals offer a choice of
Creative Commons Licenses. The license type 15 clearly wdentified on the article.

The Creative Commons Atiribution License

The Creative Commons Altnbution License (CC-BY') allows users to copy, distribuie and
iransril an article, adapt the article and make cammerncial use of the artcle. The CC-BY
lscense permits commercial and non-

Creative Commaons Atribution Mon-Coemmercial License

The Crzative Commons Altnbution Nop-Comepercial (CC-BY-NOLicense penmils wse,
daziribuntion and reproduction in any medium, provided the onginal work is propercly cited
and 18 not used for commercial purposes. {see below)

Creative Commons Atiribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commersial-NoDenvs License (OC-BY-MC-MD)
permits use, dstnbuton amd reproduction m any mediom, provided the origmal work =
properly cited, 18 not wsed for commercial purposes and no modifications or adaptations are
made. [see below)

Use by commercial * for-profit™ organizations
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Vs of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Waley and wall be subject o a fee.

Further details can be found on 'Wiley Omline Library
hutpe o labout. wibey oom WileyC DA Sec tion -4 1 089S _him]

Oiher Terms and Conditions:

v1.10 Last updated September 2015

Duestions? cusiomercare@ copyrighlcom or +1-855-239-3415 (toll free in the US) ar
+1-0TR-6d6-2777.
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The permission below is for figure 4.16 :

3132020 Rightslink® by Copyright Clearance Center

R RightsLink’ A 2 = 2

Home Help Emall Support Algone Fryer v

Whispering Gallery Mode Lasing from Hexagonal Shaped
Layered Lead lodide Crystals

Author: Xinfeng Liu, Son Tung Ha, Qing Zhang et al
G ACSPublications publication: ACS Nano

Mout Trustat Mast Cht Maet Bead
Publisher: American Chemical Society
Date: jan 1, 2015

Copyright © 2015 Amenican Chomical Soclty

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permisson/license, mnstead of the standard Terms & Conditions, & sent to you because no fee s beng
charged for your order. Please note the following:

- Permission = granted for your request in both print and electronic formats, and translations.

- i figures andior tables were requested, they may be adapted or used in part.

- Please prant this page for your records and send a copy of it to your publisher/graduaste school.

- Appropeiate credit for the requested material should be given a3 follows: "Reprinted {adapted) with permission
from (COMPLETE REFERENCE CITATION). Copyright (YEAR) Arnerican Chemical Saciety.” Insert appropriste
information in place of the capstalized words.

- One-time permission is granted only for the use specified in your request. No additional uses are granted (such as
derivative works or other edtons). For any other uses, please submit a new request.

If credit is given to another source for the material you requested, permission must be obtaned from that source.

BACK CLOSE WINDOW

© 2020 Copyright - All Rights Reserved | Copyright Clearance Conter, Inc. | Frivacy statemant | Terms and Conditions
Comemans? We would [k to hear from you. £.mail us at customarcane@copyright.com
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The permission for figure al is below:
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SPRINGER NATURE ORDER DETAILS
Mar 16, 2020

This Agrecment between Algene Frver ("You™) and Springer Namre ("Springer Matare")
consists of your order details and the terms and conditions provided by Springer Mature and

Copyright Clearance Center.
Order Mumber 501553903
Order date blar 13, 2020
Licensed Content Publisher Springer Mature
Licensed Content Publication Jouwrnal of Phase Equilibria (and diffusion)
Licensed Content Tithe Ga-Se (Gallium-Selenium)
Licensed Content Author H. Okamoto
Licensed Content Date Ot T, 2009
Type of Use Thesis/Dhissertation
Bogquestor type academic/university or reseanch institute
Format clectronie
Portion figurestables/il lustrations
Mumber of figuresiablesfillustrations |
Will you be translating? fic
Circulation/distribution 1-29
Author of this Springer Natuwre content no
Title Girowth and Characterization of 2D layered Materials
[nstitution name University of South Florida
Expected presentation date Mar 2030
Portions Fig |
University of South Florida
4012 East Fowder Ave
Reguestor Location
TAMPA, FL 33630
United States
At University of South Florida
Billing Type Invoice
University of South Florida
4202 East Fowler Ave
Billing Address
TAMPA, FL 3362
United States
At University of South Florda
Total 000 TS
Termis and Conditions
Springer Nature Customer Service Centre GmbH
Terms and Conditions
g 100 copyTight comiC; i Crcer japtappSource=cocidmind omenD =501 553003 5
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This agrecment sets out the terms and conditions of the licence (the Licenee) between you
and Springer Nature Customer Serviee Centre GmbH (the Licensor ). By clicking

‘accept’ and completing the transaction for the material { Licensed Materkal), you also
confirm yvour scceplance of these terme and conditiona.

1. Grant of License

1. 1. The Licensor grants you a personal, nen-cxclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
only. Licences are granted for the specific use equested in the order and for no other
use, subject to the conditions below.

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights o
license reuse of the Licensed Material. However, you should enswre that the material
youl are requesting is original 1o the Licensor and does not carry the copyright of
another entity {as credited in the published version).

1. 3 If the credit linz on amy part of the material you have reguested indicates that it
was reprinbed or adapted with permission from another source, then you should also
seck permission from that source to reuse the material.

2. Scope of Licence

2. 1. You may only use the Licensed Content in the manner and to the extent permitbed
by these Te&Cs and any applicable laws.

2.k A separate lioence may be required for any additional use of the Licensed
Materal, e.g. where a licence has been purchased for print only use, separate
pernission must be obtained for electronic re-use. Similarly, a licenee is only valid in
the language selected and does not apply for editions in other languages unless
additional iranslation rights have been granted separately in the licence. Any content
oovivied by third partics are expressly excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and
dervatives require additional permission and may be subject to an additional fee.
Please apply to
Journalpermissions{@ springernature. com bookpermissions(f springermature. com for
these rights.

2. 4. Where permission has been granted free of charge for material in print,
permission may also be granbed for any electronic version of that work, provided that
the material s incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version.

2. 5 An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to Gime.

3. Duration of Licence

A 1. A licence for is valid from the date of purchase (Licence Date’) at the end of the
relevant period in the below table:

[ Ir |
Iriips s 100 copyTight comC i Orcier, Acirrind prdenD =50 553003 5
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Duration of Licence

12 months

12 months

Books and powrnals||Lifetime of the edition i the lamgmgc purchased

4. Acknowledgement

d. 1. The Licensor's permission must be acknowledged next to the Licenced Material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figuresiablesfllustrations or abstract, and must be hyperlinked to the jowrnal book's
homepage. Our required acknowledgement format is in the Appendix below,

£ Restrictions on wse

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and
minos editing privileges ¢g. minor adaptations of single figures, changes of format,
colour andfor style where the adaptation s credited as set out in Appendix | below. Ay
other changes including but not limited to, cropping, adapting, omining material tha
affeet the meanimg, intention of moral rights of the author are strctly prohibited.

5. 2. You must nof use any Licensed Material as part of any design or trademark.

5. 3. Licensed Material may be used in Open Access Publications (OAF) before
publication by Springer Mature, but any Licensed Material must be removed from OAP
sites prior to final publication.

b Dwnership of Rights

6. 1. Licensed Material remains the property of cither Licensor or the relevant thied pary
and any rights not explicitly granted hercin are expressly reserved.

T. Warranty

[N M0 EVENT SHALL LICENSOR BE LIABLE TO ¥OU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND

WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED

Itipsc a1 D0 copyrighl com/Cumiomer AdminPrintiabieOrder spRappSeunse=cocid mind orderiD =501 SE3003 a5
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HEREIM.

. Limirations

B. 1. BOOKS ONE EWhere "reuse in a dissertation/thesks' has been selected the
following terms apply: Print rights of the final author's accepted manuseript {for clarity,
MOT the published version) for up to 100 copies, electronic rights for use only on a
persoaal website or instintional repository as defined by the Sherpa guideline

(o sherpa ae b romen:)-

%, Termination and Cancellation

9. 1. Licences will expire after the period shown in Clause 3 (above).

9. 2. Licensee reserves the nght fo terminate the Licence in the event that payment is mod
received in full or if there has been a breach of this agreement by you.

Appendix | — Acknowledpenients:

For Jowrnal Conteni:

Reprinted by permission from [the Licensor]: [Joornal Publisher (¢.z.
Mature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (vear of publication)

For Advanee Online Publication papers:

Reprinted by permission from [the Licensor]: [Joornal Publisher (¢.2.

Matuwre SpringerPalgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Mame), [COPYRIGHT] (vear of publication), advance
online publication, day month yvear (doi: 1010385 [JOURN AL ACROMNYM].)

For Adaptations Translatlons:

Adapted Translated by permission from [the Licensor]: [Journal Publisher (c.g.
Mamre SpringerPalgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Aathor(s) Mame), [COPYRIGHT] {year of publication)

ublication from the British Journal of Cancer, the fullowing
credit ling lies:

Reprinted/adapted ranslated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Jouwrnal Poblisher (c.g. Natwre SpringerPalgrave)] [JOURNAL
NAME] [REFERENCE CITATION {Amicle name, Authon{s) Name),
[COPYRIGHT] (vear of publication)

For Advance Online Publication papera:

Reprinted by permission from The [the Licensor]: on behalf of Cancer Reseanch UK:
[dournal Publisher {c.g. NamreSpringerPalgrave)] [JOURNAL NAME]
[REFEREMCE CITATION (Amicle name, Awhors) Mame), [COPYRIGHT] {year
of publication), advance online publication, day month year (doa: 10, 10338/5).
[JOURNAL ACRONYM])
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For Book content:

Reprinted/adapted by permission from [the Licensor]: [Book Publisher (c.g.
Palgrave Macmillan, Springer etc) [ Book Title] by [Book anthor(s)]
[COPYRIGHT] {vear of publication)

iher Conditions:

Wersion 1.2
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The permission for figure a2 is below:

A0

SPRIMNGER MATURE LICEMSE
TERMSE AND CONMDITIONS

Moar 13, 20

This Agreement between Universaty of South Flonda ("You®) and Springer Matune
{“Springer Mature”) consists of your license details and the terms and condations provided by
Sprimger Mature and Copynght Clearanes Center.

License Mumber

License date

ATETIRMO1553

Mar 13, 2000

Licensed Content Publisher Springer Mabune

Licensed Content
Publication

Licensed Content Title

Licensed Content Awthar

Licensed Content Diage

Type of Use

Reguestor type

Mumbser of

Jourmal of Thermal Analysas and Calorinsetry

The phase dizgram of the Ga—8 system in the concentralion
range of 48 0-60.7 mol%: S

A Favrazhnov et al

Mar & 2018

ThesisTh .

acadernic/aniversity or ressarch instiute

electromac

Tiginres/tablesillustranons
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figuresiablestillustrmations

Will you be iranslating”  no

Cireulationdistrabiition 1-29

Author of this Springer

Mature comtent e

Tule Cirowth and Chameterization of 2D layerad Materials
Instiation nasme: Unaversity of South Flonda

Expected presentation date  Mar 2020

Portions Fig. 1
University of South Flomda
4202 East Fowler Ave
Beguestor Location
TamPa_ FL 33620
Unabed States

A University of South Flonda
Toal (e USD
Terms amd Conditons
Springer MNature Customer Service Centre GmbH
Terms and Conditions
This agreement sets oul the terms and conditions of the hcence (the Licence) betweoen you
amd Springer Mature Costomer Service Centre GmbH (the Licensor). By clickmg

aocept’ and completing the ransaction for the materal | Licensed Material), you also
confinm your acceptanee of these terms and condations.

1. Gramt of License

1. 1. The Licensor gramts you a personal, non-exclusive, non-transferable, world-wade
leence to reproduce the Licensed Materal for the purpose specified i your order
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only. Licences ane granted for the specific we raquested m the order and for no other
use, subgect o the conditions below.

1. . The Licensor warranis that 1f has, to the best of s knowledge, the nghis o
lcense rewse of the Licensed Matenal. However, you should ensure that the material
youl ane requestimg 15 orginal o the Licensor and does not carry the copynght of
amother entity {as credited i the published version).

1. 3. If the credit lise on any pant of the materal you have requested mdacates that it
wits reprinted or adapted with permissaon from another souree, then you should alse
sk permission from that sounce o reuse the material.

1 Seope af Licence

2 1. You may only use the Lvensed Content in the manmer and 1o the extent permitted
by these Ts&Cs and any applicable laws.

2 3. A separate lcence may be requinad for any additional wse of the Licensed
Material, e.g. where a licence has been purchased for print only use, separate
permussaon miast be obtained for electronie re-use. Similady. a hommee 15 only vald in
thee language selected and does not apply for editions 1 other langusges unless
addational translation nghts kave been granted separately m the hicence. Any content
owned by third parties are expressly excluded from the lisence.

23, Somularly, rights for addibional components such as custom editvons and
derivatives require additional penmission and may be subpect o an additional fee.
Plizaze apply to

thiese rights.

24, Where permmsion kas been granted free of charge for matenal in prant,
permpssion may also be granted for any electronic version of that work, provaded that
the material 15 meidental o your work as a whele and that the electronac version 15
essentially equivalent to, or substitutes for, the print version.

28, An altemative scope of licence may apply to signatories of the ST Permissions
Gudelines, as amended from time o tme.

3. Duration of Licence

3 1L A heenoe for i vald from the date of purchase ("Licence Date’) at the end of the
rebevant period in the bedow table:

[Scope of Licence |[Duration of Licence
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4. Acknowledgenient

4. 1. The Licensor's permisswon miust be acknowledgad nest to the Leenced Material
print. In electronic form, this acknowledgement must be visible at the same time as the
figiresitablestillustrations or sbatract, and must be hyperlmbed to the joumalbook’s
homepage. Our required acknowledgement format i3 in the Appendix below.

5 Restrictions on use

& 1. Use of the Licensed Matenal may be permitted for meidental promotional wse and
mimor editimg privileges e.g. minor adaptations of sigle figures, changes of formar,
colowr and/or style whene the adaptation is credited a8 set out in Appendix 1 below. Any
otber changes including but mot hmited to, cropping. adapting, omitting matenal that
affect the meansng, imtentvon or moral rghts of the author are strictly prohibited.

5 1. You must not use any Licensed Material as pant of any design or trademsark.

5 3. Licensed Matenal may be used in Open Access Publications {OAF) before
publication by Sprumger Mature, but any Licensed Material must be removied from OAP
sates prior to final publication.

b Orwnership of Rights

6. 1. Licensed Matenal remans the property of ather Licensor or the nelevant thand party
and any nghis not explicitly granted bersin are expresly reserved.

1. Warranty

[N BNO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, COMSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR [N
CONNECTION WITH THE DOWNLOADING, VIEWING OR. USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREEACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OF OTHERWISE (INCLUDIMNG, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND

WHETHER OF NOT THE PARTY HAS BEEM ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIM.

#. Limitations
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£ 1. BOOES ONE FWhere “rense in a dissertation/ihesis’ has been selected the
following termes apply: Print mghts of the final suthor's accepted manusenpt (for clariny,
MOT the published version) for up to 100 copes, electrone rights for e only on a
personal website or mshittonal repository a5 defined by the Sherpa gusdeline

9. Termination and Cancellation

O 1. Licences will expire after the period shown in Clause 3 (above).

9. 1. Licensew reservies the right to terminate the Licence i the event that payment 15 mol
recenved m full or of there las been a breach of this agreensent by you.

Appendix 1 — Acknowledgements:

For Jowrnal Comtent:

Reprnnted by pemmussaon from [the Licensor]: [Jowrnal Publisher (c.z.
ManareSprangerPalgrave)] [JOURNAL NAME] [REFERENCE CITATION
{Article name, Authors) Mame), [COPYRIGHT) (vear of publication)

For Advance Ouline Pablication papers:

Reprnnted by permmussaon from [the Licensor]: [Joarnal Publisher (e.g.
MatreSprngerPalgrave )] [HURNAL NAME] [REFERENCE CITATION
{Article name, Author(s) Mame), [OOPYRIGHT] (year of publication), advance
online publication, day month year (dos: 110385 [JOURMAL ACRONYM)].)

For Adapiatioene Transbtons:

Adapted Translated by penmission from [the Licensar]: [Journal Paldisher {e.o
MatreSprnger Palgrave )] [MURNAL NAME] [REFERENCE CITATION
{Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any_republication Trem the British Journal of Cancer, tle Tollowing
credii line sivle applies:

Repnnted adapted translated by permassaon from [the Licensor]: on behalf of Cancer
Research UK : [Journal Publisher (e.g. NatureSpangerPalgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Mami),
[COPYRIGHT) (vear of publication)

For Advance Online Pablication papers:

Repnnied by permussaon from The [the Licensor]: on behalf of Cancer Reseanch UK:
[Hournal Publisher {e.o. ManreSpongenPalgrave) | [JOURMAL NAME]
[REFERENCE CITATION (Asticle name, Authors) Name), [COPYRIGHT)] (year
of publication), advance online publication, day month year {doa: 101038/,
[JOURMNAL ACRONYM])

For Book content:
Repnnted adapted by penmission from [the Licensor]: [Book Publisher |z
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[COPYRIGHT] {vear of publication)

Diher Conditions:

Version 12

Duestions? fustomercireie copveighleom or +1-855-239-3415 (toll free in the U'S) or
+1-0TR-6d6-2TT7.
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2. 3. Similarly, rights for additional components such as custom editions and
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thes: rights.
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