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Summary

The primary aim of the present thesis is to explore the possibilities of tailoring the lin-

ear and nonlinear optical properties of 𝑊𝑆𝑒2 thin film based architectures. The thesis

began with a concise description of underlying analytical and conceptual framework for

explaining nonlinear optical response from materials. This also included discussions on

factors and mechanisms that facilitate strengthening the NLO response from 𝑊𝑆𝑒2 thin

films. Further, the thesis presented discussions on the 𝑊𝑆𝑒2 thin film deposition method

and brief descriptions of the employed characterization techniques. In order to investigate

the NLO properties of 𝑊𝑆𝑒2 thin films, a detailed discussion on the in-house developed

𝑍−scan experimental set-up using an ultrashort-pulsed fiber laser is presented. The chap-

ters 3 and 4 of the thesis carries out detailed investigations on thickness-dependence and

wavelength-dependence of NLO response in𝑊𝑆𝑒2 thin films. The discussions also include

the impact of annealing the 𝑊𝑆𝑒2 thin films on the NLO properties. The penultimate

chapter presented the details of NLO investigations on heterostructures comprising 𝐴𝑢

nanoparticles embedded in sub-wavelength𝑊𝑆𝑒2 thin films.
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Chapter 1

Introduction

The present thesis begins with the motivation of doing this research work which includes

the significance of nonlinear optics and the advantages of using𝑊𝑆𝑒2. The second section

offers the aim and objectives of the research effort. The third section gives an overview of

nonlinear optics and a brief introduction to the concepts associated with nonlinear optical

phenomena such as nonlinear refraction (NLR) and nonlinear absorption (NLA). In the

fourth section of this chapter, we present the thesis outline.

1.1 Motivation

The motivation behind this thesis work is to explore the properties of transition metal

dichalcogenide (TMD) material at sub-wavelength scale dimensions for ascertaining their

capabilities in nonlinear optical (NLO) applications. For the present thesis work, we choose

𝑊𝑆𝑒2 as a TMD material. A major emphasis of this work is aimed to facilitate the tailoring

of linear and nonlinear properties of TMD based configuration for practical applications

1



2 CHAPTER 1. INTRODUCTION

such as optical switching, Q-switching, mode-locking, optical sensing and data-storage

applications.

1.1.1 Significance of Nonlinear Optics

Nonlinear optics is the study of light-matter interaction in a regime where the optical

properties of the material gets modified in presence of intense light [1]. Since, the discovery

of the first nonlinear optical (NLO) phenomena which is known as second harmonic

generation (SHG), the NLO effects are the topic of intense research due to the broad

range of applications [1, 2]. Nonlinear optics has a great value and far-reaching impact

on technology, as it is widely employed in so many areas including laser technology,

image processing, information technology, light aspects of communication, storage, and

optical computing [1, 2]. However, there are various new opportunities for nonlinear

optics by virtue of rapid development of nanoscience and nanotechnology. The remarkable

nonlinear optical properties exhibited by the sub-wavelength sized materials or alternately,

the nanomaterials promotes the design and fabrication of miniaturized and monolithically

integrated photonic chips and opto-electronic devices [3].

1.1.2 Advantages of using𝑊𝑆𝑒2

Over the past few years, a variety of studies on the nonlinear optical properties of the

artificially-structured materials have been performed due to the potential of these materials

in optical device applications. Moreover, the nanomaterials exhibiting strong NLO proper-

ties have the potential to enhance the operational efficiency in the areas of communications,

biosensing and imaging. In addition, the ultrafast NLO response of such materials are very

promising for applications in optical limiting, laser ablation, pulsed-laser deposition, op-

tical data storage and optical information processing [2, 3]. The nanomaterials with large
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Figure 1.1: The schematic representation of the crystal structure of 𝑊𝑆𝑒2. The top and side view
are shown. The red and green balls represent W and Se atoms, respectively.

nonlinear optical responses can be utilized as optical limiters, photocatalysis, and contrast-

ing agents in nonlinear optical microscopy [4]. It is worth mentioning that the search for

new nanomaterials is one of the prominent attributes of modern science and technology. It

has been shown through numerous researches that new nanomaterials can be employed to

fabricate many devices such as new optical, magnetic, electrical, chemical, mechanical and

biological devices. Consequently, a strong NLO response in nanomaterials provide a route

to add functionality to the existing application. In this context, the employment of two

dimensional (2D) transition metal dichalcogenides (TMDs) could be beneficial due to their

unique and versatile properties such as high in-plane charge carrier mobility, high mechan-

ical strength and weak coupling between the layers [5–9]. TMDs have been investigated

for a broad range of applications which includes energy storage, gas sensing, biochem-

ical/biological sensing, transistor development, piezoelectric and electronic devices and

devising photo-switches [9–15].

TMDs comprise layered crystal structures, in which a layer of transition metal is encap-

sulated between two layers of chalcogen atoms as shown in Fig1.1. In the figure, both top
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view and side view are represented. The compounds of TMD group can be symbolized

by the formula of the type 𝑀𝑋2 (where, M is the transition metal as W, Mo and X is the

chalcogenide as S, Se). The metal atom in the X-M-X layer is bonded to its six nearest

neighbours (chalcogen atoms). However, the atoms in every layer are strongly bonded by

covalent bond, while each layer is attached with the adjacent layer by weak (van der Walls)

forces. The monolayer TMD has the direct bandgap. Meanwhile, the recent reports have

revealed that the electronic bandstructure of TMDs is strongly dependent on the number of

monolayers and undergoes a transition from direct to indirect as a function of increasing

thickness [16, 17]. Such a possibility endows tremendous functional flexibility from an

application point of view. From the perspective of NLO properties, the possibility of tai-

loring the bandstructure allows us to control the hyperpolarizability and consequently, one

could utilize TMD based architectures to satisfy the constraints associated with an appli-

cation [4]. By utilizing the idea, TMD-based architectures have been explored for a broad

category of photonic applications such as optical switching [1, 2, 18], Q-switching and

mode-locking [19–22], data storage [23], optical limiting [24, 25]. Conventionally, a single

monolayer TMD or a few monolayer TMD has thickness much smaller than the wavelength

of light which is used for probing the optical properties. Therefore, it is expected that

the NLO phase-shifts and absorption by a few monolayered TMD-based configuration are

relatively weaker. From a practical perspective, TMD thin-films with thicknesses ranging

between a hundred nanometer to a few micrometers would be more suitable for photonic

applications. The dependence of third-order (𝜒(3)) NLO properties of a few TMD species

have been explored with respect to variation in structural parameters and excitation source

[26–32]. However, a comprehensive investigation aimed towards exploring the impact of

defects in TMD-based thin-film architectures on 𝜒(3)-associated manifestations are yet to

be explored.
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1.2 Aim and Objectives

The aim of carrying out the present research is to investigate the third order nonlinearity

in 𝑊𝑆𝑒2 thin films and to take up an analysis of the impact by various factors including

laser parameters (wavelength, repetition rate, intensity) and material properties (thickness,

defects, heterostructures) on the third order NLO properties in RF-sputtered 𝑊𝑆𝑒2 thin

films.

1.3 Optical nonlinearities

In this section, we present an introduction to nonlinear optics (NLO) and third order optical

nonlinearities as well as a broad variety of underlying phenomenon that affect the NLO

response of materials.

We will begin with very basic of linear optics i.e. Maxwell’s equations [33]

∇. ®𝐸 =
𝜌

𝜖0
(𝐺𝑎𝑢𝑠𝑠′𝑠 𝑙𝑎𝑤) (1𝑎)

∇. ®𝐵 = 0 (𝐺𝑎𝑢𝑠𝑠′𝑠 𝑙𝑎𝑤 𝑓 𝑜𝑟 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑚) (1𝑏)

∇ × ®𝐸 = −𝜕
®𝐵
𝜕𝑡

(𝐹𝑎𝑟𝑎𝑑𝑎𝑦′𝑠 𝑙𝑎𝑤) (1𝑐)

∇ × ®𝐻 = ®𝐽 + 𝜕
®𝐷
𝜕𝑡

(𝐴𝑚𝑝𝑒𝑟𝑒′𝑠 𝑙𝑎𝑤) (1𝑑)

where ®𝐸 and ®𝐻, 𝜌, ®𝐷, ®𝐽, ®𝐵 are the electric and magnetic field, charge density, electric

displacement, current density, magnetic flux density, respectively. When a dielectric

material is exposed to an electric field, its atoms respond by forming electric dipoles as

shown in Fig.1.2. At low input intensity of an optical system, the properties of the material

are not affected by the light beam and hence, the optical response changes linearly with the

applied electric field. In order to understand this, let us consider the polarization ®𝑃 of the

material system is determined by the electric field ( ®𝐸). The induced polarization in linear
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Figure 1.2: Mechanism of polarization.

optics is linearly related to the electric field through the relation [1]

®𝑃 = 𝜖0𝜒
(1) ®𝐸 (1.1)

where 𝜖0 is the permittivity of free space, 𝜒(1) is the linear susceptibility and it is of the

order of unity. The real part of 𝜒(1) is associated with the linear refractive index (n) whereas

the imaginary part of 𝜒(1) is related to the linear absorption (𝛼) [1].

The wave equation, in the case of linear optics could be derived from the Eqs. 1(c) and

1(d) and it has the form

∇2 ®𝐸 − 𝜇0
𝜕2 ®𝐷
𝜕𝑡2

= 0 (1.2)

whereas ®𝐷 and ®𝐸 are related with the expression, ®𝐷 = 𝜖0 ®𝐸 + ®𝑃. Now, the wave equation

for the linear optical media could be written as

∇2 ®𝐸 − 1
𝑐2
𝜕2 ®𝐸
𝜕𝑡2

=
1
𝜖0𝑐2

𝜕2 ®𝑃
𝜕𝑡2

(1.3)

When ®𝑃 and ®𝐸 bear a linear relationship, Eq. (1.3) is a homogeneous partial differential

equation and could be solved in a variety of situations associated with periodic media,

directional couplers, metallo-dielectric heterostructures and many more.
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1.3.1 Introduction to Nonlinear optics

Nonlinear optics is the study of light-material interaction, where, the modification in

the optical properties of the material with the presence of light is studied. Basically,

the nonlinear effects are due to the dependency of material properties on the electric field

associated with the light beam. However, the incident light beam should have a high enough

intensity to modify the material polarization ®𝑃 significantly. In that case, the polarization

is expressed through a nonlinear dependence on the electric field of an electromagnetic

wave. To modify the optical characteristics of the material, a few milliwatts of moderately

focused laser light is sufficient. This modification in the material properties results in

the nonlinear optical processes such as harmonic generation, self-focusing, solitons and

NLA etc [1]. Therefore, the polarization ®𝑃 (in scalar form) of the material system does

not change linearly with the electric field ( ®𝐸) and also, includes contributions from higher

powers of ®𝐸 (in scalar form) as described below [1],

𝑃 = 𝜖0𝜒
(1)𝐸 + 𝜖0𝜒(2)𝐸2 + 𝜖0𝜒(3)𝐸3 + .....︸                             ︷︷                             ︸ (1.4)

where 𝜒(2) is the second order susceptibility and of the order of ≈ 10−12𝑚/𝑉 , 𝜒(3) is the

third order susceptibility and of the order of ≈ 10−24𝑚2/𝑉2.

Therefore, the polarization could be written as

𝑃 = 𝑃(𝐿) + 𝑃(𝑁𝐿) (1.5)

In this case, the wave equation (in terms of scalar fields) in nonlinear optical media is

written as

∇2 ®𝐸 − 1
𝜖0𝑐2

𝜕2 ®𝐷 (𝐿)

𝜕𝑡2
=

1
𝜖0𝑐2

𝜕2 ®𝑃(𝑁𝐿)

𝜕𝑡2
(1.6)

where, 𝐷 (𝐿) is expressed as 𝐷 (𝐿) = 𝜖0𝐸 + 𝑃(𝐿) .
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Figure 1.3: Schematic representation of optical Kerr effect and third harmonic generation.

1.3.2 Third-order nonlinear optical properties

The (scalar) nonlinear polarization is expressed as

𝑃(𝑁𝐿) = 𝜖0𝜒
(2)𝐸2 + 𝜖0𝜒(3)𝐸3 + ..... (1.7)

which could also be expressed as

𝑃(𝑁𝐿) = 𝑃(2) + 𝑃(3) + ..... (1.8)

The second-order susceptibility 𝜒(2) gives rise to phenomena like second-harmonic gener-

ation (SHG), sum frequency generation (SFG), optical parametric processes, and difference

frequency generation (DFG), while the third-order susceptibility 𝜒(3) cover a wide field of

NLO and is the cause of various phenomena such as, the third harmonic generation (THG),

NLA, intensity-dependent refractive index, four-wave mixing etc [1]. For our studies,

third-order susceptibility and the phenomena that lead to NLA and NLR are primarily of

interest. Although, the magnitude of linear susceptibility 𝜒(1) is much greater than the

magnitude of nonlinear susceptibilities 𝜒(2) and 𝜒(3) , their responses could only be seen at

high input intensities or at long laser-matter interaction length [1].

As we are studying the third-order nonlinear optical properties, we will try to understand
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third order polarization that is given as

𝑃(3) = 𝜖0𝜒
(3)𝐸3 (1.9)

In case of an incident plane wave at frequency 𝜔 (𝐸 = 1
2 [𝐸0𝑒

𝑖(𝑘𝑧−𝜔𝑡) + 𝑐.𝑐.]), the atoms

of the dielectric material for which 𝜒(3) is nonzero, will vibrate with two frequencies as

shown in Fig.1.3 and the expression for 𝑃(3) could be expressed as [1]

𝑃(3) =
𝜖0𝜒

(3)

8
[3𝐸0 |𝐸0 |2𝑒𝑖(𝑘𝑧−𝜔𝑡) + 𝐸3

0𝑒
3𝑖(𝑘𝑧−𝜔𝑡) + 𝑐.𝑐] (1.10)

The first term describes the nonlinear optical response at the fundamental frequency 𝜔 and

gives rise to the optical Kerr effect, NLR and NLA [1], while, the second term describes

a response at frequency 3𝜔, which is created by the field at frequency 𝜔. This term

signifies that the frequency mixing caused by the interactions of three fields results in

the formation of the fourth field and leads to the process of third harmonic generation

[1]. In this section, the third-order nonlinear optical manifestations such as the NLA and

intensity-dependent refractive index (𝑛2) associated with 𝜒(3) are analyzed and discussed.

In a general description, the third-order nonlinear susceptibility 𝜒(3) is a complex quantity

and it is tensot of rank 4. In the scalar form, 𝜒(3) could be expressed as [34]

𝜒(3) = 𝜒(3)
𝑅

+ 𝑖𝜒(3)
𝐼𝑚

(1.11)

where 𝜒(3)
𝑅

and 𝜒(3)
𝐼𝑚

are the real and imaginary components of the complex third-order non-

linear optical susceptibility (𝜒(3)) which is directly related to 𝑛2 and nonlinear absorption

coefficient (𝛽) respectively.

1.3.3 Nonlinear Absorption

In the linear absorption process, a single photon is absorbed by the material to reach in

a higher energy state. Meanwhile, NLA entails the absorption of two or more photons
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simultaneously to reach the excited energy state [1]. In order to achieve NLA phenomena

in a medium, sufficiently intense light needs to be incident. The intensity-dependent NLA

could be expressed as

𝛼(𝐼) = 𝛼 + 𝛽𝐼 (1.12)

In the above equation, 𝛼(𝐼) includes both linear and nonlinear terms, where, 𝛼 is the

linear absorption coefficient, 𝛽 is NLA coefficient and 𝐼 is the laser beam intensity within

the medium. The NLA phenomena is associated with the change in the pump beam

amplitude during propagation through a medium having a non-zero value for the imaginary

component of 𝜒(3) [35]. It is an intensity-dependent process and reaches its maximum

when the medium is at the laser’s focal point. The NLA mechanism may result from a

number of processes, including saturable absorption (SA), reverse saturable absorption

(RSA), multiphoton absorption (MPA), free carrier absorption (FCA) and excited state

absorption (ESA) [1, 36, 37]. The aforesaid NLA processes are influenced by the pump

intensities, laser frequency (𝜈), and laser pulse duration. In addition, the inherent material

properties are extremely crucial towards the NLA characteristics [37].

Saturable absorption: A quantum mechanical picture

In order to understand the saturable absorption behaviour in 𝑊𝑆𝑒2, we used a schematic

diagram as shown in Fig.1.4. In the figure, material bandgap is represented by 𝐸𝑔. When

the incoming photon energy (ℎ𝜈) has an energy greater than 𝐸𝑔 then the linear absorption

is dominant. In that case, the electrons reside near the bottom of the conduction band

(CB) of the medium (Fig. 1.4(b)). However, at very high laser intensities, the CB exhibits

saturation in terms of unoccupied states. Consequently, the absorption tends to drop at

high laser intensities which is also termed as saturable absorption (see Fi. 1.4(c)).
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Figure 1.4: A schematic to show saturable absorption mechanism of 𝑊𝑆𝑒2 thin films for demon-
strating the Pauli-blocking principle. (a) shows the inter-band transition process. (b)
shows the process of thermalization of hot electrons and obtaining a thermal equilib-
rium. (c) shows the filled states near the band edge which restricts the absorption of
light.

Reverse saturable absorption

In the case of reverse saturable absorption (RSA), the optical transmission in the medium

reduce at high laser intensities which results in a positive value of 𝛽. The reverse saturable

absorption (RSA) includes various processes such as excited state absorption (ESA), two

photon absorption (TPA), and multiphoton absorption (MPA). The two-photon absorption

is a process of the simultaneous absorption of two photons for excitation from a ground

state to the excited state. An allowed TPA transition in a semiconducting thin film is the

one for which the excitation energy of an incident laser beam should be less than the energy

bandgap (𝐸𝑔) and greater than 𝐸𝑔/2 for the films [38]. The TPA process would cease to

exist for excitation photon energy less than 𝐸𝑔/2. In an extreme case of TPA process, the
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two-photon transition probability reduces as a result of non-availability of states in the CB

which is alternately termed as Pauli-blocking effect [39, 40]. This essentially happens at

very high laser intensities. The ESA is the process in which, an atom makes the transition

from one lower-energy excited state to a higher-energy excited state by absorbing a photon.

It is only feasible to absorb an excited state when an electron has previously been stimulated

from its ground state to a lower excited state. Therefore, it could alternately be termed as

resonant TPA.

1.3.4 Intensity dependent nonlinear refractive index

The spatial variation in the refractive index of the material brought on by the presence of

an intense laser beam is referred to as the nonlinear refractive index (𝑛2). [1, 35]. The

high-intensity refractive index change in semiconductors is caused by a variety of physical

processes such as electronic contribution, thermal nonlinearity and photorefractive effects

[1, 33, 36, 41, 42]. The electronic contribution to the nonlinear refractive index change is

related to optical Kerr effect. In order to understand the idea, we refer to the first term in

Eq. 1.10 which states that

𝑃(3) =
𝜖0𝜒

(3)

8
[3𝐸0 |𝐸0 |2𝑒𝑖(𝑘𝑧−𝜔𝑡) + 𝑐.𝑐] (1.13)

which could be simplified to obtain the total refractive index. This is given by,

𝑛(𝐼) = 𝑛 + 𝑛2𝐼 (1.14)

where, 𝑛 is the linear refractive index and 𝑛2 is nonlinear refraction coefficient. 𝑛2 contains

contribution from a large number of material properties which include electronic, thermal

(phonon-mediated), elastic as well as acoustic properties. It is important to note that the

nonlinear refractive index is also affected by overall medium absorption which includes the
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Figure 1.5: Graphical representation of the outline of the thesis.

nonlinear absorption mentioned above. In general, the absorption leads to the redistribution

of charges and matter density which affect the diffractive as well as dispersive features of

the medium through the NLR process. In the case of semiconductors, the impact of

photorefractive effects is significant and leads to substantial changes in measured nonlinear

refractive index.
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1.4 Thesis Outline

In order to carry out the research work, we divided the approach into three different

sections- thin-film deposition, characterization and description of theoretical background,

investigation of NLO response of the𝑊𝑆𝑒2 thin films. The graphical representation of the

outline of the thesis is shown in Fig.1.5. In the first chapter, we present a brief description

of the basic concepts of optical nonlinearity and the factors and mechanisms that determine

the NLO response of TMD films [1, 42–44]. The second chapter describes the 𝑊𝑆𝑒2

thin film deposition process and a description of employed characterization techniques

[34, 43]. In the third chapter, we have investigated the NLO properties in 𝑊𝑆𝑒2 thin

films using the in-house developed experimental set-up pumped by a ultrashort-pulse fiber

laser. The thickness dependence of NLO response in𝑊𝑆𝑒2 films is performed in different

spectral bands [45, 46]. We present a detailed analysis and discuss the factors which

affect optical nonlinearity [47, 48]. The fourth chapter of the thesis focus on the impact

of annealing on the NLO properties of 𝑊𝑆𝑒2 thin films. This work was extended by

creating heterostructures comprising the 𝐴𝑢 nanoparticles embedded in sub-wavelength

𝑊𝑆𝑒2 films, which is the fifth chapter. In the sixth chapter, we present a summary of work

and future plans.
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Chapter 2

𝑊𝑆𝑒2 thin film preparation and
characterization techniques

This chapter contains an overview of the experimental techniques and analytical framework

employed in this thesis. The 𝑊𝑆𝑒2 thin films studied in this work were deposited using a

radio-frequency (RF) magnetron sputtering system. The characterization of RF-sputtered

𝑊𝑆𝑒2 thin film was being carried out using a field-emission scanning electron microscope

(FESEM), X-ray diffractometer (XRD), and Raman spectroscopy. The linear absorption

spectrum of the𝑊𝑆𝑒2 thin film was carried out using a absorption spectrometer containing

a ultra-violet (UV) and visible light source. The nonlinear optical measurements of the

𝑊𝑆𝑒2 thin films were performed using the single-beam 𝑍-scan technique. The detailed

explanation about the 𝑍-scan technique is given in section 2.6.
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2.1 Radio Frequency (RF)-sputtering Method

Sputtering is a physical vapour deposition (PVD) process in which the bombardment of

energetic particles causes the atoms to be expelled from a solid target material [1, 2]. The

schematic of sputtering process is given in fig.2.1. The Ar ions, that are formed by the

interaction of Ar gas with the free electrons, are typically utilised for bombardment. This

process involves the acceleration of positively charged ions from the plasma of gas species

towards the target, a negatively charged electrode. When the incident ions collide with the

target, they impart their momentum to the target atoms, causing atoms to be ejected from

the target material. A magnetic field is typically applied close to the target in a magnetron

sputtering technique to trap the ions, increasing the effectiveness of the initial ionisation

process. The expelled atoms condense on the surfaces of the substrates.

Figure 2.1: Schematic of RF magnetron sputtering
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For this thesis, the𝑊𝑆𝑒2 thin films were prepared using a RF magnetron sputtering system

with a 𝑊𝑆𝑒2 (99.9% pure) target in an argon environment at room temperature. 𝑊𝑆𝑒2

thin films with a desired thickness were sputtered onto a 1 𝑐𝑚 × 1 𝑐𝑚 𝑆𝑖𝑂2/𝑆𝑖 and glass

substrate. Prior to the deposition, the chamber was evacuated by a turbomolecular pump to

a vacuum of 3.1 × 10−6 mbar. Throughout the deposition process, the 𝐴𝑟 gas concentration

was maintained at 15 𝑠𝑐𝑐𝑚, and the power was fixed at 60 𝑊 . The depositions were

performed at a pressure of 1 × 10−2 mbar.

2.2 Field Emission Scanning Microscopy (FESEM)

The scanning electron microscope (SEM) is a tool that is extensively used to study the

surface morphology of microstructures [3–8]. In a typical SEM, a powerful electron beam

interacts with the material and transfers its kinetic energy to the electrons already present

in the sample, resulting in secondary electron emission due to inelastic scattering and back-

scattered electron emission due to elastic scattering with electromagnetic radiation. The

emitted electrons are captured by the detectors that are part of the system, and then their

intensity for each pixel is converted on a computer to produce the morphology of the

sample. In a conventional SEM, a small energy dispersion electron gun is used to provide a

steady electron beam with a high current and a tiny spot size. The filament of a thermionic

electron gun is heated electrically, which causes the filament to emit electrons. These

electron sources have a number of drawbacks, including the need for high temperatures,

brightness, and limited spatial resolution. However, in a typical field emission electron gun,

an electrostatic field is applied to induce electron emission. Field emission electron guns are

frequently employed in modern scanning electron microscopes, which provide improved

spatial resolution with strong contrast, reduced electrostatic distortion, small spot diameter,
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Figure 2.2: A schematic of typical field emission scanning electron microscope (FESEM).

and coherent emission. In the current thesis, the morphology and interface structure of

𝑊𝑆𝑒2 thin films were examined using a (Carl-Zeiss, Sigma model) field emission scanning

electron microscope (FESEM). Fig.2.2 depicts the schematic ray diagram of a typical

FESEM system, where a field emission electron gun is employed as an electron source.

The anode receives an extraction voltage to accelerate the electrons. Although the maximum

extraction voltage for this FESEM model is 30 kV, all of the images provided in this thesis

were taken at a 5 kV extracting voltage. The gun chamber was always kept at a base pressure
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of about 3 × 10−9 mbar, while the column chamber was kept at a vacuum ≈ 2 × 10−5 mbar

for imaging. In the Figure, the focusing lens is used to align the beam on the specimen,

while the electromagnetic lens designated as the condenser lens is utilized to convert the

divergent beam into a converging/parallel beam.

2.3 X-ray Diffraction (XRD)

X-ray diffraction (XRD) utilizes the wave/particle duality of X-rays to collect information

about the crystalline structure of the materials [9–11]. This approach is mostly used to

identify the crystallographic phases of elements or composite materials based on their

diffraction pattern. XRD is an effective analytical tool to determine grain size, lattice

constants, the composition of solid solution, and degree of crystallinity in a mixture of

crystalline and amorphous materials. This method is frequently used to analyze the crystal

structures, crystallite sizes, atomic spacings, lattice parameters, stress analysis, and quan-

titative phase analysis.

XRD is based on constructive interference of monochromatic X-rays that diffracted from

crystallographic planes of the sample. A cathode ray tube produces the X-rays, which

are then filtered to generate monochromatic radiation, focused by collimation, and pointed

towards the sample. The incident X-rays interact with the sample and constructive inter-

ference (and a diffracted ray) produces only when the conditions satisfy Bragg’s Law [9]

𝑛𝜆 = 2𝑑 sin 𝜃 (2.1)

as shown in Fig.2.3., where n is any integer, 𝜆 is the wavelength of the beam, d is the

spacing between diffracting planes, and 𝜃 is the incident angle. Then, these diffracted

X-rays are detected, examined, and quantified. All prospective diffraction directions of
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Figure 2.3: Typical ray-diagram of X-ray diffraction from a periodic chain of atoms.

the lattice ought to be obtained by scanning the sample over a range of 2𝜃 angles. Since

each material has a specific set of d-spacings, the conversion of the diffraction peaks to

d-spacings enables the recognition of the material. XRD can measure the diffraction of

the beam from different sections of the compound. In this thesis, the XRD patterns of the

𝑊𝑆𝑒2 thin films were captured using a Rigaku Smartlab X-ray diffractometer with Cu K𝛼

(𝜆 = 1.5418 Å).

2.4 Raman Spectroscopy

Raman spectroscopy is the technique often used to identify vibrational modes of the

molecules. It is named after the Indian physicist C. V. Raman. Raman spectroscopy relies

upon inelastic scattering of photons, which is sensitive to the vibrational and rotational

modes of atomic and molecule species [12–15]. A source of monochromatic light, usually

from a laser in the ultraviolet, visible or near infrared range is used. The interaction of

laser light with the phonons, molecular vibrations or other excitations in the system will

be either in the ground vibrational/rotational states or in the excited vibrational/rotational
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Figure 2.4: Principle of Raman scattering: Types of scattering processes that can take place when
light interacts with the material. The energy level diagram of Raman scattering and
Rayleigh scattering process. 𝜆𝑠 : scattering wavelength.

states depending on the energy of incident radiation. When the molecules are excited, a

change in polarizability takes place, creating a dipole moment that causes inelastic scat-

tering of photons (Stokes or anti-Stokes lines). The frequency of emitted photons shifts

away from the excitation frequency due to the energy difference between the initial vibra-

tional/rotational state and the end vibrational/rotational state. Fig.2.4 shows the principle of

Raman scattering, in which, the types of scattering processes that can take place when light

interacts with the material and the energy level diagram of Raman scattering and Rayleigh

scattering process has been explained. the energy level diagram of Raman scattering pro-

cess. The frequencies of the in-plane optical and out of plane optical phonon modes close

to the Brillouin zone centre are revealed by Raman scattering. Raman spectroscopy is a

useful method for characterising the materials since it is non-destructive and contactless.

In this thesis, we employed a Horiba Jobin Yvon LabRam HR Evolution system and the

back-scattering geometry for the Raman measurements. The measurements has been taken

from the excitation source of a green diode laser operating at 532 nm.
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Figure 2.5: Schematic of uv-vis spectrometer. (a) Absorbance of the 𝑊𝑆𝑒2 sample and corre-
sponding single bandgap. (b) Absorbance of the𝑊𝑆𝑒2 sample which leads to the dual
bandgap.

2.5 Absorption Spectroscopy

Ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR) is a powerful analytical tool

for determining the optical characteristics (transmittance, absorbance and reflectance) of

solids and liquids [16–20]. It can be utilized to analyze semiconductor materials, glass,

coatings and a variety of other research and production materials. UV-VIS-NIR is operated

in the optical regime between 175 nm to 3300 nm. The absorption spectroscopy is supple-

mentary to fluorescence spectroscopy as, the fluorescence is associated with the transitions

between the excited and ground states, whereas, the ground state to excited state transition

is measured via absorption. The bonding and non-bonding electrons in the molecules can

be stimulated to the excited states by absorbing the energy in the form of light (ultraviolet

or visible ). The electrons are excited more readily, if the energy gap between ground

state and the excited state is lower and consequently, the longer wavelength of light can be
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absorbed. Spectra can be collected from the smaller samples as well. In this work, the

linear absorption measurements are performed using an Agilent Carry-5000 UV/VIS/NIR

spectrometer. The measurements has been performed in transmission mode as the samples

are transparent. The schematic of the uv-vis spectrometer is shown in Fig.2.5. In our

work, the linear absorption spectra for the 𝑊𝑆𝑒2 thin film was measured using UV-visible

spectroscopy. The bandgap has been calculated using uv-vis data from Tauc plot. The Tauc

fitting expression given by [21, 22],

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)𝑛 (2.2)

where 𝛼, h𝜈, A and 𝐸𝑔 are the linear absorption coefficient, photon energy, a constant and

the bandgap respectively. n stands for the nature of transmission, n=2 for direct bandgap

materials, while n=1/2 for indirect bandgap materials. We obtain the bandgap of 𝑊𝑆𝑒2

films by extrapolating the linear part of the plot between (𝛼ℎ𝜈)1/2 and ℎ𝜈. If the 𝑊𝑆𝑒2

samples show the linear absorpton as in Fig.2.5(a), the bandstructure looks as in inset

i.e. sample shows single bandgap. If the 𝑊𝑆𝑒2 samples show the linear absorpton as in

Fig.2.5(b), the sample shows dual bandgap, that will be discussed in section.3.3.

2.6 Nonlinear Optical Spectroscopy

The third-order (𝜒(3)) optical nonlinearities can be measured using a variety of charac-

terisation techniques. These include third harmonic generation, optical Kerr-effect based

measurements, time-resolved pump-probe technique, interferometric techniques, degener-

ate four-wave mixing, ellipse rotation, beam self-bending and two-beam coupling [23–29].

The above methods are reasonably sensitive techniques but they require a highly complex

experimental arrangement. Among the methods available, 𝑍-scan is the most straightfor-

ward and sensitive method for detecting third order optical nonlinearity. 𝑍-scan is the
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Figure 2.6: Schematic of 𝑍-scan setup. HWP; Half-wave plate, PBS; Polarizing beamsplitter, L;
Lens, S; Sample, A; Aperture, 𝐷1 and 𝐷2; Photo Detectors.

primary method used to characterise third-order optical nonlinearity in a variety of materi-

als, including dyes, glass, crystals, polymers, metals, and semiconductors [30–36]. It also

enables one to ascertain the contributions of nonlinear refraction and nonlinear absorption

in the same set-up. As a result, in the current work, the single beam 𝑍-scan approach was

used to assess the third-order optical nonlinearity.

2.6.1 Z-scan Technique

The Z-scan method is based on the principle of spatial beam distortion. It is a straight-

forward method for determining the phase change in laser beam as it travels through a

nonlinear material. In the 𝑍-scan technique, the sample is moved along the direction of the

laser beam, in order to measure the transmittance. It gives both the sign and magnitude of

nonlinear absorption (𝛽) and nonlinear index of refraction (𝑛2). A schematic of experimen-

tal 𝑍-scan setup is shown in Fig.2.6. The source laser is fiber laser generating ultrashort

pulsed delivering pulses at 1 KHz and 1 MHz repetition rate with a pulse-width of about

400 𝑓 𝑠. The incident power of laser beam is controlled using a half wave plate (HWP) and

a polarising beam splitter (PBS). Subsequently, the laser beam was focused using a lens

(L). The reference and transmitted beam intensities were recorded using photodetectors 𝐷1

and 𝐷2 respectively. The position of the samples were perpendicular to beam axis and is
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placed on a translation stage which translates from −𝑧 to +𝑧 through the focused Gaussian

beam. When the sample passed through the focus of lens, it changed its transmittance and

optical nonlinearity in the sample is manifested. An aperture is placed in the beam path

just before the detector 𝐷2 to enable two measurement techniques. In open aperture (OA)

𝑍- scan measurement, the aperture was completely kept open to measure the nonlinear

absorption of the sample under test. For the closed aperture (CA) 𝑍-scan, the aperture is

partially closed and the transmitted laser beam is collected by detector 𝐷2 for ascertaining

the nonlinear refractive index. The OA 𝑍-scan transmission provide information about the

nonlinear absorption coefficient of the sample but in CA 𝑍-scan, the measured transmission

is the combination of nonlinear refraction and nonlinear absorption. In order to obtain the

contribution of pure nonlinear refraction in the CA 𝑍-scan measurement, the measured CA

𝑍-scan transmission is normalized with respect to the OA 𝑍-scan transmission. When the

OA transmittance is characterized by a peak at the focus (𝑧 = 0), 𝛽 is negative and if the OA

transmittance exhibits a valley at 𝑧 = 0 (focus), 𝛽 is positive. Similarly, if the CA 𝑍-scan

transmittance exhibits a valley to peak variation, 𝑛2 is positive. On the other hand, if the

variation is peak-to-valley then 𝑛2 is a negative quantity.

2.6.2 Open Aperture 𝑍-scan

The optical properties of a nonlinear material are significantly altered in presence of intense

Gaussian laser beam. The nonlinear absorption contributes to absorption only at high laser

intensities. The schematic representation of OA Z-scan is shown in Fig.2.7 which depicts

maximum intensity at the laser focus (𝑧 = 0). The sample is translated through the focus

as it moves from one end of the far-field to the other end. The far-field is dictated by the

Rayleigh length of the laser and the distance between beam focus (𝑧 = 0) and the detector
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Figure 2.7: A schematic representation of OA Z-scan method

(aperture) should be more than 10 times of the Rayleigh length. Since the intensity is low

in the far-field, only linear absorption contributes to the total absorption. As the beam

comes closer to the focus (where the laser intensity is maximum), the absorption tends

to change and Fig. 2.8 shows a typical OA Z-scan trace. The measured transmittance in

the detector either decreases or increases as the sample gets closer to the focus, creating

a valley or peak. The case, in which the measured OA transmittance produces a peak at

the focus, is known as saturable absorption (SA) and the corresponding 𝛽 is negative. On

the other hand, the reverse saturable absorption (RSA) leads to a valley at the focus and

the corresponding value of 𝛽 is positive. In order to quantitatively estimate the value of
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Figure 2.8: Schematic of OA Z-scan signal.

nonlinear absorption coefficient 𝛽, the measured OA normalized transmittance was fitted

using the expression [37–42]

Δ𝑇 = 1 −
𝛽𝐼0𝐿𝑒 𝑓 𝑓

23/2(𝑥2 + 1)
(2.3)

𝛽 is the nonlinear absorption coefficient, 𝐼0 is the laser intensity at the focal plane, 𝐿𝑒 𝑓 𝑓 is

the effective length of the sample thickness; 𝐿𝑒 𝑓 𝑓 = (1 - 𝑒−𝛼𝐿)/𝛼, 𝐿 is the sample length,

𝛼 is the linear absorption coefficient, 𝑥 = 𝑧/𝑧0, 𝑧 is the sample position, 𝑧0 = 𝜋𝜔2
0/𝜆 is

the Rayleigh length of the laser beam, 𝜔0 is the beam waist of focused Gaussian beam

and 𝜆 is the laser wavelength. The imaginary part of the complex third-order nonlinear

susceptibility (𝜒(3)
𝐼𝑚

) is related to 𝛽 and was obtained using the relation [43]

𝜒
(3)
𝐼𝑚

=

[
10−7𝑐𝑛2𝜆

96𝜋2

]
𝛽 (2.4)

where 𝑐 is the speed of light in vacuum, 𝑛 is the linear index of refraction and 𝜆 is the

excitation wavelength of laser beam. In order to eliminate the impact of linear absorption

(𝛼) on the nonlinear absorption (𝛽), we define a figure of merit (FOM) as 𝐹𝑂𝑀 = |𝜒(3)
𝐼𝑚

/𝛼 |

which provides a relative estimate of 𝛽.
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Figure 2.9: A schematic representation of CA Z-scan method

2.6.3 Closed aperture Z-scan

The CA Z-scan experiment is carried out for the purpose of determining the nonlinear

index of refraction 𝑛2. In the CA Z-scan, an aperture is placed in front of the photodetector,

in order to monitor the sample transmittance in the far-field and consequnetly, only a small

amount of light can enter the photodetector.

Figure 2.9 shows the schematic of a CA Z-scan signal for the positive 𝑛2 values. The

material behaves like an intensity dependent lens when a Gaussian laser beam passes

through it. The change in input intensity causes a change in the effective focal length of
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Figure 2.10: Schematic of CA Z-scan signal.

the medium along the beam path. This results in variable intensity distribution on the

aperture. The sample position along the Z-axis determines the optical power transmitted

through the aperture. Let us consider a sample having a positive nonlinear refractive index

and the thickness less than the Rayleigh length. Since, the intensity of the beam is small

in the far-field and the measured power on the detector stays nearly unchanged baring any

scattering due to surface roughness. When the sample comes near the focal plane, the

laser light tends to diverge more at the aperture plane owing to the self-focusing effect.

This also means that the laser light gets focused much before the actual focal point. The

detector power decreases as a result of this divergence which leads to the formation of a

valley in the Z-scan transmittance. When the sample moves away from the focal point,

the sample tends to collimate the beams and more light is transmitted through the aperture

which results in a peak. Again, in regions far away from the focus, the intensity is low and

consequently, the transmission through aperture does not change as a function of sample

translation. Therefore, a material with a positive nonlinear refractive (𝑛2 > 0) index will

exhibit the transmittance behaviour of a prefocal transmittance minimum (valley) followed
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by a postfocal transmittance maximum (peak) (as shown in Fig.2.10). Similarly, a peak in

the pre-focal point and a valley in the post-focal plane is the characteristic of a negative

nonlinear refractive index (𝑛2 < 0).

In order to quantitatively estimate the value of nonlinear refractive index 𝑛2, the measured

CA normalized transmittance was fitted using the expression [24, 37, 39, 44]

Δ𝑇 = 1 − 4𝑥Δ𝜙0

(𝑥2 + 9) (𝑥2 + 1)
− 2(𝑥2 + 3)ΔΨ0

(𝑥2 + 1) (𝑥2 + 9)
(2.5)

where Δ𝜙0 = 𝑘𝑛2𝐼0𝐿𝑒 𝑓 𝑓 is the phase change due to nonlinear refraction at the focus, 𝑘 =

2𝜋/𝜆 is propagation constant andΔΨ0 = 𝛽𝐼0𝐿𝑒 𝑓 𝑓 /2 is the contribution of CA transmittance

due to nonlinear absorption. The real part of complex third order nonlinear susceptibility

(𝜒(3)) is related to 𝑛2 and was obtained using a relation given by [43]

𝜒
(3)
𝑅

=

[
𝑛2𝑐

12𝜋2

]
𝑛2 (2.6)
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Chapter 3

Nonlinear optical response of
as-prepared𝑊𝑆𝑒2 thin films

In this chapter, we present the nonlinear optical (NLO) characteristics of the RF-sputtered

𝑊𝑆𝑒2 thin films in the visible and near-infrared (NIR) spectrum. Moreover, the impact of

laser parameters (such as repetition rate and laser intensity) and film thickness on the third

order NLO properties in 𝑊𝑆𝑒2 thin films is also explored. The chapter has been arranged

in the following way : the𝑊𝑆𝑒2 thin-film preparation and characterization are discussed in

section 3.2. The impact of film thickness on the structural and optical properties is explained

in section.3.3. This is followed by the measurement of nonlinear optical response of the

𝑊𝑆𝑒2 thin films in the visible spectrum which includes the impact of repetition rate and

film thickness given in section 3.4. The nonlinear optical response of the𝑊𝑆𝑒2 thin films in

NIR spectrum which includes the impact of film thickness and laser intensity, is discussed

in section 3.5.

39
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3.1 Introduction

The layered transition metal dichalcogenides (TMDs) have received significant attention

in the precedent few years due to their distinctive physical, optical and electronic prop-

erties [1–5]. Despite being studied for decades, current developments in these materials

characterization and device manufacturing have opened up new potential for 2D layers of

thin TMDs. The electronic bandstructure of TMDs is greatly influenced by the number

of monolayers and changes as the thickness increases from direct to indirect [6, 7]. The

potential of customising the bandstructure (or bandgap) allows the regulation of hyperpo-

larizability from the standpoint of nonlinear optical (NLO) properties, and as a result, one

might restrict the thickness of TMDs to suit a particular application [8–18]. In our work,

we have shown the impact of film thickness in visible as well as NIR spectral band and

it has been observed that samples are showing different behaviour in different wavelength

regime which is basically due to the dependency on the bandstructure of the𝑊𝑆𝑒2 films.

3.2 Thin film preparation and characterization

The𝑊𝑆𝑒2 thin films were prepared using a RF magnetron sputtering system with a𝑊𝑆𝑒2

(99.9% pure) target in an argon environment at room temperature. 𝑊𝑆𝑒2 thin films with a

desired thickness were sputtered onto a 1 𝑐𝑚 × 1 𝑐𝑚 𝑆𝑖𝑂2/𝑆𝑖 and glass substrate. Prior to

the deposition, the chamber was evacuated by a turbomolecular pump to a vacuum of 3.1 ×

10−6 mbar. Throughout the deposition process, the 𝐴𝑟 gas concentration was maintained at

15 𝑠𝑐𝑐𝑚, and the power was fixed at 60𝑊 . The depositions were performed at a pressure

of 1 × 10−2 mbar. The number of samples are prepared by varying the time for which

deposition takes place which essentially results in a thicker thin film.

The morphological features of the RF-sputtered 𝑊𝑆𝑒2 thin-films is investigated through
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field-emission scanning electron microscope (FESEM). The crystal structure and phase

analysis is carried out using X-ray diffraction spectrum (X-ray diffractometer, Rigaku

Smartlab) with Cu K𝛼 (𝜆 = 1.5418 Å). The Raman spectrum were measured using a

Raman spectrometer (Jobin Yvon LabRam HREvolution, Horiba) with an excitation at

532 𝑛𝑚 wavelength. The linear absorption spectrum of the 𝑊𝑆𝑒2 thin films were carried

out using a UV-VIS-NIR spectrometer (Agilent carry 5000 UV-Vis-NIR). The nonlinear

optical absorption measurements of the 𝑊𝑆𝑒2 thin film were performed using the single-

beam open-aperture (OA) and closed-aperture (CA) 𝑍-scan technique discussed in chapter

2.

3.3 Impact of film thickness on the structural and optical
properties

For the measurements, we have prepared a set of six𝑊𝑆𝑒2 thin films using 𝑅𝐹-sputtering

system under the conditions described in section 3.2. The homogeneity of structure and

thickness of the samples is estimated from FESEM images. The cross-sectional FESEM

is performed to obtain the thickness of the deposited thin films. The thicknesses were

measured to be 34 nm, 81 nm, 130 nm, 150 nm, 242 nm and 326 nm. In Fig. 3.1,

representative top-view images of 𝑊𝑆𝑒2 thin films of all the thicknesses respectively are

shown. All the figures except Fig. 3.1(e) appears to exhibit a smooth surface. The insets

represent the respective cross-sectional images. The study of crystal structure, crystallite

sizes, strain, dislocation density and quantitative phase analysis is carried out using X-ray

diffraction (XRD) spectrum of the 𝑊𝑆𝑒2 thin films. The XRD peaks for all the thin films

could be seen in Fig.3.2(a). The measured XRD peaks of 𝑊𝑆𝑒2 films match reasonably

well with JCPDS data card no 71-0600. One peak was consistently obtained at an angle
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Figure 3.1: Field Emission Scanning Electron Microscopy (FESEM). (a)-(f) shows top surface
images of𝑊𝑆𝑒2 thin films having thickness of 34 nm, 81 nm, 130 nm, 150 nm, 242 nm
and 326 nm respectively. Insets show cross-sectional FESEM images for determining
thickness.

27.5◦ which is a consequence of (004) plane. The crystallite sizes were estimated through

the Debye- Scherrer formula while strain and dislocation density is calculated using the

recipe prescribed in the Ref.[19]. Fig.3.2(b) shows the variation of strain and dislocation

density as a function of 𝑊𝑆𝑒2 film thickness. The variation of dislocation density and

strain exhibit a similar trend and maximize for the film of thickness 326 nm. This XRD

spectrum distinctly depicts the presence of defects for thicker thin-films which would be

investigated later in detail. Raman spectroscopy was employed to ascertain the vibrational
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Figure 3.2: (a) X-ray diffraction spectrum of RF-sputtered𝑊𝑆𝑒2 thin films. (b) Variation of strain
and dislocation density (D) in𝑊𝑆𝑒2 thin films as a function of thickness.

modes of the deposited thin𝑊𝑆𝑒2 films. Fig 3.3(a) shows the Raman spectrum for all the

𝑊𝑆𝑒2 thin-films. The spectrum for all the films exhibit the three characteristic phonon

modes. The peak corresponding to 𝐸1
2𝑔 mode is associated with in-plane vibration of 𝑊

and 𝑆𝑒 atoms. The sharp peak corresponds to 𝐴1𝑔 is related to out-of-plane vibration of

𝑆𝑒 atoms. The peak corresponding to 𝐵1
2𝑔 mode is essentially due to the vibration of 𝑊

and 𝑆𝑒 atoms owing to the interlayer interactions [20–23]. All the peak intensities and

shifts were calculated by deconvoluting the measured Raman spectra with multiple peaks.

A representative plot showing the deconvoluted spectrum is shown in Fig.3.3(b) (for 34
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Figure 3.3: (a) Raman spectrum of 𝑊𝑆𝑒2 thin films. (b) Variation of Raman modes of film as a
function of film thickness. (c) The multiple-peak fit for 34 nm film. Insets show the
schematic of possible vibrational modes.

nm thick 𝑊𝑆𝑒2 film). The inset shows the schematic of displacement of W and Se atoms

representing the plane of vibration in Raman active modes. For bulk 𝑊𝑆𝑒2 crystal, 𝐸1
2𝑔

and 𝐴1𝑔 modes are degenerate, yielding single peak as compared to other TMDs materials.

Sahin et al. [24] have demonstrated that a small crystal symmetry-breaking by virtue of

uniaxial strain leads to lifting off the degeneracy between two peaks. We observed that

nearly 9 − 10% of strain exist for 34 nm film and increases with thicker 𝑊𝑆𝑒2 films due

to large number of dislocations. This could be estimated from the XRD pattern and it is

presented in Fig 3.2(b). Such strains are obvious at room temperature sputtered thin films.

This is also the reason behind observing two distinct 𝐸1
2𝑔 and 𝐴1𝑔 phonon modes in all the

𝑊𝑆𝑒2 films. The variation of Raman-active modes as a function of𝑊𝑆𝑒2 film thickness is
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Figure 3.4: (a) Absorption spectrum of 𝑊𝑆𝑒2 thin films. Inset shows the Tauc plot for estimating
the bandgap. (b) Variation of bandgap as a function of 𝑊𝑆𝑒2 fim thickness. Inset: a
schematic diagram to represent 𝐸𝑔1 and 𝐸𝑔2 in the present context.

shown in Fig.3.3(c). It has been observed that the Raman shift for all the vibrational modes

reduces for the film of thickness 242 nm, which can be attributed to the surface defects and

that could be corroborated with the increased surface roughness observed in the FESEM

image of Fig.3.1(e). The small change in the Raman shift for the film thickness of 326

nm arises because the better surface uniformity. The linear absorption spectrum for all the

𝑊𝑆𝑒2 thin films are measured using UV-visible spectroscopy which is shown in Fig 3.4(a).

The absorbance tends to reduce at longer wavelengths for all the samples. However, a small
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increase in absorbance for𝑊𝑆𝑒2 films with thicknesses ≥ 150 nm, depicts the presence of

two bandgaps. The variation of bandgap(s) as a function of𝑊𝑆𝑒2 film thickness is shown

in Fig 3.4(b) which distinctly depicts the existence of two separate bandgap arising as a

consequence of the presence of defects in the films. From one perspective, the appearance

of mid-gap states (or bands) is attributed to the 𝑆𝑒 (lighter atom) deficiency in the thin-films

grown using RF-sputtering technique. In other words, the deposition method introduces

stoichiometric defects (absence of 𝑆𝑒 atoms) which is distributed randomly throughout the

thin-film architecture.

In order to gain a deeper insight, we simulated the electronic bandstructure for a 𝑊𝑆𝑒2

crystal using density functional theory (DFT) which utilizes the Vienna ab-initio simulation

package (VASP) code [25]. The interaction between electrons and ions is introduced by

using Projector-Augmented Wave (PAW) method [26]. In these calculations, the structural

relaxation is accomplished by deploying generalized gradient approximation (GGA) scheme

for adopting the exchange–correlation potential with the Perdew, Burke, and Ernzerhof

(PBE) functional [27]. A cut-off energy of 350 𝑒𝑉 is fixed for plane-wave basis set for all

the calculations. The Monkhorst–Pack method [28] are redacted to generate the 5 × 5 × 5

𝑘-point meshes for achieving the required convergence within 10−6 𝑒𝑉 per atom. When the

forces reached smaller than the value of 0.01 𝑒𝑉/ for each atom, the relaxation is assumed to

be completed. The band structure and density of states (DOS) estimations are obtained by

considering the geometry which results in most stable configuration and we obtain desirable

convergence using the linear tetrahedron method with Bloch corrections [29]. Fig. 3.5(a)

shows the simulated bandstructure for𝑊𝑆𝑒2 which distinctly depicts a bandgap of 1.4 𝑒𝑉

at the high-symmetry 𝐾-point in the Brilliouin zone. Also, it is worth mentioning that the

energy difference between the conduction band (yellow solid curve) and the valence band

(blue solid curve) at other high symmetry points (Γ and 𝑀) are greater than that at the
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Figure 3.5: Simulated bandstructure of (a) pure 𝑊𝑆𝑒2 crystal (b) 𝑊𝑆𝑒2 crystal in presence of a
defect induced by 𝑆𝑒 deficiency.

𝐾-point which is expected for a hexagonal lattice. At this point, we introduce a 𝑆𝑒 defect

(absence) from a supercell comprising of 16 𝑊 atoms. This results in a bandstructure

shown in Fig. 3.5(b) where the defect band is separated from the valence band by about

0.7 𝑒𝑉 at the 𝐾-point. Also, it is apparent that the mid-gap defect band is degenerate at

the Γ-point (≈ 1.4 𝑒𝑉) and varies between 0.7 𝑒𝑉 to 0.8 𝑒𝑉 between 𝑀-point and 𝐾-point

in the Brilliouin zone. It is worth recalling that the bandgap estimation of 𝑊𝑆𝑒2 films

using the UV-visible absorption spectrum in Fig. 3.4(b) which shows the existence of a

defect band and it varies between 0.8 − 1.0 𝑒𝑉 for film thicknesses ≥ 150 𝑛𝑚. In order to
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Figure 3.6: DOS of (a) pure 𝑊𝑆𝑒2 crystal (b) 𝑊𝑆𝑒2 crystal in presence of a defect induced by 𝑆𝑒
deficiency.

observe a manifestation of this, we calculated the total density of states (DOS) as shown

in Fig 3.6. Fig.3.6(a) shows the actual DOS of a pure 𝑊𝑆𝑒2 crystal where the valence

band is comprised of W-p,W-d and Se-p orbital. The conduction band, on the other hand,

essentially involves W-d and Se-p orbital. Fig.3.6(b) represents the DOS in presence of

defects (𝑆𝑒-deficiency) in the 𝑊𝑆𝑒2 matrix. It could be observed from Fig.3.6(b) that the

new localized DOS appear in the 0− 2 𝑒𝑉 region (bandgap in pure𝑊𝑆𝑒2) which primarily

involves transitions from 𝑑-orbital of Tungsten (𝑊) atom. The energy spectrum for such

states originating from the 𝑑-orbital for 𝑊 are situated within the intrinsic bandgap of
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𝑊𝑆𝑒2 and the impact is more in thin-films of greater thickness. It is worth noting that the

measured absorption spectrum correlates reasonably well with the theoretical simulations

which allows us to conclude that the creation of defect band is primarily associated with

𝑆𝑒-deficiency. Within the computational limitation of exactly positioning and identifying

the defect sites, the numerically simulated bandstructure provides a plausible explanation

for the absorption characteristics and existence of dual bandgap in 𝑊𝑆𝑒2 thin films. The

presence of the defect states have a direct and significant impact on the NLO properties of

as-prepared𝑊𝑆𝑒2 thin-films which is discussed later.

3.4 Nonlinear optical properties in visible spectral band

The impact of film thickness on the structural and optical properties has been studied in

section.3.3. It has been observed that with the increase in thickness, surface morphology

has changed, the strain and dislocation density is increased, and a change in Raman shift is

observed. From the bandgap estimation, it is also inferred that the thicker films show dual

bandgap, which is further confirmed through DFT simulations. In order to observe the

impact of the thickness on the NLO properties, we have performed 𝑍-scan measurements.

Impact of film thickness on the nonlinear optical properties

Our work essentially focus on investigating spectral dependence of 𝜒(3) NLO properties of

tungsten-selenide (𝑊𝑆𝑒2) thin-films which have been grown using RF sputtering technique.

The NLO investigations, which were carried out using single-beam Z-scan technique.

We measured the Z-scan OA transmission of 𝑊𝑆𝑒2 thin films at an excitation wavelength

of 515 𝑛𝑚 and a peak on-axis intensity of 𝐼0 ≈ 3.20 × 1011 W/cm2 at the focal point.

The OA normalized transmittance is shown in Figs 3.7(a)-3.7(f) respectively. It could be

observed from the figures that the OA normalized transmittance exhibited a maxima at
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Figure 3.7: Open aperture (OA) Z-scan normalized transmittance for𝑊𝑆𝑒2 thin films of thicknesses
34 𝑛𝑚 (a), 81 𝑛𝑚 (b), 130 𝑛𝑚 (c), 150 𝑛𝑚 (d), 242 𝑛𝑚 (e) and 326 𝑛𝑚 (f). Red dots
represent the experimentally measured values and black solid curve represent the
theoretical fitting (solid lines).

the focal point of the lens (𝑧 = 0) where the laser intensity is maximum. This is distinct

signature of saturable absorption (SA) behaviour. As expected, it could be noted that the

linear absorption monotonically increases from 4.25 𝑐𝑚−1 to 19.07 𝑐𝑚−1 as a function

of increasing 𝑊𝑆𝑒2 film thickness. Also, 𝛽 exhibits an approximately 25-fold increase

when film thickness increases from 34 𝑛𝑚 to 326 𝑛𝑚. Except a small irregular behaviour

for 130 𝑛𝑚 thin-film, the FOM also exhibits an increasing trend with the film thickness.

Consequent upon this observation, it could be safely inferred that the 𝑊𝑆𝑒2 thin-films
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Table 3.1: Estimated values of nonlinear absorption, nonlinear refraction coefficients, real and
imaginary part of 𝜒 (3) of the𝑊𝑆𝑒2 sample at 515 nm excitation wavelength.

Sample 𝑇0 𝛼 × 104 𝛽 × 10−7 𝑛2 × 10−12 𝜒
(3)
𝐼𝑚

× 10−10 𝜒
(3)
𝑅

× 10−13 FOM×10−14

(nm) (%) (𝑐𝑚−1) (𝑐𝑚/𝑊) (𝑐𝑚2/𝑊) (esu) (esu) (esu cm)
34 65.40 12.24 −4.23 3.16 −1.96 2.27 0.16
81 57.76 6.87 −6.49 4.51 −2.73 4.85 0.40
130 43.65 6.53 −8.87 8.28 −5.41 5.76 0.83
150 36.70 6.12 −9.77 11.76 −7.49 11.42 1.22
242 28.27 5.22 −11.59 13.89 −14.20 14.43 2.72
326 14.84 5.85 −23.39 28.94 −27.36 33.07 4.68

exhibit a SA behaviour at an excitation wavelength of 515 𝑛𝑚 which tends to increase with

film thickness. Although not shown here, the OA Z-scan measurements show a similar

SA behaviour for all excitation wavelengths in the visible band of the electromagnetic

spectrum.

In order to get a deeper insight into the SA characteristics exhibited by 𝑊𝑆𝑒2 thin-films,

we note that the primary bandgap (𝐸𝑔) for most of the𝑊𝑆𝑒2 films are in 1.2−1.4 𝑒𝑉 range

(see Fig.3.4(b)). Therefore, one-photon absorption is expected to be the most dominant

absorption process for 515 𝑛𝑚 wavelength excitation [30]. In case of𝑊𝑆𝑒2 thin-films, the

OA Z-scan transmission peak at focus (𝑧 = 0) is higher for thicker films and therefore, it

could be inferred that the Pauli-blocking effect [31, 32] is more dominant in thicker films.

Further, the bandstructure in Fig. 3.5(a) depicts that the Pauli-blocking effect is expected

to weaken when the one-photon (or linear) absorption is small. At this point, it would be

interesting to observe that the dependence of nonlinear absorption coefficient (𝛽) on𝑊𝑆𝑒2

film thickness at 515 𝑛𝑚 excitation wavelength. This is shown in Fig. 3.8 which depicts an

enhanced saturable absorption characteristics as a function of thin-film thickness. We note

that 𝛽 exhibits an inverse dependence with bandgap (𝐸𝑔) of the films under investigation.

Also, a thicker𝑊𝑆𝑒2 film (closer to bulk crystal) is expected to have a higher carrier density
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owing to denser stacking of 𝑊𝑆𝑒2 monolayers. This essentially leads to high occupation

of states around the band-edges at high laser intensity (high photon flux), thereby creating

a situation for dominant impact of Pauli-blocking. This also manifests into an weaker

absorption at high photon-flux (high intensity) which leads to a higher transmission peak

at 𝑧 = 0 in Fig. 3.7 for thicker 𝑊𝑆𝑒2 films. Alternately, this results in stronger SA

features in thicker 𝑊𝑆𝑒2 films as depicted in Fig. 3.8. It could also be observed that the

enhancement in SA behaviour increases significantly for 𝑊𝑆𝑒2 film thickness ≥ 150 𝑛𝑚.

A natural consequence of dense stacking of 𝑊𝑆𝑒2 monolayers manifests in the form of

defects whose impact was discussed in the context of dual-bandgap in Fig.3.4(b). At

515 𝑛𝑚 excitation wavelength, the defect states provide a more favorable situation for

charge carrier accumulation near the band edges, thereby fostering the possibility of an

stronger impact of Pauli-blocking effect and improved SA characteristics which is depicted

in Fig.3.8. Therefore, it could be concluded that the presence of defects in𝑊𝑆𝑒2 thin-films

provides a platform for enhancing the SA efficiency through a dominant Pauli-blocking

effect.

The present investigation also includes the measurements on nonlinear refractive index

(𝑛2) using CA Z-scan transmittance. The measured CA normalized transmittance for all the

𝑊𝑆𝑒2 thin films at 515 𝑛𝑚 excitation wavelength is shown in Figs.3.9(a)-(f) (red dots). The

CA transmittance exhibits a pre-focal minima which is followed by a post-focal maxima

which is a distinct signature of positive 𝑛2 values for all the𝑊𝑆𝑒2 thin-films [10]. However,

the asymmetry in the peak-to-valley transmittance is essentially brought about by strong

saturable absorption exhibited by all the thin-films at 515 𝑛𝑚 excitation wavelength. The

values of n2 and 𝜒(3)
𝑅

are estimated by fitting (solid black curve in Fig.3.10) the experimental

measurements using Eq. (2.5) and (2.6), represented in Table-3.2. In case of thinnest film

(34 𝑛𝑚) thickness, 𝑛2 was estimated to be 2.81 × 10−16 cm2/W whereas the thickest film
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Figure 3.8: Variation of nonlinear absorption (saturable absorption) coefficient 𝛽 (at 515 nm exci-
tation wavelength) as a function of thickness.

(326 𝑛𝑚 thickness) had 𝑛2 = 59.92 × 10−16 𝑐𝑚2/𝑊 which is approximately a 21-fold

increase.

It is important from the application point of view to know the factors that can affect the

optical nonlinearity and hence, their impact on device performance could be ascertained.

There are a few laser parameters through which the NLO response could be modified or

controlled. We will discuss about the two laser parameters i.e. pulse repetition rate and

laser intensity [33, 34]. The impact of repetition rate is discussed in this section while,

laser intensity will be discussed in the next section.

Impact of the repetition rate on the nonlinear optical properties

From the application viewpoint, it is important to study the impact of thermal effects on

NLO response. At high repetition rate, thermal diffusion effects come into play [35], which

can substantially alter the nonlinear optical behaviour of the medium. Therefore, we study

the impact of high repetition rate on the third order NLO properties in 𝑊𝑆𝑒2 thin films at

515 nm excitation wavelength. In order to perform this study, we carried out the Z-scan
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Figure 3.9: Closed aperture (CA) Z-scan normalized transmittance for 𝑊𝑆𝑒2 thin films of thick-
nesses 34 𝑛𝑚 (a), 81 𝑛𝑚 (b), 130 𝑛𝑚 (c), 150 𝑛𝑚 (d), 242 𝑛𝑚 (e) and 326 𝑛𝑚 (f). Red
dots represent the experimentally measured values and black solid curve represent the
theoretical fitting (solid lines).

measurements at 1 kHz and 100 kHz repetition rate and estimated the parameters. The

calculated nonlinear optical parameters for 𝑊𝑆𝑒2 thin-film are tabulated in Table.3.1. As

we have discussed earlier that the thermal effects can alter the nonlinear optical response of

the material. The thermal diffusion effects comes into play when time-difference between

the incidence of two adjacent pulses is shorter than the thermal lifetime (𝑡𝑐 = 𝑤2
0/4𝐷)

for the medium where 𝑤0 is beam-spot size and 𝐷 is thermal diffusion coefficient for the

thin-film. In case of𝑊𝑆𝑒2 thin-films, 𝐷 ∼ 1×10−3 𝑐𝑚2/𝑠𝑒𝑐 which results in 𝑡𝑐 ≈ 1.4𝑚𝑠.

This implies that the NLO measurements using ultrashort pulsed lasers with 𝑅 ≫ 1𝑘𝐻𝑧 are
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Table 3.2: Nonlinear absorption and nonlinear refraction coefficients of the𝑊𝑆𝑒2 thin film sample
at 515 nm excitation wavelength.

Repetitin rate 𝐼0(𝑊/𝑐𝑚2) 𝛽(𝑐𝑚/𝑊) 𝑛2(𝑐𝑚2/𝑊)
1 kHz 6.4 × 1012 −1.74 × 10−8 −1.15 × 10−13

100 kHz 3.16 × 1010 −1.15 × 10−6 −3.53 × 10−11

inevitably accompanied by thermal effect induced manifestations. In other words, the𝑊𝑆𝑒2

film does not return to the equilibrium state (or temperature) within the time-period between

the incidence of two pulses at 100 kHz repetition rate. This results in the onset of diffusion

induced accumulated thermal effect (ATE). The contribution of ATE is apparent from the

values of 𝑛2 and 𝛽 in Table-1 which shows about two-orders of magnitude enhancement

for 100 𝑘𝐻𝑧 repetition rate. This investigation suggests that the electronic contribution to

NLO properties maximizes at low pulse repetition rates, preferably at time-scales lesser

than the thermal lifetime. The NLO coefficents tends to increase at high repetition rate

owing to the thermal diffusion effect. The investigation provides a basis for the choice of

𝑊𝑆𝑒2 thin-films in 𝑄-switching, mode-locking and optical switching applications.

In the visible domain Pauli-blocking induced strong saturable absorption characteristics

in𝑊𝑆𝑒2 films allow a deep signal modulation which facilitate desirable shaping of optical

pulses. In fact, the depth of modulation for pulse generation as well as shaping is directly

proportional to |𝛽 | [36] and consequently,𝑊𝑆𝑒2 thin-films exhibiting strong Pauli-blocking

induced SA behaviour would serve the purpose very efficiently. It has been demonstrated

that stable high-energy nanosecond pulses could be generated by employing a few layer

𝑊𝑆𝑒2 sheets (acting as saturable absorber) through passive Q-switching in 𝑃𝑟3+-doped

ZBLAN fiber laser emitting at 635 𝑛𝑚 wavelength [37]. In a similar investigation, B. Chen

𝑒𝑡 𝑎𝑙. have employed an arbitrarily thick𝑊𝑆𝑒2 film as a saturable absorber for generating Q-

switched nanosecond pulses in erbium doped fiber laser [38]. This idea has been extended
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for generating ultrashort pulses through passive mode-locking technique as well [39]. In

a recent investigation, a few layer alternating 𝑀𝑜𝑆𝑒2 and 𝑊𝑆𝑒2 nano-sheets have shown

generation of stable ultrashort pulses of a few picoseconds in the NIR band [40]. In fact,

the broadband SA characteristics exhibited by 𝑊𝑆𝑒2 films give rise to the possibility of

developing highly-efficient wavelength-tunable pulse-shaping components in the visible as

well as NIR spectrum [14, 41]. In order to compress pulses to very low time-scales (say

≤ 100 𝑓 𝑠), it is essential to proportionally scale-up the nonlinear absorption (𝛽) of𝑊𝑆𝑒2

sheets. This flexibility, in general, is limited in all the aforementioned illustrations which is

primarily due to the presence of a few monolayers of 𝑊𝑆𝑒2. The RF-sputtered thin-films,

which are experimentally simpler to fabricate, provide a plausible route to tailor 𝛽. As

shown here, thicker films exhibit larger |𝛽 | and consequently, they could be employed in

situations requiring greater depth of modulation.

3.5 Nonlinear optical properties in near-infrared (NIR)
spectrum

Passive optical power limiters have been widely employed in optical communications and

military applications such as to provide frequency-agile protection by limiting the influx

of hazardous radiation. The potential advantage is derived from the possibility of inherent

and automated control due to the fact that the optical limiting properties originate from the

intrinsic properties of the material. From an application viewpoint, the third-order optical

nonlinearity which includes the nonlinear absorption (NLA) is becoming a crucial property

to explore. In addition, the materials exhibiting high optical nonlinearity induced absorp-

tion has found applications in a wider spectrum including optical switch designing, optical

routing in monolithically-integrated optical circuitry and optical channel blocking as well
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as limiting. From a material perspective, two-dimensional (2D) sub-wavelength materials

form an emergent and promising platform for photonic and opto-electronic applications.

Such a feature is essentially brought about by strong intra-layer covalent bond and weak

inter-layer vander Waals forces which also permits TMDs to be fabricated into compact,

efficient and flexible optical devices. In addition, the impact of high optical fluence on the

TMD films is extremely crucial from the application point of view. At high optical inten-

sities, TMD thin films are expected to exhibit free-charge carrier induced modifications in

electron transport properties which could affect the device performance during operation.

Therefore, the possible modifications in the NLO behaviour of TMD films at high optical

intensities in the desirable spectral band require further investigation.

In this work, we present a detailed investigation of nonlinear optical properties of 𝑊𝑆𝑒2

thin film using single-beam 𝑍-scan technique [42]. Bikorimana et al. investigated that

the 𝑊𝑆𝑒2 multilayers exhibit two photon absorption (TPA) effect at 1064 𝑛𝑚 excitation

wavelength [43]. At an excitation wavelength of 1040 𝑛𝑚, Dong et al. also observed a TPA

behaviour in 𝑊𝑆𝑒2 few monolayer films [44]. However, the NLO behaviour of TMD thin

films for excitation wavelengths in the communication band (1520 − 1570 𝑛𝑚) is an ex-

tremely important feature from the perspective of designing Q-switching and mode-locking

architectures for devising monolithically-integrated near-infrared laser diode modules. We

present a comprehensive investigation on the NLO absorption in RF-sputtered𝑊𝑆𝑒2 thin-

films at 1510 − 1530 𝑛𝑚 (near-infrared) spectral using an ultrashort pulse centered at

1520 𝑛𝑚 wavelength with an emphasis on the impact of 𝑆𝑒-deficiency induced defect states

(or bands).
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Table 3.3: Estimated electronic bandgap for𝑊𝑆𝑒2 thin-films using Tauc plot.

Sample (nm) 𝐸𝑔1(𝑒𝑉) 𝐸𝑔2(𝑒𝑉)
130 1.21 −
157 1.21 0.84
242 1.21 1.08
326 1.21 0.89

Impact of film thickness on the nonlinear optical properties

It is well-known that crystalline 𝑊𝑆𝑒2 exhibits indirect electronic bandgap and therefore,

the𝑊𝑆𝑒2 thin films were estimated from the Tauc plot obtained using UV-visible absorption

spectrum as shown in Fig.3.4(b). For the convenience, the estimated values are tabulated

in Table-3.3. It could be observed that the 𝑊𝑆𝑒2-films thicker than 130 𝑛𝑚 exhibit two

distinct electronic bandgaps which are separated from each other by a defect band. 𝐸𝑔 𝑓 is

the intrinsic bandgap for𝑊𝑆𝑒2 film and 𝐸𝑔𝑖 is the bandgap originating due to the presence

of disorders/defects in the𝑊𝑆𝑒2 thin-films which is discussed below.

In the NIR spectral region around the communication band (photon energy ≤ 0.9 𝑒𝑉),

the NLO absorption is expected to exhibit a two-photon absorption (TPA) character. In

order to explore this aspect, we measured the OA single-beam 𝑍-scan transmission for

obtaining the TPA coefficient (𝛽). The 𝑍-scan experiment used Fourier-transform limited

(FTL) ultrashort pulses of temporal width of ≈ 140 𝑓 𝑠 at 1520 𝑛𝑚 central wavelength.

The near-infrared pulses were generated using single-pass optical parametric generation in

an periodically-poled 𝐿𝑖𝑁𝑏𝑂3 crystal of optimum length [45]. The near-infrared (NIR)

pulses were incident on the 𝑊𝑆𝑒2 thin-films at a repetition rate of 514 𝑘𝐻𝑧. The NIR

ultrashort pulses were focused onto the thin-films using a lens of focal length 150 𝑚𝑚

which resulted in a beam waist (𝑤0) of ≈ 60 𝜇𝑚 and the Rayleigh length was ≈ 7.7 𝑚𝑚.

All the measurements were carried out at a fixed on-axis peak laser intensity (𝐼0) of
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Figure 3.10: A representative measured open-aperture 𝑍-scan normalized transmission for 𝑊𝑆𝑒2
thin-films of thickness (a) 130 𝑛𝑚 (b) 157 𝑛𝑚 (c) 242 𝑛𝑚 (d) 326 𝑛𝑚 for on-axis peak
laser intensity of 𝐼0 = 1.82 𝐺𝑊/𝑐𝑚2 (dotted-red curve). The black-solid lines are
theoretical fits using Eq. (1).

1.82𝐺𝑊/𝑐𝑚2. Figure 3.10(a)-(d) show the measured OA normalized transmission (dotted

curve) for the 𝑊𝑆𝑒2 thin-films having thickness 130 𝑛𝑚, 157 𝑛𝑚, 242 𝑛𝑚 and 326 𝑛𝑚,

respectively. The transmittance curves are characterised by a transmission minima at

the focal plane i.e. 𝑧 = 0, which is a signature of reverse saturable absorption (RSA).

From the electronic bandstructure simulations and linear absorption spectrum, it would be

unambiguous to infer that a two-photon absorption (TPA) has a dominant contribution to

the RSA characteristics at the 1520 𝑛𝑚 (≈ 0.8 𝑒𝑉) excitation wavelength. This is consistent

with fact that an allowed TPA transition in semiconducting thin-film is the one for which the

excitation energy of incident laser beam should be less than the energy bandgap (𝐸𝑔) and

greater than 𝐸𝑔/2 for the films [30]. The TPA process would cease to exist for excitation

photon energy less than 𝐸𝑔/2. Therefore, a TPA process could be observed in 𝑊𝑆𝑒2

films when the excitation wavelength is 1520 𝑛𝑚. It is also worth noting that the depth
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Table 3.4: Estimated values of TPA coefficient, imaginary part of 𝜒 (3) and figure of merit (𝐹𝑂𝑀)

for all the𝑊𝑆𝑒2 thin films.

Film thickness 𝑇0 𝛼 × 104 𝐼0 × 109 𝛽 × 10−5 𝜒
(3)
𝐼𝑚

× 10−8 FOM×10−9

(nm) (%) (𝑐𝑚−1) (𝑊/𝑐𝑚2) (𝑐𝑚/𝑊) (𝑒𝑠𝑢) (esu cm)
130 72.32 2.49 0.31 14.55 26.63 10.7

0.85 4.37 7.99 3.21
1.82 1.64 3.06 1.23
2.78 1.03 1.87 0.75

157 65.34 2.96 0.31 75.27 199.22 67.3
0.85 25.18 67.83 22.92
1.82 8.36 24.39 8.24
2.78 5.98 15.92 5.38

242 65.91 1.72 0.31 3.61 11.41 6.63
0.85 0.68 0.89 0.52
1.82 0.29 0.38 0.22
2.78 0.17 0.21 0.12

326 68.93 1.58 0.31 8.36 8.55 5.41
0.85 3.26 3.34 2.11
1.82 1.53 1.56 0.98
2.78 0.92 0.93 0.59

of normalized transmittance at 𝑧 = 0 in Fig.3.14(a)-(d) is a measure of 𝛽 i.e. a greater 𝛽

would essentially result in a smaller value of normalized transmittance at 𝑧 = 0 for a fixed

𝐼0. It is apparent from Fig. 3.10(a)-(d) that the 𝑊𝑆𝑒2 film of thickness 157 𝑛𝑚 exhibits

strongest TPA behaviour amongst all the films.

In order to quantitatively estimate 𝛽, the measured OA normalized transmittance were

fitted using the Eq (2.3), then 𝜒(3)
𝐼𝑚

is calculated using Eq. (2.4). The calculated values of 𝛽

and other related quantities are tabulated in Table 3.4. In order to gain a deeper insight of

the variation in 𝛽, we carried out the OA 𝑍-scan measurements at different laser intensities.

The estimated values of 𝛽 as a function of𝑊𝑆𝑒2 film thickness at different laser intensities

is shown in Fig. 3.11. All the measurements were made using identical ultrashort pulses

centered at 1520 𝑛𝑚 wavelength and 514 𝑘𝐻𝑧 repetition rate. In table-3.4, the values of
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Figure 3.11: Variation in TPA coefficient 𝛽 as a function of𝑊𝑆𝑒2 thin-film thickness for different
on-axis peak laser intensities.

𝛼, 𝛽 and 𝐹𝑂𝑀 (for a range of 𝐼0) for all the𝑊𝑆𝑒2 films has been tabulated. The variation

in 𝛼 for all the 𝑊𝑆𝑒2 films conforms to the variation in density of defect states at the

excitation wavelength of 1520 𝑛𝑚 (or 0.81 𝑒𝑉). It could be ascertained that 𝛽 (as well as

𝐹𝑂𝑀) exhibits an irregular variation with increasing film thickness. From Table-3.4, it is

apparent that the TPA coefficient (as well as 𝐹𝑂𝑀) maximizes for the 157 𝑛𝑚 thick𝑊𝑆𝑒2

film and 𝛽 tends to reduce at higher laser intensities for all the films. It is important to note

that the TPA coefficient (𝛽) exhibits a dependence on the bandstructure through a relation

described by [46],

𝛽 ∝ (𝑁𝜈𝐷4)
𝑛2Γ


∑︁
𝑖≠ 𝑓 ,𝑔

(𝜇2
𝑔𝑖
𝜇2
𝑖 𝑓
)

(𝐸𝑔𝑖 − ℎ𝜈)2

 (3.1)
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Figure 3.12: A schematic representation of energy levels for TPA-allowed transitions.

where 𝜈 is the laser frequency, 𝐸𝑔𝑖 is the energy gap between the ground state (|𝑔⟩) and an

intermediate state (|𝑖⟩) (see Fig. 3.12), 2Γ is the full-width at half maximum of the TPA

spectrum, 𝐷 quantifies the enhancement of local optical field density. The factor 𝜇𝑔𝑖 in Eq.

(3.1) represents the amplitude of oscillating dipole moment induced by the laser electric

field resonant with the energy difference between the ground (|𝑔⟩) and intermediate (|𝑖⟩)

states. The impact of Eq. (3.1) could be explained through a schematic of energy levels

shown in Fig. 3.16 where the incident photon energy ℎ𝜈 is out of resonance for |𝑔⟩ → |𝑖⟩

transition or |𝑖⟩ → | 𝑓 ⟩ transition. In that case, the transition is achieved through a virtual

state (|𝑣𝑖⟩) which is a superposition state for |𝑔⟩ with |𝑖⟩ or | 𝑓 ⟩. The induced polarization

in |𝑣𝑖⟩ is energy-detuned from the polarization in state |𝑖⟩ by a quantity Φ (= 𝐸𝑔𝑖 – ℎ𝜈).

A smaller value of Φ, therefore, would essentially enhance 𝛽 provided the amplitude of

dipole oscillations (𝜇) remain unchanged. From the electronic bandgap estimations (see

Table-3.3), the films of thickness 157 𝑛𝑚, 242 𝑛𝑚 and 326 𝑛𝑚 have an intermediate state |𝑖⟩

significantly below | 𝑓 ⟩ but not resonant to the photon energy (ℎ𝜈). Quantitatively, 𝐸𝑔 − 𝐸𝑖

is ≈ 0.84 𝑒𝑉 , ≈ 1.08 𝑒𝑉 and ≈ 0.89 𝑒𝑉 for 157 𝑛𝑚, 242 𝑛𝑚 and 326 𝑛𝑚 𝑊𝑆𝑒2 thin films

respectively and accordingly, Φ takes respective values of 0.02 𝑒𝑉 , 0.26 𝑒𝑉 and 0.07 𝑒𝑉

for ℎ𝜈 = 0.82 𝑒𝑉 (one photon energy). This is elucidated in Fig. 3.13 which shows that the
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Figure 3.13: A schematic representation of the energy level distribution in different 𝑊𝑆𝑒2 thin
films. |𝑔⟩: ground-state, |𝑖⟩:intermediate-state, | 𝑓 ⟩: final-state; dashed straight line
represents a virtual state (|𝑣𝑖⟩).

242 𝑛𝑚 thick𝑊𝑆𝑒2 film has an intermediate (defect) state that is maximally detuned with

respect to one photon energy (0.82 𝑒𝑉). On the other hand, the defect state for 157 𝑛𝑚

thin-film is least detuned from the one photon energy. In all the three situations, Eq. (3.1)

depicts that TPA has a dominant contribution to 𝛽 and the value of 𝛽 is extremely sensitive

to the value of Φ. As a result of this, we obtain the largest value of 𝛽 for 157 𝑛𝑚 thick

𝑊𝑆𝑒2 film at all optical intensities (see table-3.4). This is followed by the values of 𝛽

for 326 𝑛𝑚 thick 𝑊𝑆𝑒2 films which exhibit Φ ≈ 0.07 𝑒𝑉 . In general, the 242 𝑛𝑚 thick

𝑊𝑆𝑒2 film exhibits smallest 𝛽 owing to largest Φ ≈ 0.26 𝑒𝑉 . Although Eq. (3.1) depicts

that 𝛽 ∝ 1
(𝐸𝑔𝑖−ℎ𝜈)2

, 𝛽 for 130 𝑛𝑚 thick 𝑊𝑆𝑒2 film is higher as compared to the 242 𝑛𝑚

and 326 𝑛𝑚 thin films. This is in spite of the fact that a defect band or state could not

be observed for 130 𝑛𝑚 thin film. Nevertheless, it could be inferred that a thinner 𝑊𝑆𝑒2

film (except the 130 𝑛𝑚 film) exhibits a higher density of defect states as compared to the

thicker films (of 242 𝑛𝑚 or 326 𝑛𝑚 thickness). This manifests as a strong contributor to

the estimated value of 𝛽 for all the films.

Impact of laser intensity on the nonlinear properties

From a design as well as application viewpoint, it is essential to ascertain whether 𝑊𝑆𝑒2

films (due to the presence of defect states or bands) undergoes any alteration in 𝛽 (or 𝐹𝑂𝑀)



64
CHAPTER 3. NONLINEAR OPTICAL RESPONSE OF AS-PREPARED𝑊𝑆𝑒2 THIN

FILMS

when the optical intensity change during the operation. This anticipation is primarily driven

by the fact that an optical absorption (linear or nonlinear) process in a semiconductor

usually results in generation of ‘free’ charge-carriers. The excess ‘free’ charge carriers

could modify the absorption by possible transition to higher bands thereby changing the

hyperpolarizability. This process is also known as ‘free’ carrier absorption (FCA) [47].

In order to investigate the role of FCA on laser intensity, we plotted the variation in the

estimated values of 𝛽 for all the 𝑊𝑆𝑒2 thin films as a function of on-axis peak intensity

at the focal point (𝐼0) in Fig. 3.14. All the 𝑊𝑆𝑒2 thin films exhibit a similar trend with

maximum value of 𝛽 at the smallest 𝐼0 and a monotonic decrease as a function of intensity.

Such a variation in 𝛽 as a function of laser intensity (𝐼0) depicts discernible contribution of

‘free-charge carriers’ on the nonlinear optical absorption process [48]. At small 𝐼0, the FCA

process is efficient and contributes positively to the TPA process which results in a large 𝛽.

At greater 𝐼0, the higher (excited) band population is significantly large which drives the

system into saturation, thereby weakening the impact of FCA. Consequently, this results

in a smaller 𝛽 [34, 42]. In a recent investigation, Kalanoor et al. have reported intensity-

dependent nonlinear absorption process in perovskite thin-films at ultrashort time-scales

that undergo a transition to saturation behaviour from a strong absorption at higher laser

intensities which is primarily associated with FCA [47]. A similar investigation by Nagaraja

et al. have also showed a drop in nonlinear absorption at high laser intensity in ZnO thin

films which has been attributed to TPA induced free-charge carrier effect [49]. FCA,

in general, takes place at low-to-moderate laser intensity levels and consequently, their

contribution is usually overshadowed by TPA associated effects at high laser intensities

in semiconducting materials [50]. 𝑊𝑆𝑒2, by virtue of being a TMD (a low bandgap

semiconductor), provides a conducive platform for observing an enhancement in 𝛽 owing

to a significant impact of FCA.
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Figure 3.14: Variation of TPA coefficient 𝛽 as a function of on-axis peak laser intensity (𝐼0).

It is worth noting that the NLO properties of 𝑊𝑆𝑒2 thin films, in addition to pulse-

shaping applications in the optical communication band, could be of immense significance

in applications such as photodynamic therapy, sensor designing and optical data storage

schemes [46]. Due to the fact that the monolithic integration technology as well as

semiconductor laser technology in the communication wavelength band is highly matured,

the deployment of𝑊𝑆𝑒2 thin-film based configurations for the aforementioned applications

holds tremendous potential. It is apparent that the nonlinear absorption properties of𝑊𝑆𝑒2

thin films exhibit strong spectral sensitivity. In the near-infrared (NIR) spectral band,𝑊𝑆𝑒2

films could play a crucial role in optical power limiting applications as a consequence of

prominent intensity dependent absorption characteristics. For example, an optimally thick

𝑊𝑆𝑒2 film could be employed as an intensity (or amplitude) modulator in the NIR spectral

band and therefore, they are highly promising candidates for developing monolithically-

integrated miniaturized high-speed (∼ 𝐺𝐻𝑧 level) modulators for optical communication.
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3.6 Summary

In summary, we investigated the nonlinear optical properties of 𝑊𝑆𝑒2 thin films using

single-beam Z-scan technique at 515 𝑛𝑚 excitation wavelength. The 𝑊𝑆𝑒2 thin films

exhibits a SA behaviour and a self-focusing characteristics at 515 𝑛𝑚 excitation wavelength.

The magnitude of nonlinear absorption tends to increase for thicker𝑊𝑆𝑒2 films. The DFT

based theoretical modeling provides a plausible route to obtain deeper physical insight into

the underlying mechanism for change in the sign of the nonlinear absorption coefficient (𝛽).

In addition, the spectral sensitivity of 𝛽 could be correlated with the electronic bandgap

and therefore, it could be tailored by choosing an appropriate film thickness. The 𝑊𝑆𝑒2

thin-films of optimum thickness could, therefore, find applications in realizing devices

which require a varying degree of optical modulation during operation. Meanwhile, the

nonlinear optical coefficients tend to increase at high repetition rate owing to thermal

diffusion effect. However, the RF-sputtered 𝑊𝑆𝑒2 thin films exhibited a TPA behaviour

at 1520 𝑛𝑚 excitation wavelength which varies with film thickness. It was also observed

that the incident laser intensity plays a crucial role in determining the TPA coefficient

for the thin films and gets modified owing to discernible contribution of ‘free’ carrier

absorption. The variation in the nonlinear optical absorption characteristics for the 𝑊𝑆𝑒2

films point towards the possibility of bandgap engineering led improvement in functionality

of semiconducting thin-film based photonic limiters, sensors and data-storage devices.
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Chapter 4

Nonlinear optical response of𝑊𝑆𝑒2 thin
films upon annealing

In this chapter, we have given a systematic study of structural, optical, and NLO properties
of 𝑊𝑆𝑒2 thin film grown by RF sputtering system. We employed a Z-scan technique to
study the NLO properties such as nonlinear absorption and nonlinear refractive index and
to investigate the sources of change in these parameters. Our results also show that thermal
annealing at variable temperatures healing the defects which affect the NLO properties of
the films. The chapter has been arranged in the following way: the sample preparation
and characterization are discussed in section 4.2. This is followed by the measurements of
the structural and optical response of the samples which includes the FESEM, EDS, XRD,
RAMAN, and linear absorption measurements, given in section 4.3. The nonlinear optical
response of the as-prepared and annealed𝑊𝑆𝑒2 thin films in the NIR spectrum is discussed
in section 4.4.

71



72
CHAPTER 4. NONLINEAR OPTICAL RESPONSE OF𝑊𝑆𝑒2 THIN FILMS UPON

ANNEALING

4.1 Introduction

The NLO properties in TMDs could be altered by making changes in the intrinsic bandgap.

In this context, TMDs with controllable thickness exhibit desired nonlinear absorption

characteristics. Furthermore, the structural and optical properties of thin films are strongly

influenced by the post-deposition processes, particularly annealing, since these properties

are dependent on the microstructures and interfaces of the films. By the process of

thermal annealing, the bandgap could be tailored and consequently, one could control the

hyperpolarizability. Thus, it is important to observe the impact of annealing on the NLO

properties [1–18].

4.2 Sample preparation and characterization

The𝑊𝑆𝑒2 thin films were prepared using RF magnetron sputtering system which contained

99.9% pure 𝑊𝑆𝑒2 and films were sputtered at room temperature on a glass substrate of

1 𝑐𝑚 × 1 𝑐𝑚 dimension. Prior to the deposition, the vacuum chamber was evacuated by

a turbo molecular pump to a pressure of 3.1× 10−6 𝑚𝑏𝑎𝑟. Throughout the deposition

process, the argon gas pressure was maintained at 15 𝑠𝑐𝑐𝑚 and the power was fixed at 60

W. The deposition was performed at pressure of 1 × 10−2 mbar. Post deposition, all the

samples were annealed at different temperatures and duration in the presence of argon gas

at a rate of 100 𝑠𝑐𝑐𝑚. All the 𝑊𝑆𝑒2 thin-films were ≈ 30 𝑛𝑚 thick. We categorized the

thin-film properties based on the annealing temperature and duration of annealing. One

set (containing three different films) of 𝑊𝑆𝑒2 films were annealed for 15 minutes at three

different temperatures as 200◦𝐶, 400◦𝐶 and 600◦𝐶. In a separate set which contained

four different𝑊𝑆𝑒2 thin films, we annealed them at 600◦𝐶 for 15 minutes, 30 minutes, 45

minutes and 60 minutes respectively. The surface morphology and the elemental mapping
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of as-prepared and annealed films were carried out using a field-emission scanning electron

microscopy (FESEM, ZEISS Sigma, Germany) and energy dispersive X-Ray spectroscopy

(EDS) respectively. The crystal structure and the phase identification was carried out

through X-ray diffraction spectrum which is obtained using a X-ray diffractometer (Rigaku

Smartlab) (𝜆 = 1.5406 Å). The vibrational character for all the films were carried out using

a Raman spectrometer (Jobin Yvon LabRam HR Evolution, Horiba) which uses a excitation

laser emitting at 532 𝑛𝑚 wavelength. The linear absorption spectrum of the 𝑊𝑆𝑒2 films

were measured using a absorption spectrophotometer (Cary 5000 UV-Vis-NIR, Agilent,

India).

4.3 Impact of thermal annealing on the structural and
optical properties of𝑊𝑆𝑒2 thin films

The surface morphology of thermally annealed𝑊𝑆𝑒2 thin films was explored using FESEM

which is shown in Fig.4.1(a)-(f). Figures 4.1(a-c) shows the top-view FESEM images

correspond to the films which are annealed at 200◦C, 400◦C, and 600◦C for a fixed duration

of 15 minutes. It is apparent that the thermal dewetting of𝑊𝑆𝑒2 films takes place when the

annealing temperature increase which is essentially due to an enhancement in surface energy

at higher temperature. It is also worth noting that there is an incommensurate enhancement

of surface energy of the film in comparison with the increase in the surface energy of the

substrate which manifests in agglomeration [19]. This is discernible through the clusters

formed in the image shown in Fig.4.1(c). The 𝑊𝑆𝑒2 thin-film which was annealed at

600◦C for 15 minutes, was further annealed for longer duration. This was performed for

ascertaining the changes in structural, optical (linear) as well as nonlinear optical properties

in the𝑊𝑆𝑒2 films. At a fixed annealing temperature of 600◦C, Figs.4.1(c)-(f) represents the
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Figure 4.1: Field Emission Scanning Electron Microscopy. (a-f) shows top view images of annealed
𝑊𝑆𝑒2 samples at, 1(a)-(c) 200◦C, 400◦C, and 600◦C at fixed duration for 15 min, while,
1(d)-(f) for 30 min, 45 min and 60 min at fixed temperature 600◦C respectively.

FESEM images of films annealed for 15 minutes, 30 minutes, 45 minutes and 60 minutes

respectively. The increase in the phenomenon of agglomeration is apparent in these images

and the𝑊𝑆𝑒2 film develops distorted hexagonal islands as a consequence of this (see Fig.

4.1(f)). In order to confirm the presence of 𝑊𝑆𝑒2 in the hexagonal formation, the EDX

mapping of the film which is annealed at 600◦C for 60 minutes is shown in Fig. 4.2(a)-(c).

The distribution of 𝑊 and 𝑆𝑒 within the hexagonal unit (Fig. 4.2(a)) could be observed

in Fig.4.2(b) and (c) respectively. The study of crystal structure, crystallite sizes, strain,
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Figure 4.2: EDX pattern of𝑊𝑆𝑒2 sample annealed at 600◦C for 60 min.

dislocation density and quantitative phase analysis is carried out using X-ray diffraction

(XRD) spectrum of the as-prepared and annealed𝑊𝑆𝑒2 thin films. The XRD peaks for the

as-prepared and annealed films are presented in Fig.4.3(a). The measured XRD peaks of

𝑊𝑆𝑒2 films match reasonably well with JCPDS data card number 87-2418. One peak was

consistently obtained at an angle 27.5◦ which is a consequence of (004) plane in𝑊𝑆𝑒2. The

crystallite sizes were estimated through the Debye-Scherrer relation which are tabulated

in Table-4.1. It is observed that the crystallite size increases with increase in annealing

duration. The crystallite size for as-prepared 𝑊𝑆𝑒2 film is ≈ 40 𝑛𝑚 and increases from

45 𝑛𝑚 to 51 𝑛𝑚 for annealed films. The crystallite size increase could be attributed to the

thermal expansion. The strain induced in the as-prepared thin-films and their dislocation

density could be estimated from this information which could be found in our previous

work [20]. Using an identical recipe, we present the variation of strain and dislocation

density as a function of annealing duration in Fig. 4.3(b). The strain tends to reduce for

longer annealing duration. In order to appreciate this point, we note that the presence of

defects manifests in the form of small crystallites and more number of grain boundaries.

As discussed above, thermal annealing for longer duration increases the crystallite size,

thereby reducing the number of grain boundaries and defects. The drop in the value of



76
CHAPTER 4. NONLINEAR OPTICAL RESPONSE OF𝑊𝑆𝑒2 THIN FILMS UPON

ANNEALING

Figure 4.3: XRD pattern of as-prepared and annealed𝑊𝑆𝑒2 samples for fixed temperature at 600◦C
with variable duration.

strain is a natural consequence of this effect. From a similar argument, the dislocation

density also exhibits a drop for longer annealing duration which could also be attributed to

the relaxation of stress.

Raman spectroscopy was employed to determine the vibrational modes of the as-prepared

and annealed 𝑊𝑆𝑒2 thin films. The excitation wavelength is chosen to be 532 nm. Figure

4.4(a) shows the Raman spectrum for all the films. It could be observed that the as-prepared

thin-film contain three characteristic vibrational normal modes. 𝐸1
2𝑔 mode pertains to in-
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Table 4.1: Crystallite sizes and calculated bandgap from Tauc plot of as-prepared and annealed

𝑊𝑆𝑒2 samples.

Annealing duration Crystallite size (nm) Bandgap (eV)
As prepared 40.14 1.32

15 min 45.12 1.30
30 min 46.77 1.28
45 min 48.13 1.27
60 min 51.38 1.24

plane vibration of𝑊 and 𝑆𝑒 atoms, 𝐴1𝑔 is associated with out-of-plane vibration of 𝑆𝑒 atoms

while the 𝐵1
2𝑔 mode is out-of-plane vibration of 𝑊 and 𝑆𝑒 atoms [20–25]. Interestingly,

all the annealed thin-films exhibit only two vibrational normal modes e.g. 𝐸1
2𝑔 and 𝐵1

2𝑔 as

shown in Fig. 4.4(a). In other words, the normal mode 𝐴1𝑔 get suppressed as a result of film

annealing. In general, a strong presence of 𝐴1𝑔 mode is a signature of strain in the films.

Therefore, its absence signifies a reduction in strain which is brought about by the process

of annealing. In addition, the variation of 𝐸1
2𝑔 and 𝐵1

2𝑔 modes with annealing duration is

shown in Fig. 4.4(b). It is worth noting that the 𝐸1
2𝑔 mode is shifting slightly towards

right, while, 𝐵1
2𝑔 mode is shifting slightly towards left with increase in the duration. The

reason behind change in Stokes shift is usually attributed to polarizability change which

could possibly result in hyperpolarizability that would have a direct impact on the nonlinear

optical properties of the𝑊𝑆𝑒2 films.

The recorded linear absorption spectrum of the as-prepared and annealed𝑊𝑆𝑒2 films are

shown in Fig. 4.5. It could be observed that all the films exhibit a similar variation with a

monotonic drop in absorbance at longer wavelengths. In addition, the electronic bandgap of

films were apparently indirect and was estimated from the Tauc plot [20, 26, 27]. The inset

in Fig. 4.5 demonstrates the estimation of electronic bandgap for the as-prepared 𝑊𝑆𝑒2

film. The calculated bandgap values for as-prepared and annealed samples are tabulated

in Table-1. It could be noted from the table that the bandgap of as-prepared sample is



78
CHAPTER 4. NONLINEAR OPTICAL RESPONSE OF𝑊𝑆𝑒2 THIN FILMS UPON

ANNEALING

Figure 4.4: Raman spectrum of as-prepared and annealed 𝑊𝑆𝑒2 samples with variable duration
keeping the temperature fixed at 600◦C.

maximum. In other words, the bandgap tends to decrease as a function of annealing

duration. From a structural viewpoint,𝑊𝑆𝑒2 being a semiconductor, the bandgap tends to

decrease for a bigger crystallite. When the 𝑊𝑆𝑒2 films are annealed for longer duration,

the crystallite size, in general, increases as a consequence of strain relaxation taking place

due to excess thermal energy in the 𝑊𝑆𝑒2 matrix. The reduction in electronic bandgap

is usually accompanied by a stronger nonlinear optical response which is essentially a

manifestation of stronger hyperpolarizability in the medium.
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Figure 4.5: Uv- vis spectrum of as-prepared and annealed 𝑊𝑆𝑒2 samples for fixed temperature at
600◦C with variable duration. The inset shows the calculated bandgap from Tauc plot
for as-prepared𝑊𝑆𝑒2 sample.

4.4 Nonlinear optical properties of annealed𝑊𝑆𝑒2 films

The aforementioned spectroscopic measurements provides strong motivation for carrying

out the measurements on nonlinear optical properties of the 𝑊𝑆𝑒2 thin-films. The pulsed

laser beam is focused to a spot-size of ≈ 40 𝜇𝑚 using a lens of focal length 150 𝑚𝑚. This

results in a Rayleigh length of 4.8 𝑚𝑚 which is significantly greater than the 𝑊𝑆𝑒2 film

thickness. In order to observe the impact of annealing duration on the nonlinear optical

properties, we employed the single-beam 𝑍-scan technique described in Section.2.6.1.

The nonlinear absorption coefficient (𝛽) and nonlinear refractive index (𝑛2) were measured

simultaneously using the OA and CA configuration respectively [28–32]. Since,𝑊𝑆𝑒2 films

were deposited on glass substrates, we carried out the OA and CA 𝑍-scan measurements on

bare glass substrates for identical laser intensities. The values of 𝛽 and 𝑛2 for the substrate

would eventually be subtracted from the estimated values corresponding to coefficients
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Figure 4.6: Open aperture 𝑍-scan measurements of annealed 𝑊𝑆𝑒2 samples. (a-e) shows the
experimental and theoretical fitting (solid lines) results of as-prepared and annealed
𝑊𝑆𝑒2 samples for fixed temperature at 600◦C with variable duration.

for the films. In a general description, the third-order nonlinear susceptibility 𝜒(3) is a

complex quantity (2.6), for which, 𝜒(3)
𝑅

and 𝜒(3)
𝐼𝑚

are the real and imaginary components of

the complex third-order nonlinear optical susceptibility (𝜒(3)) which are directly related to

n2 and 𝛽 respectively [30, 31] The measured OA Z-scan normalized transmittance is plotted

as a function of propagation distance (𝑧) in Fig. 4.6(a)-(e) (red dotted curve) for the as-

prepared and annealed𝑊𝑆𝑒2 films of different annealing duration. In all the measurements

shown in Fig. 4.6, the on-axis peak intensity at the focal point (𝐼0) is fixed at 5.06 × 1011

W/cm2.

It is worth noting that the laser intensity is small when film is positioned far away from the

focal plane. Consequently, the normalized OA transmittance close to unity. When the film

translates towards the focal plane, the intensity increases which exemplifies the nonlinear

optical response. As a consequence, the normalized OA transmission would exhibit a

discernible decrease (valley) or increase (peak) in the transmission near the focal plane.
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Table 4.2: Nonlinear absorption and nonlinear refraction coefficients of the as-prepared and an-
nealed𝑊𝑆𝑒2 samples at 1030 nm excitation wavelength.

Annealing 𝛼 × 104 𝛽 × 10−8 𝑛2 × 10−12 𝜒
(3)
𝐼𝑚

× 10−11 𝜒
(3)
𝑅

× 10−14 𝐹𝑂𝑀 × 10−16

duration (𝑐𝑚−1) (𝑐𝑚/𝑊) (𝑐𝑚2/𝑊) (esu) (esu) (esu cm)
As prepared 10.03 1.55 1.17 1.44 8.40 1.44

15 min 8.21 3.77 1.62 3.49 11.64 4.25
30 min 6.60 5.06 3.89 4.69 27.89 7.11
45 min 5.29 5.72 5.18 5.30 37.18 10.03
60 min 3.39 8.42 5.59 7.80 40.22 23.02

The peak at the focal plane is a signature of saturable absorption (SA) behaviour and results

in a negative value of 𝛽. On the other hand, the valley is the signature of reverse saturable

absorption (RSA) behaviour corresponding to the positive value of 𝛽 [10, 33–37]. The OA

normalized transmittance shown in Fig.4.6(a)-(e) exhibit RSA signature for the𝑊𝑆𝑒2 thin

films. It is apparent that the drop in normalized transmittance (see Fig.4.6(a)-(e)) tends to

increase for films which have been annealed for longer duration. In order to get a deeper

insight, we note that the condition for observing a two-photon absorption (TPA) process or

a RSA process in a semiconductor is that the excitation photon energy should be less than

the bandgap (𝐸𝑔) and greater than 𝐸𝑔

2 . The TPA process ceases to exist when the excitation

energy is less than 𝐸𝑔

2 [38–40]. For a laser pulse centered at 1030 𝑛𝑚 wavelength, the

𝑊𝑆𝑒2 films should exhibit a TPA signature which is observed in Fig. 4.6 in accordance

with the bandgap estimated in Table-4.1. The estimated values of 𝛽 for as-prepared and

annealed𝑊𝑆𝑒2 films are tabulated in Table-4.2 which depicts a monotonic increase in the

value of 𝛽. In this work, 𝛽 was found to be 1.55 × 10−8 cm/W for the as-prepared 𝑊𝑆𝑒2

film and 8.42 × 108 cm/W for the film which has been annealed for longest duration (60

minutes). It is apparent that the estimated value of 𝛽 increases by ≈ 5 times when the film

is annealed for an hour duration. The development of modern optical technology requires

the ability to control and manipulate the intensity of light. In this context, the optical
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Figure 4.7: Optical limiting response of the𝑊𝑆𝑒2 samples.

power limiters provide a viable route to dynamically control the absorption of light. It is

interesting to note that the absorption dynamics is controlled by the light itself. Optical

materials with large optical nonlinearity spread over broad spectral range and exhibit high

thermal and mechanical stability, are ideal candidates to serve as a good optical limiter.

From the OA Z-scan measurements, it is apparent that 𝑊𝑆𝑒2 films could be employed

as an efficient optical power limiter in the near-infrared (NIR) spectral band. In order to

explore this aspect, we measured the transmittance of 𝑊𝑆𝑒2 thin films as a function of

pump laser power (average) when they are placed at the focal plane of the laser beam. The

transmitted power, in this case, was recorded without an aperture. It is worth pointing out

that the pump laser characteristics were identical to used for OA Z-scan experiment. Fig.

4.7 shows the measured throughput power as a function of incident laser power where it

is apparent that the films which have been annealed for a longer duration absorbs more

and therefore, acts as more efficient limiter. In other words, the process of annealing

improves the optical limiting characteristics of the 𝑊𝑆𝑒2 films. A considerable drop is
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Figure 4.8: (a-e) shows closed aperture Z-scan normalized transmittance results of as-prepared and
annealed𝑊𝑆𝑒2 samples for fixed temperature at 600◦C with variable duration.

observed in the transmitted power which reveals that the increase in crystallite dimensions

and annealing duration has a significant effect on optical power limiting. The optical power

limiting studies reveal that with large particle size, better nonlinear absorption occurs and

hence, it is considered as a good optical limiter. Thus, the annealed samples are important

from the application viewpoint.

In order to determine the sign and magnitude of the nonlinear refractive index, closed

aperture (CA) Z-scan measurements were carried out. The measured CA normalized

transmittance for as-prepared and annealed 𝑊𝑆𝑒2 thin films using 370 𝑓 𝑠 pulses center at

1030 𝑛𝑚 wavelength is shown in Figs. 4.8(a)-(e) (red dots). The presence of an aperture

before the detection of light beam makes this process highly sensitive and therefore, the

measurement of 𝑛2 through this technique, could be impacted by higher-order optical

nonlinearities, thermo-optic effects, sample inhomogeneity etc. In general, the CA Z-scan

measurement is impacted by the nonlinear absorption and consequently, the estimation of
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Figure 4.9: Variation of 𝛽 and 𝑛2 as a function of annealing duration.

nonlinear refractive index is derived after removing the contribution of nonlinear absorption

obtained through OA Z-scan measurement. The CA normalized transmittance for all𝑊𝑆𝑒2

thin films exhibit a pre-focal minima followed by a post-focal maxima which is a distinct

signature of positive 𝑛2 [10]. The measured normalized CA transmittance was fitted using

the relation given by [20]. The solid black curves in Figs. 4.8(a)-(e) are the theoretical

fitting to the experimental measurements corresponding to as-prepared and annealed𝑊𝑆𝑒2

films. The estimated values of 𝑛2 are also tabulated in Table-4.2 for an on-axis peak laser

intensity at the focus 𝐼0 ≈ 5×1011𝑊/𝑐𝑚2. The 𝑛2 was found to be 1.17×10−12 𝑐𝑚2/𝑊 for

as-prepared thin-films and ≈ 5.6×1012 𝑐𝑚2/𝑊 for the𝑊𝑆𝑒2 film annealed for 60 minutes.

It is apparent from Table-4.2 that 𝑛2 follows a similar trend as that observed in case of 𝛽. In

this case, 𝑛2 for annealed film increases up to ≈ 4.8 times than that for the as-prepared film.

These results provide a basis to argue that the process of annealing has a discernible impact

on the NLO response of the 𝑊𝑆𝑒2 films. It is, therefore, interesting to explore the impact

of ‘duration’ of annealing the films on NLO properties, namely 𝛽 and 𝑛2. The variation of

𝛽 and 𝑛2 for the𝑊𝑆𝑒2 film as a function of the annealing duration is presented in Fig. 4.9
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at a fixed annealing temperature of 600◦𝐶. The variation distinctly depicts a monotonic

increase in the values of 𝛽 as well as 𝑛2 when the𝑊𝑆𝑒2 film is annealed for a longer duration.

This is primarily manifestation of the fact that the grain size (for the𝑊𝑆𝑒2 film) increases

when the processing of annealing is carried out for longer duration. Therefore, an overall

increase in crystallite size in the𝑊𝑆𝑒2 film results in a stronger third-order NLO response.

In order to confirm this assertion, we determined the grain size of the as-prepared thin-film

and the 𝑊𝑆𝑒2 films annealed for different duration using the X-ray diffraction spectrum.

The estimation of grain size reveals that it increases from ≈ 40.2 𝑛𝑚 (for as-prepared film)

to ≈ 51.4 𝑛𝑚 (for film annealed for 60 min at 600◦𝐶). It is worthwhile to note that the

defects associated with the thin films are in the form of small crystallite sizes and more

number of grain boundaries. These grain boundaries are responsible for producing strain

in the films which has an adverse impact on macroscopic (average) hyperpolarizability.

From the grain size estimation for the as-prepared and annealed 𝑊𝑆𝑒2 films, it could be

confirmed that the thermal annealing of films for a longer duration increases the crystallite

size and reduce the grain boundaries. This relaxes the strain in the film via healing of

defects at the grain boundaries which a favourable impact on NLO response from the films.

In order to elucidate a comparative insight, we have tabulated previously reported values of

𝛽 and 𝑛2 in Table-III for𝑊𝑆𝑒2 films of varying thicknesses. An overwhelming fraction of

the existing literature depicts that𝑊𝑆𝑒2 thin films exhibit a TPA behaviour at NIR excitation

wavelengths of 1040 𝑛𝑚 and 1064 𝑛𝑚. The estimated values of 𝑛2 and 𝛽 are reasonably

consistent with the previously reported values for𝑊𝑆𝑒2 films mentioned in Table-4.3. It is

worthwhile to note that the present measurements were carried out at 1030 𝑛𝑚 excitation

wavelength and at an appreciably high on-axis peak laser intensity (> 30 𝐺𝑊/𝑐𝑚2) which

gives rise to the possibility of very high free-carrier density induced effects. This manifests

through smaller values of 𝑛2 and 𝛽 by an order one or two of magnitude which could be
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Table 4.3: A comparison depicting the values of 𝛽 and 𝑛2 for𝑊𝑆𝑒2 samples using various excitation

sources with regard to previous reports and the present study. d:film thickness, Δ𝜏:pulse
width

d/annealing duration 𝛽(𝑐𝑚/𝑊) 𝑛2(𝑐𝑚2/𝑊) Wavelength and Δ𝜏 References
10 nm 7.29 × 10−6 −1.6 × 10−10 1064 𝑛𝑚, 25 𝑝𝑠 [4]
22 𝜇𝑚 1.9 × 10−9 −2.47 × 10−9 1064 𝑛𝑚, 25 𝑝𝑠 [5]

25.1 nm 2.14 × 10−6 −1.71 × 10−11 1040 𝑛𝑚, 340 𝑓 𝑠 [6]
As prepared 1.55 × 10−8 1.17 × 10−12 1030 𝑛𝑚, 370 𝑓 𝑠 This work

15 min 3.77 × 10−8 1.62 × 10−12 1030 𝑛𝑚, 370 𝑓 𝑠 This work
30 min 5.06 × 10−8 3.89 × 10−12 1030 𝑛𝑚, 370 𝑓 𝑠 This work
45 min 5.72 × 10−8 5.18 × 10−12 1030 𝑛𝑚, 370 𝑓 𝑠 This work
60 min 8.42 × 10−8 5.59 × 10−12 1030 𝑛𝑚, 370 𝑓 𝑠 This work

observed in Table-4.3.

4.5 Summary

In summary, we have investigated the nonlinear optical properties of as-prepared and

annealed 𝑊𝑆𝑒2 thin-films using 𝑍-scan technique. The measurements were carried out

using a ultrashort pulsed fiber laser delivering 370 𝑓 𝑠 pulses centered at 1030 𝑛𝑚 excitation

wavelength at a pulse repetition rate of 1 𝑘𝐻𝑧. All the 𝑊𝑆𝑒2 thin films exhibit a TPA

behaviour with positive 𝛽 value and a self-focusing characteristics with positive 𝑛2. The

annealed thin films exhibit improved optical limiting characteristics (higher 𝛽) owing to

enhancement in crystallite sizes and reduction in defect sites. The impact of ‘duration’

of annealing as well as annealing ‘temperature’ has been discussed with an emphasis on

comprehending the underlying mechanism through which these factors are affecting the

NLO response.
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Chapter 5

Nonlinear optical response in Au
nanoparticles induced𝑊𝑆𝑒2 thin films

In this chapter, we present a study to explore the impact of Au NPs on the nonlinear optical

(NLO) characteristics of the 𝑊𝑆𝑒2 thin films and related hybrid architectures. The 𝑊𝑆𝑒2

thin film was prepared using a 𝑅𝐹 magnetron sputtering system. The characterization

of the 𝑅𝐹-sputtered 𝑊𝑆𝑒2 thin-film is carried out using field-emission scanning electron

microscope (FESEM), Raman spectroscopy and UV-VIS-NIR spectroscopy. The NLO

response has been measured using single-beam Z-scan technique with an ultrashort pulsed

pump laser centered at 1030 nm wavelength. The contents of the chapter has been presented

in the following way: section 5.1 contains the introduction to the localized surface plasmon

resonance and thin-film preparation and characterization are discussed in section 5.2. This

is followed by the investigation on the nonlinear optical response of the samples in NIR

range in section 5.3.
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5.1 Introduction

Over the past two decades, plasmon resonances of metal nanoparticles have been a topic

of extensive research. Localized surface plasmon resonance (LSPR) is a widely investi-

gated sub-wavelength scale optical phenomenon that occurs when incident light interacts

with plasmon-active metal nanoparticles (NPs) whose physical dimensions are less than

the wavelength of the incident light [1–4]. When the frequency of the incident light is

able to resonantly interact with the oscillation frequency of the conduction electrons of

metal NPs, the interaction results in the collective oscillation of the surface electrons as

shown in Fig.6.1. Such nanoparticle oscillations resemble could have dipolar as well as

quadrupolar contribution which is essentially determined by their size and shape [5–10].

Such resonant light-matter interaction is characterized by sharp absorption lines and high

scattering peaks. [1]

The metals such as gold (Au), silver (Ag), copper (Cu), nickel (Ni), and aluminum (Al) are

frequently used plasmon-active metals. The optical properties of these metals essentially

depend on the complex frequency-dependent dielectric constant that has a predominantly

negative real part of dielectric constant in the visible and near-infrared spectral band and

consequently, a complex refractive index. The nonlinear optical properties of noble metals

and noble metal nanoparticle have been extensively studied [11–29]. From a different

perspective, due to the superior physical and chemical properties such as high electrical

conductivity, low noise, and large surface volume, two dimensional (2D) materials have

been widely used in the development and research of biosensors. 2D material configu-

rations have been used to enhance the sensitivity of SPR sensors as a single metal layer

or in bimetallic architectures. However, devise stability and robustness have been critical

issues. In particular, 2D transition metal dichalcogenides (TMDCs), such as 𝑊𝑆2, 𝑀𝑜𝑆2,
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Figure 5.1: Schematic of localized surface plasmon resonance (LSPR), in which light incident on
the metal nanoparticles and strongly couples to the free conduction electrons, causing
them to oscillate.

𝑊𝑆𝑒2, and 𝑀𝑜𝑆𝑒2, have emerged as promising candidates in biocatalysts, biosensors, and

biomedical applications [30]. The important effect of LSP is that the electric fields is

strongly localized near the surface of the particle and the field drops-off rapidly from the

distance. The evanescent tail could be substantially altered by bringing a TMD layer in

close proximity or in contact with the metal nanoparticle. The possibility of strong field

localization gives rise to a strong NLO response from metal NP-TMD heterostructures

which is discussed in detail below.

5.2 Sample preparation and characterization

The sample preparation is explained using schematic diagram in Fig.5.2. The Au film is

deposited onto a 1 𝑐𝑚 × 1 𝑐𝑚 glass substrate using electron beam evaporation system.

The Au NPs are formed after annealing the Au film at 550◦ 𝐶 for 30 minutes. We have

prepared a set of two samples. In the heterostructure sample 1 (𝑆1), the Au NPs formed on

top of the substrate (glass). A 𝑊𝑆𝑒2 thin film of certain thickness was deposited using a
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Figure 5.2: Schematic diagram of the samples 𝑆1 and 𝑆2. 𝑆1 : Au NPs covered with 𝑊𝑆𝑒2, 𝑆2 :
Au NPs decorated𝑊𝑆𝑒2.

RF magnetron sputtering system with a𝑊𝑆𝑒2 (99.9% pure) target in an argon environment

at room temperature. For the sample2 (𝑆2), Au NPs are deposited on top of a 𝑊𝑆𝑒2 thin

film. The morphological features of the samples are investigated through field-emission

scanning electron microscope (FESEM). The Raman spectrum were measured using a

Raman spectrometer (Jobin Yvon LabRam HREvolution, Horiba) with an excitation at

532 𝑛𝑚 wavelength. The linear absorption spectrum of the 𝑊𝑆𝑒2 thin films were carried

out using a UV-VIS-NIR spectrometer (Agilent carry 5000 UV-Vis-NIR).

5.3 Structural and optical properties

The surface morphology of Au NPs in𝑊𝑆𝑒2 films was explored using FESEM images which

are shown in Figs. 5.3(a) and (b). These are top-view FESEM image for heterostructure

samples 𝑆1 and 𝑆2 respectively. The spherical sub-wavelength particle formation could be

observed from the images. The average particle size was obtained from these images. The

calculated average particle size is 67.6 nm and 34.9 nm respectively. Raman spectroscopy

was employed to determine the vibrational modes of all the samples. The excitation source
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Figure 5.3: Field Emission Scanning Electron Microscopy. (a-b) shows top surface images of the
samples 𝑆1 and 𝑆2 respectively. Insets show the corresponding size distribution. The
average particle size is (a) 67.6 nm. (b) 34.9 nm.

is a laser emitting wavelength of 532 nm. Fig. 5.4 shows the Raman spectrum for all

the films. It could be observed that both the heterostructure samples (𝑆1 and 𝑆2) contain

three characteristic vibrational normal modes. 𝐸1
2𝑔 mode pertains to in-plane vibration of

𝑊 and 𝑆𝑒 atoms, 𝐴1𝑔 is associated with out-of-plane vibration of 𝑆𝑒 atoms while the 𝐵1
2𝑔

mode is out-of-plane vibration of 𝑊 and 𝑆𝑒 atoms [31–36]. It is interesting to note that

the presence of Au NPs leads to significant jump in intensity of the peaks. In a previous

report, Mukherjee et al. [37] have presented a series of experimental results which was

corroborated with theoretical analysis for identifying the underlying reasons for intensity

enhancement of Raman Stokes peaks. The results elucidated that the increase in intensity

is due to the field enhancement in the 𝑊𝑆𝑒2 layer due to the formation of LSP modes in

presence of Au nanoparticles. In general, the strength of the Stokes peak is a signature

of polarizability enhancement in the sample [37–40]. Therefore, in this case, it could be

possible that the hyperpolarizability is significant that would could manifest through NLO

investigations of 𝑆1 and 𝑆2.
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Figure 5.4: Raman spectra of the samples.

The linear absorption features were explored by performing UV-VIS-NIR spectroscopy

and the results are shown in Fig 5.5. It is found that, in pristine𝑊𝑆𝑒2 films, the absorption

spectrum exhibits an uniform variation as a function of wavelength which was presented

previously in this thesis (Chapter-3). However, in presence of AuNPs, the absorption spec-

tra gets modified significantly. There are prominent red-shifted peaks due to LSP mode

excitation at the LSPR wavelength. In case of 𝑆1, the LSP mode-excitation peak was more

intense than that in case of 𝑆2. Also, the LSPR peak in case of 𝑆1 is more red-shifted as

compared to that of 𝑆2. Mehzar et al. has reported that the red-shift in LSPR peak wave-

length is primarily due to increase in the particle size. Subsequently, we carried detailed

measurements to ascertain the nonlinear optical properties of the heterostructure samples

and compared with the pristine𝑊𝑆𝑒2 films.
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Figure 5.5: UV-vis spectra of the samples.

5.4 Nonlinear optical properties

The nonlinear optical absorption measurements of𝑊𝑆𝑒2 thin-film was carried out through

a single-beam 𝑍-scan technique which used a Fourier-transform limited (FTL) ultrashort

pulses of temporal width of ≈ 370 𝑓 𝑠 at 1030 𝑛𝑚 excitation wavelength. The pulse

repetition rate was chosen to be 1 𝑘𝐻𝑧. The measured OA Z-scan transmittance for pristine

𝑊𝑆𝑒2 thin film and the samples 𝑆1 and 𝑆2 are shown in Fig. 5.6(a), (b) and (c) (red-dots)

respectively. All the OA Z-scan measurements were carried out at maximum on-axis peak

intensity of 2.18×1011 𝑊/𝑐𝑚2. The solid black curves are the theoretical fits for obtaining

the value of 𝛽 which is tabulated in Table-5.1. It is apparent that the 𝑊𝑆𝑒2 thin film

exhibits a RSA behaviour whereas the heterostructure samples show saturable absorption

(SA) characteristics.

In order to estimate 𝛽, the linear absorption coefficient (𝛼) for the as-prepared thin-film,

𝑆1 and 𝑆2 is given by 15.6 × 104 𝑐𝑚−1, 7.0 × 104 𝑐𝑚−1 and 17.1 × 104 𝑐𝑚−1 respec-
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Figure 5.6: Open aperture (OA) and closed aperture (CA) 𝑍-scan normalized transmittance for the
samples, (a) and (d) 𝑊𝑆𝑒2 thin film, (b) and (e) 𝑆1, (c) and (f) 𝑆2 respectively. Red
dots represent the experimentally measured values and black solid curve represent the
theoretical fitting (solid lines).

tively. In case of as-prepared thin-film, 𝛽 ≈ 8.1 × 10−7 𝑐𝑚/𝑊 whereas 𝛽 takes the values

−24.7 × 107 𝑐𝑚/𝑊 and −15.9 × 107 𝑐𝑚/𝑊 for samples 𝑆1 and 𝑆2 respectively.

These observations OA Z-scan signatures for 𝑆1 and 𝑆2 at 1030 𝑛𝑚 wavelength (pho-

ton energy ≈ 1.2 𝑒𝑉) are unusual and non-intuitive. This is essentially due to the fact

that (i) the SPR wavelength for Au-𝑊𝑆𝑒2 interface is usually in the visible spectral band

(400−700 𝑛𝑚) (ii) 𝐴𝑢 nano-particles exhibit SA signature only in the visible spectral band

owing to interband transitions (𝑑-valence band to 𝑠 − 𝑝 conduction band) [41, 42] (iii)

𝑊𝑆𝑒2 films (monolayer or multilayer) exhibit TPA signature in the near-infrared spectral

band (≥ 1 𝜇𝑚 wavelength) owing to an intrinsic bandgap of ∼ 1.4 𝑒𝑉 . All these points

essentially direct towards inferring a TPA signature for 𝐴𝑢 nanoparticles in 𝑊𝑆𝑒2 back-

ground at NIR (≥ 1 𝜇𝑚) wavelength. In order to gain a deeper insight, we note that LSPR

mode excitation at 1030 𝑛𝑚 wavelength leads to field localization at 𝐴𝑢 −𝑊𝑆𝑒2 interface.

At sufficiently high laser intensity (close to focus 𝑧 = 0 in OA Z-scan set-up), this strong
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Table 5.1: Nonlinear absorption and nonlinear refraction coefficients of the samples at 1030 nm
excitation wavelength.

Sample 𝛼 × 104 𝛽 × 10−7 𝑛2 × 10−12 𝜒
(3)
𝐼𝑚

× 10−10 𝜒
(3)
𝑅

× 10−12 𝐹𝑂𝑀 × 10−15

(𝑐𝑚−1) (𝑐𝑚/𝑊) (𝑐𝑚2/𝑊) (esu) (esu) (esu cm)
𝑊𝑆𝑒2 15.6 8.14 −21.33 7.54 −1.53 4.83
𝑆1 7.0 −24.73 −34.91 −22.9 −2.50 32.71
𝑆2 17.1 −15.92 −25.83 −14.74 −1.86 8.619

field localizations results in generation of ‘hot electrons’ (in 𝑠 − 𝑝 conduction band of 𝐴𝑢)

[41–43]. Further, these ‘hot electrons’ (high kinetic energy electrons) densely populate

the lower band-edge states of𝑊𝑆𝑒2 conduction band and the 𝑆𝑒-deficiency induced defect

states in𝑊𝑆𝑒2 (see Sec. 3.5). Therefore, the TPA transition probability in𝑊𝑆𝑒2 is greatly

reduced at 1030 𝑛𝑚 excitation wavelength which manifests through a discernible SA be-

haviour in the OA Z-scan measurement. This argument is also justified by the observation

that 𝑆2 exhibits a weaker SA behaviour (𝛽 is less negative) in comparison with 𝑆1. In case

of 𝑆2, the surface-to-surface contact between 𝑊𝑆𝑒2 and 𝐴𝑢-film is lesser as compared to

that in 𝑆1. Therefore, the injection of hot electrons in𝑊𝑆𝑒2 is less which manifests through

a weaker SA behaviour in OA Z-scan measurement.

The measured CA normalized transmittance for as-prepared 𝑊𝑆𝑒2 film, 𝑆1 and 𝑆2 using

370 𝑓 𝑠 pulses centered at 1030 𝑛𝑚 excitation wavelength is shown in Figs.5.6(d)-(f) (red

dots). All the measurements have been carried out at an on-axis peak intensity at the focus

𝐼0 ≈ 2.18× 1011 𝑊/𝑐𝑚2 and at a pulse repetition rate of 1 𝑘𝐻𝑧. The CA normalized trans-

mittance for all the samples under investigation exhibit a pre-focal maxima followed by a

post-focal minima which is a distinct signature of self-defocusing effect [44]. The estimated

values of 𝑛2 are tabulated in Table 5.1 where the magnitude of 𝑛2 exhibits a variation in

magnitude which is similar to that exhibited by 𝛽. 𝑆1 shows strongest defocusing effect ow-

ing to strong hyperpolarizability inherited through LSPR excitation at𝑊𝑆𝑒2−𝐴𝑢 interface.
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5.5 Summary

In summary, we have investigated the nonlinear optical properties of as-prepared thin-

films and heterostructures comprising Au-nanoparticles in 𝑊𝑆𝑒2 host film using Z-scan

technique which used a 370 𝑓 𝑠 pulses centered at 1030 𝑛𝑚 excitation wavelength. The

as-prepared𝑊𝑆𝑒2 film exhibits TPA characteristics and a self-defocusing signature. On the

other hand, 𝐴𝑢-nanoparticle based heterostructures show SA characteristics in conjunction

with self-defocusing behaviour. This investigation provides a method to employed 𝑊𝑆𝑒2

based thin-film architectures for mode-locking near-infrared and mid-infrared lasers.
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Chapter 6

Conclusions and Future plan

The thesis entitled “Third order nonlinear optical properties in𝑊𝑆𝑒2 thin films” is devoted

to investigate the third order optical nonlinearity of 𝑊𝑆𝑒2 thin films. It also presents a

detailed analysis of the impact by various factors including laser parameters (wavelength,

repetition rate, intensity) and material properties (thickness, defects, heterostructures) on

the third order NLO properties in RF-sputtered 𝑊𝑆𝑒2 thin films. In order to achieve this

goal, the thesis is planned as follows:

As-prepared𝑊𝑆𝑒2 thin films

In this study, we have carried out wavelength dependent study of NLO properties of𝑊𝑆𝑒2

films. The NLO coefficients were estimated using Z-scan experimental configuration

which used ultrashort pulses centered at different central wavelengths. We found that

𝑊𝑆𝑒2 thin films exhibit saturable absorption behaviour at visible spectral band (515 𝑛𝑚

excitation wavelength). This is essentially a consequence of strong Pauli-blocking effect and

105
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manifests as negative value of the nonlinear absorption coefficient (𝛽). At NIR ultrashort

pulses (centered at 1030 nm), 𝑊𝑆𝑒2 films exhibits a reverse saturable absorption (RSA)

signature which is mainly the contribution from two photon absorption (TPA) (a positive

𝛽). In addition, the closed-aperture (CA) Z-scan measurements display a variation where

a pre-focal maxima is followed by a post-focal minima which is the signature of the self-

defocusing effect and a negative value of nonlinear refractive index (𝑛2). Furthermore, from

an application viewpoint, we explored the impact of laser parameters i.e. repetition rate,

laser intensity, pulse width etc. on the NLO response of𝑊𝑆𝑒2 thin films. The high repetition

rate as well as high optical intensities could substantially modify the structural features of

the materials and may yield a significant variation in NLO properties. Accordingly, we

have carried out the measurements at different laser intensities and found that there is a

significant contribution of the thermal diffusion effects at high repetition rate. At high

laser intensities, the contribution of free-charge carriers to nonlinear absorption is very

strong. The investigation suggests that the electronic contribution to the NLO properties

maximizes at low pulse repetition rates, preferably at time-scales lesser than the thermal

lifetime.

In another work, we have observed the impact of thickness on the NLO properties of

𝑊𝑆𝑒2 thin films. It is well known that TMDs possess thickness dependent bandgap and

one can alter the bandgap by varying thickness. This provides a route to tailor the NLO

properties for suiting a certain application. In order to understand this point, we investigated

the dependence of optical nonlinear response on 𝑊𝑆𝑒2 film thickness. In this study, we

have prepared a set of six film with variable thickness using RF sputtering deposition

method. The strain and dislocation density calculated from XRD pattern increases with

increased thickness, which pointed towards the enhancement of the defects and the stress

induced during film formation process. The Raman spectrum for the 𝑊𝑆𝑒2 thin-films
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depict the three characteristic phonon modes. 𝐸1
2𝑔 mode, which is associated with the

in-plane vibration of𝑊 and 𝑆𝑒 atoms, 𝐴1𝑔 mode, which is related to out-of-plane vibration

of 𝑆𝑒 atoms and the 𝐵1
2𝑔 mode, which is a consequence of vibration of 𝑊 and 𝑆𝑒 atoms

owing to the interlayer interactions. From the bandgap estimation, it is inferred that the

thicker𝑊𝑆𝑒2 film show two bandgaps which is a consequence of the defects in𝑊𝑆𝑒2 thin

films. This was further confirmed using DFT simulations. In order to observe the impact

of the defect states/defect bands on the NLO properties of 𝑊𝑆𝑒2 films, we performed the

Z-scan measurements at both visible (515 nm) and NIR (1520 nm) regime. At the visible

spectrum, for the CA Z-scan measurements, all the samples consist of a pre-focal minima

followed by a post-focal maxima which is the signature of the self-focusing effect and

corresponds to a positive value of 𝑛2. For the OA Z-scan measurements, all the samples

exhibit SA behaviour which is attributed to the Pauli-blocking effect. In order to investigate

the impact of thickness, we plotted 𝛽 as a function of thickness and we observed that the

NLO response is stronger for thicker 𝑊𝑆𝑒2 films. The thicker film is expected to have a

higher carrier density owing to denser stacking of𝑊𝑆𝑒2 monolayers. This essentially leads

to high occupation probability for the states near the band-edges at high laser intensity,

thereby creating a situation where the Pauli-blocking effect is dominant. Moreover, the

defect states provide a more favorable situation for charge carrier accumulation near the

band edges, thereby fostering the possibility of a stronger impact of Pauli-blocking effect

and improved SA characteristics.

In the NIR spectral region, around the communication band, we carried out OA Z-scan

measurements on the four 𝑊𝑆𝑒2 thin film samples. As per the expectation, all the films

exhibit TPA characteristics. In order to investigate the impact of thickness, we plotted 𝛽

as a function of thickness and we observed that 𝛽 exhibits a non-uniform variation as a

function of thickness. This is due to the intermediate energy states. In addition, we also
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observed the impact of optical fluence on the nonlinearity. In order to do that, we perform

the NLO measurements for all the thin films, at different laser intensities. It is observed

that 𝛽 value is decreasing with increase in intensity, which is due to the free charge carrier

absorption. The consistency between the variation of direct measurement of 𝛽 (using OA

𝑍 − 𝑠𝑐𝑎𝑛 technique) and the electronic bandstructure provides a plausible route to design

NLO based absorbers and photonic switches through bandgap engineering of TMDs such

as𝑊𝑆𝑒2.

Annealed𝑊𝑆𝑒2 thin films

In this work, we observed the impact of annealing on the NLO response of𝑊𝑆𝑒2 thin films.

The NLO properties in TMDs could be altered by making the changes in the bandgap. In

this context, TMDs with controllable thickness exhibit desired nonlinear absorption char-

acteristics. Furthermore, the structural and optical properties of thin films are strongly

influenced by the post deposition processes, in particular thermal annealing. These proper-

ties are dependent on the microstructures and interfaces present in the films. By the process

of thermal annealing, the bandgap could be tailored, in this way, one can control the hyper-

polarizability. Thus, it is important to investigate the impact of thermal annealing on the

NLO properties of𝑊𝑆𝑒2 thin films. In this context, we deposited a set of four𝑊𝑆𝑒2 films

and annealed at fixed temperature of 600◦𝐶 with variable duration from 15 − 60 minutes.

From FESEM images, it is observed that thermal dewetting takes place in the films and the

agglomeration of the films proceed with increased duration. As a result of this, the film is

completely agglomerated in hexagonal arrangement, which is further confirmed by Energy

Dispersive X-ray spectroscopy (EDS). The strain and dislocation density estimated from

XRD pattern exhibits a decreasing trend as function of increased annealing duration (for a

given temperature). This indicates healing of the defects and relaxation of the stress intro-
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duced during film formation process. The lattice spacing between the planes obtained from

transmission electron microscopy (TEM) corroborates this observation. The as-prepared

𝑊𝑆𝑒2 film possess all three phonon modes while 𝐴1𝑔 mode vanishes after annealing the

films. The indirect bandgap estimated from Tauc plot using absorption spectrum tends to

reduce as a function of annealing duration. After characterizing the𝑊𝑆𝑒2 films, the NLO

response of the films were measured using ultrashort pulses centered at 1030 𝑛𝑚 excitation

wavelength. All the films (annealed as well as as-prepared) exhibited two-photon absorp-

tion (TPA) behaviour which is attributed to positive 𝛽 value. A valley-peak signature is

attributed to positive value for 𝑛2 as a consequence of self-focusing effect. The impact of

annealing on the optical limiting response was discernible in the measurements. All the

annealed films exhibit improved optical limiting features. Through this, we could assert

that the thermal annealing could strengthen the NLO response as well as the optical limiting

response of the𝑊𝑆𝑒2 film.

Au NPs induced𝑊𝑆𝑒2 thin films

In this interesting work, we investigated the impact of gold (Au) nanoparticles (NPs) on the

NLO response of 𝑊𝑆𝑒2 thin films. In order to achieve this, we deposited 𝐴𝑢 films which

was followed by thermal annealing. Due to this, Au NPs were formed. In one case, we

transferred the Au NPs on top of a annealed 𝑊𝑆𝑒2 thin film. In the second case, we de-

posited/sputtered𝑊𝑆𝑒2 thin film on the Au NPs. We deposited Au NPs on top and bottom

of𝑊𝑆𝑒2 thin films which resembled an architecture that represented a situation where Au

NPs are covered with 𝑊𝑆𝑒2 film. The Au nanoparticles are spherical in shape which is

confirmed from FESEM images. The Raman spectrum confirmed the presence of all three

phonon modes (discussed above) in both the heterostructure. From the literature, it is con-

firmed that the Au NPs enhance the electric field intensity inside𝑊𝑆𝑒2 films due to which
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phonon mode intensity increases. In addition to that, we carried UV-visible spectroscopy

to obtain the linear absorption spectrum. The spectrum contained signature of localized

surface plasmon resonance (LSPR). The impact of LSPR has also been observed in NLO

response of the films. The NLO measurements have been carried out using ultrashort

pulses centered at 1030 𝑛𝑚 excitation wavelength. It is worth noting that the pristine𝑊𝑆𝑒2

film exhibits a TPA signature at 1030 𝑛𝑚 wavelength while the heterostructure geometries

show a SA signature along with strong optical nonlinearity. The measurements reveal that

the presence of Au NPs in 𝑊𝑆𝑒2 host matrix significantly strengthens the NLO response

owing to LSPR excitation.

Future plan

The following opportunities for future work may result from the research done for this

thesis:

1. The strong signature of saturable absorption (SA) observed in Au NPs induced

𝑊𝑆𝑒2 films opens up the possibility of obtaining transmission enhancement at high

NIR/MIR laser intensities. The nanoparticles size dependent nonlinear optical study

could be explored further for practical application viewpoint and optimally tailoring

the transmission/absorption characteristics. In addition, investigations of the spec-

tral dependence of changes in nonlinear refractive index in Au nanoparticle-𝑊𝑆𝑒2

heterostructures are essential to understand its dispersion properties for practical

applications.

2. The alteration in bandgap of 𝑊𝑆𝑒2 thin films due to different Au- concentration

doped using ion implantation method could be explored. Further, the manifestations
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on the NLO response could be explored.

3. The impact of charge density waves on sufficiently thin𝑊𝑆𝑒2 films in the𝑇𝑖𝑆𝑒2/𝑊𝑆𝑒2

heterostructure and its impact on the NLO response needs detailed investigations and

could be explored.
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