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                                            Preface

This thesis entitled “Heterostructure of TMDs and BN” has been divided into 5 chapters.

    Chapter 1 gives the introduction of 2D materials and van der Waals heterostructures.

    Chapter 2 describes the epitaxial growth technique (PLD), synthesis of lateral and vertical

van  der  Waals  heterostructure  by  sintering  and  liquid  exfoliation  technique  and

characterization techniques.

    Chapter 3 describes experimental procedures and synthesized lateral and vertical van der

Waals heterostructures of TMDs and BN.

    Chapter 4 Growth of w-BN thin film by PLD and electronic properties of BN bilayer in

different rotational stacking faults.

    Chapter 5 deals with the conclusion of the experimental results and future prospects.
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1.1 Introduction

The journey of 2D materials when successful isolation of monolayer graphene from

bulk graphite was demonstrated by A.K. Geim et al [1]. 2D materials provide the thinnest

platform to make ultrathin electronic devices beyond Moore’s law [2]. In graphene, carbon

atoms are covalently bonded in a honeycomb lattice and is the basic building block of other

important  carbon  structure  such  as  graphite,  fullerene  and  carbon  nanotube.  In  this  2D

honeycomb structure graphene has amazing physics and various extraordinary properties such

as massless Dirac fermions[4], distinctive integer and half-integer quantum Hall effect [4-6],

Klein Tunneling [7-8], ultra-high electron mobility (200,000 cm−2V−1s−1) [9-11] , very high

thermal conductivity (600Wm-1K-1 )[12] , high intrinsic strength and Young’s modulus [13],

very high surface area and ~ 97% transmittance for IR-UV range [14-15]. All these properties

benefits  graphene  in  many  application  including:  ballistic  transport  [65],  solar  cell  [16],

energy storage [17], biosensors [18] , wearable device[19], transparent electrodes [20] and

catalysis[21]. Although graphene has all these extraordinary properties but pristine graphene

does not have band gap and cannot be used in the application where band gap is required. The

lack of a semiconducting band gap in graphene, devices made from graphene is difficult to

switch off and losing the advantage of graphene’s high electrical conductivity and low static

power consumption. To overcome this band gap problem, many theoretical and experimental

studies have been done on graphene to open a small band gap. Chemical substitutional doping

is one way by which both n, as well as p-type doping, can be achieved by substituting carbon

with nitrogen [22-31], boron [23, 26-28,32-35] or both [36-37].

Strain-induced  band  gap  opening  [38],  by  forming  other  structures  such  as  graphene

nanoribbons opens up band gap [39-41] and by constructing van der-Waals heterostructure

with h-BN and TMDs [42]. Nevertheless, none of the methods is sufficient to provide enough

high on-off current ratio while retaining the advantage of the graphene’s ultrahigh mobility.At
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the same time,22 there are many other 2D materials, they are semiconductor in nature gave

the birth to research on these 2D materials. Therefore, research is being directed toward new

2D materials.  These include 2D TMDs (e.g.  molybdenum disulfide (MoS2),  molybdenum

diselenide (MoSe2), tungsten disulfide (WS2), and tungsten diselenide (WSe2 ), hexagonal

boron nitride (h-BN), rhenium disulfide (ReS2)) [43-45] etc.

Most TMDs in bulk form is indirect band-gap semiconductors, whereas their monolayer has

direct bandgaps [46], which is favorable for optoelectronic applications. The bulk MoS2, an

indirect-gap semiconductor with a band gap of 1.29 eV [47] whereas monolayer MoS2 is a

direct  bandgap of  1.9 eV[48],  this  existence  of  the native  bandgap provides  an excellent

current on/

off ratio of [1x108] in single-layer MoS2 based field-effect transistors [49].

This property of MoS2 is inspiring, which will largely compensate the weakness of gapless

graphene, thus making it possible for 2D materials to be used in the next generation electronic

devices.

1.2 Van der Waals heterostructure

Stacking of two or more different semiconducting materials, on top of each other is

commonly  referred  to  as  heterostructure.  Such  a  stack  can  be  performed  by  mechanical

assembly or by crystal growth techniques. The difference between difference semiconducting

layers permits spatial confinement of injected charge carriers, electron and hole. Based on the

energy  band  alignments,  heterostructures  can  be  divided  into  three  categories,  i.e.  type-I

(symmetric), type-II (staggered) and type -III (broken). Most of the TMDs form either type-I

or type-II heterostructure [66]. Type -II and type -III heterostructure have same properties so

only type-I and type-II heterostructures have been studied extensively. 
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Figure. 1.1 Schematic of the band alignment between two semiconductors, showing type-I (a) and type-II (b)

alignments.

Type-I heterostructure

From figure 1.2 (a) in type -I heterostructure both the conduction band minimum (CBM) and

the valence band maximum (VBM) are located in the material with the smaller bandgap. If we

take MoS2 and ReS2 as an example they form type I heterostructure [50]. When electrons and

holes  are  excited in the wide-gap material  (MoS2)  then transfer  to  the small-gap material

(ReS2) because electrons go to lower energy level and holes go to higher energy level. This

spatial  confinement  of  electrons  and  holes  in  the  same  region  facilitates  their  radiative

recombination. This ability of type -I heterostructure widely utilized in optical devices, like

light  emitting  diodes  (LEDs)  and  laser  [51].  Carriers  excited  in  the  smaller-gap  material

(ReS2) are prohibited from interlayer transfer due to their lower energies.

Light  emitting  diodes  (LEDs)  based  on  type  I  heterostructures  with  transition  metal

dichalcogenides (TMDs) sandwiched between h-BN and graphene has been engineered [52].

Type – II heterostructure

In  type  II  heterostructure  conduction  band  (CB)  and  valence  band  (VB)  are  located  in

different materials. If we take MoSe2 WSe2 as an example they form type II heterostructure.

Type - I Type - II

VBM VBM

CBMCBM

VBM

VBM

CBM

CBM

MoS
2 ReS

2

MoSe
2 WSe

2

e-

h+

e-

h+

(a)
(b)
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Where conduction band is located in MoSe2 whereas valence band in WSe2. When electron

and holes are excited in MoSe2 holes go to WSe2 layer and electron remains in the same layer.

This is useful for solar cell application where electron and holes separation is required. In this

heterostructure electrons and holes reside on different layers of semiconductor that prevent

them  to  recombine  easily  and  increases  their  lifetime.  Type  II  heterostructure  using

graphene/TMDs/graphene has recently been demonstrated to exhibit to fast charge carriers

separation in photovoltaic device [53]. Type -II heterostructure based on MoS2/WS2 [54-55],

WSe2/WS2 [56], MoS2/WSe2 [57], WSe2/MoSe2 [58], Graphene/WSe2/MoS2/Graphene [59],

p-MoS2/n-MoS2 [60], p-WSe2/n-WSe2 [61], have been reported.

                 

 Two-dimensional van der Waals materials (MoS2, WS2, h-BN) have strong in-plane

covalent bond whereas weak van der Waals interaction in out of the plane. The weak van der

Waals forces that allow exfoliation of these bulk materials into single layers. These layers are

free of dangling bonds in c-direction.  This gives an opportunity to assemble different 2D

material on top of each other in the desired order to create van der Waals heterostructures

[68]. The resulting van der Waals heterostructures not only combine the individual properties

of  the  layers  that  they  have,  but  they  also  present  new  physical  effects  and  interesting

possibilities for engineering their optoelectronic properties like Massive Dirac Fermions and

Hofstadter Butterfly [67]. The lack of lattice matching constraints introduces several degrees

of freedom to form these heterostructures, such as the thickness of the layers, their sequence,

and their rotational alignment. There are two ways of constructing heterostructure, based on

stacking procedures heterostructure can be divided into two parts: vertical heterostructure and

lateral heterostructure.
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1.2.1 Vertical van der Waals heterostructure

In verticle heterostructure, different layers of 2D materials are stacked layer by layer

on  top  of  each  other.  There  are  no  constraints  of  lattice  mismatch  to  form  verticle

heterostructure because there is no chemical bond happening in c-direction.

Figure 1.2 Schematic of the preparation of verticle heterostructure. (a) First growth of the 2D material on the

substrate.  (b)  Growing second material  with the  first  layer  of  2D material  to  construct  heterostructure.  (c)

Formation of the lateral heterostructure. (d) Formation of the vertical heterostructure.[74]

From Figure 1.2(a) we can see that first one layer of 2D material is synthesized on a

substrate.  Next procedure is the key step that decides weather heterostructure will be verticle

or lateral.  In this step layer of second material is growing or transferring to the first layer, If

this layer is stacking onto the first layer, then it will be vertical heterostructure.

Sub
str

ate

Sub
str

ate
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1.2.2 Lateral van der Waals heterostructure

The lateral (in-plane) heterostructure, which can be obtained by stitching two layers of

2D materials  into  a  shared  platform with  a  one-dimensional  (1D)  interface.  Layered  2D

materials have no dangling bond in c-direction but have the dangling bond in-plane direction.

By activating these dangling bonds we can stitch them to form the lateral heterostructure. The

lateral  heterostructure  is  usually  connected  by  covalent  bonds  so  lattice  constant  of  two

materials should be comparable to each other. Covalent bonds ensuring the epitaxial quality

thus improving optical and electrical properties of the heterostructure.

From (figure 3) first grown and second materials are connected in-plane, they form lateral
heterostructures.

1.3 Growth techniques for van der Waals heterostructure

There is various type of synthesis method on van der Waals heterostructures. Liquid

exfoliation techniques (ion intercalation and ultrasonication) and chemical vapor deposition

(CVD) are the most used technique.

1.3.1 Liquid exfoliation technique (ion intercalatioin and ultrasonication)

Liquid exfoliation by applying sound energy and ion intercalation can produce large volumes

of dispersed monolayers and few-layer flakes of various 2D materials, cheaply and with the

potential for scale-up. These liquid-based exfoliation techniques allow the easy creation of

thin films.[69]

1.3.2 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a fast and simple thin film growth technique in which a low

wavelength  photon  energy  of  a  laser  characterized  by  pulse  duration  (ns-fs)  and  laser

frequency  interacts  with  a  bulk  material.  This  produces  instant  local  vaporization  at  the
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surface of the target material and generates a plasma plume. Plasma plume contains photons,

ions, electrons, neutral atoms, molecules and chunks of the target material. This plasma plume

is collected on the hot substrate and condense in the form of thin film.[62,70]

1.3.3 Mechanical Exfoliation Method

In mechanical exfoliation, a scotch tape is used to produce the thin film of 2D materials. 2D

materials have weak van der Waals interaction between layers, so can easily come out in a

monolayer with scotch tape. These layers can be transferred to a different substrate such as

Al2O3, SiO2 etc. Then one monolayer of different materials precisely transferred onto the first

layer to form vertical heterostructure [71].

1.3.4 Chemical Vapor Deposition (CVD)

chemical  vapor  deposition  (CVD)  is  one  of  the  most  promising  technique  to  grow both

vertical and lateral van der Waals heterostructure of various TMDs. It can create large area

high-quality thin film of 2D materials on a substrate with a well-controlled lateral size and

layer  thickness,  which  is  well  suited  for  device  fabrications.  First  WS2–MoS2 lateral  and

vertical heterostructure has been grown by one-step CVD [72]

1.3.5 Molecular Beam Epitaxy (MBE)

Many heterostructures of TMDs has grown using molecular beam epitaxy. It requires ultra-

high vacuum. Heterostructures of 2D TMDs and insulating h-BN has been grown [73].

1.3.6 Physical Vapor Transport/Deposition (PVT/PVD)

Physica vapor deposition is simple technique to deposite thin film. This technique consists

three fundamental steps: First is vaporization of a material from solid source, secon step is

8



transportation fo vapor to the substrate and third step is condensation of vapor on a substrate

to grow thin film. There are reports to grow thin film of TMDs using PVD technique [76]

   

Figure 1.3 Lateral and vertical van der Waals heterostructure are grown by various growth techniques. (a), (b), 

(c) vertical heterostructure of different TMDs with h-BN by pulsed laser deposition (PLD) (in our lab) [62]. (e) 

The vertical heterostructure of graphene and h-BN by mechanical exfoliation [75] (f),(g) lateral heterostructure 

of MoSe2-WSe2 by chemical vapor deposition (CVD) [63]. (h), (i) Vertical heterostructure of MoS2-WSe2 and 

WSe2-MoSe2 by metal-organic chemical vapour deposition (MOCVD) [64].
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2.1 Pulsed Laser Depositon (PLD)

2.1.1 Introduction

Pulsed  laser  deposition  (PLD)  is  a  thin  film  growth  technique  in  which  a  low

wavelength  photon  energy  of  a  laser  characterized  by  pulse  duration  (ns-fs)  and  laser

frequency  interacts  with  a  bulk  material.  This  produces  instant  local  vaporization  at  the

surface of the target material and generates a plasma plume. Plasma plume contains photons,

ions, electrons, neutral atoms, molecules and chunks of the target material. This plasma plume

is collected on the hot substrate and condense in the form of thin film. Quality of plasma

plume depends on factors such as laser power density, pulse duration, absorption and thermal

conductivity of target material.

Figure 2.1  Experimental set-up of pulsed laser deposition (PLD) [1]

The principle of PLD is shown in figure 3. A high-intensity laser pulse is focused onto

the  surface  of  a  target  material  (solid  or  liquid)  in  the  deposition  chamber  and  thereby
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removes in the form of plasma plume from the target material. This plasma plume is collected

on  the  substrate.  Substrate  and  target  have  to  be  placed  plane-parallel  in  the  deposition

chamber. The removed material is directed towards a substrate where it re-condenses to form

a film. Removal of materials occur above a certain threshold power density, and the ejected,

partially ionized material forms a luminous ablation plume. For example threshold power for

MoS2 is 15 mJ/cm 2, under 800 nm wavelength irradiation.[2] The threshold power density

required to create such a plasma depends on the absorption properties of the target material,

the  laser  wavelength,  pulse  duration  and thermal  conductivity  of  the  material.  The  high-

intensity laser source is placed outside the chamber, that is used to irradiate target material

and  deposit  the  thin  film.  Target  and  substrate  are  kept  in  the  vacuum  chamber  and

vaporization is induced by the laser beam that is kept outside the vacuum chamber, so no

contamination or  impurities  occurs during growth processes.  The growth kinetics  of  such

films depend on the material flux, repetition rate, laser wavelength, target-substrate separation

distance, growth temperature, substrate material, pressure, target material (melting point of

the target material, thermal conductivity) and background gas (vacuum or reactive gas). The

substrate  temperature  is  important  to  ensure  a  sufficient  surface  mobility  of  the  arriving

species  to  support  epitaxial  growth.  Many physical  phenomena  happen  when laser  pulse

interacts with target material :

1. Coupling of laser beam with the target material.

2. Melting and vaporization of the surface of target material in the form of plasma plume of

the thin upper.

3.  Photon absorption by vaporized species,  which limits  further interaction of laser at  the

target surface.

4. Propagation of plasma plume towards substrate.

5.  Return to the initial  state  after  few nanoseconds from the end of the pulse,  with a re-

solidified surface. [3]
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2.1.2 Thin film growth method in PLD

To grow the large area epitaxial thin film of ZnO on highly lattice mismatched (~18%)

c-plane sapphire substrate, our group have developed three-step growth process by modifying

two-step growth process in PLD. PLD system is much cheaper and fast growth technique than

other  crystal  growth  technique  like  MOCVD,  CVD  et  al.  First  step  is  low-temperature

nucleation,  and  second  and  third  step  are  high-temperature  growth.  At  low-temperature

plasma plume (growth initiative particles) have less mobility. Due to less mobility, they can

not aggregate to form the large island and this gives complete wetting of substrate. Detailed

description about three step growth method is described in reference [4].

We modified our three-step growth method to two-step growth method with slower 

kinetics to grow w-BN thin film and van der Waals heterostructures of TMDs on sapphire c-

plane. Van der Waals materials do not have the covalent bond in c-direction, there are 

connected by weak van der Waals force. To grow van der Waals heterostructure we have slow 

down our growth rate by reducing laser frequency to 1Hz so that materials get enough time to 

get underlying symmetry. To grow monolayer and multilayer TMDs we have optimized all 

growth parameters like laser frequency, the number of laser shot, nucleation layer temperature

and pressure and final growth temperature [5].

Figure 2.2  (a)Three step growth procedure developed for ZnO growth and (b) two step growth method for 

TMDs and w-BN
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2.2 Sintering

Two-dimensional van der Waals materials (MoS2, WS2, h-BN) have strong in-plane

covalent bond whereas weak van der Waals interaction in out of the plane. These materials are

free of the dangling bond in the c-direction but have the dangling bond in-plane direction.

This is the opportunity to form lateral heterostructures of these 2D materials by activating

these dangling bonds, we can stitch them to form the lateral heterostructure. Stitching process

can happen by sintering at high temperature. By compacting, neighboring layers of TMDs are

held together by cold welds. At sintering temperature, dangling bonds get activation energy

and diffusion processes cause necks to form and grow at these contact points to form lateral

heterostructures.

Figure 2.3 Schematic diagram of lateral heterostructure [16].

Dangling bonds
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2.3 Liquid exfoliation by ultrasonication

2.3.1 Introduction

Sonication is a process of applying sound energy to agitate particles dispersed in a

solution by converting electrical signals into physical vibration. This is the simplest way to

prepare nanoparticle dispersion in liquid solution by applying sound energy. There are two

types of sonicator, Bath sonication (indirect sonication) and Probe/horn sonication ( direct

sonication).

In bath sonication, although the high frequency is used sound waves must transfer to the bath

liquid and then it passes through the wall of sample container before reaching the suspension.

Whereas in probe sonication probe/horn immersed directly into the solution so there are no

barriers to delivering the sound energy to the solution. In that way probe sonication (direct

sonication) is more efficient the bath sonication.

Figure 2.4 Working principle of liquid exfoliation [17] (License Number 4307140299700)
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Table 2.1 Specification of sonicator used in this project.

Sonicator tye Amplitude Power Frequency Tip size Sample
volume

Probe
sonicator

20 – 100% 150 – 750 W 20k Hz 3 mm 10 ml

In sonication process ultrasound energy gives sheer  force and cavitation acts  on the bulk

material and exfoliate in nanoparticles. All 2D materials (MoS2, WS2, h-BN) are stacked in

the c-direction. The distance between two layers in c-direction is 3-4 Å. These layers are

attracted by van der Waals attraction force. This attraction is weak enough to let them separate

out in monolayer form but is sufficient enough to hold them together. So it not so easy to

exfoliate in monolayers by simple sonication. So our first task is the reduction of the van der

Waals  force between these  layers.  To reduce this  van der  Waals  interaction  between two

adjacent layers we need to depressed bulk powder material in a proper solution. The detailed

description of the application of liquid exfoliation by ultrasonication and ion intercalation cab

be found in this review[15].

In general liquid exfoliation consist three stapes:

1. Depressed in a liquid (Reduce van der Waals interaction)

2. sonication (Exfoliate in layers)

3. purification (Dry the solvent)

2.3.2 Experiment procedure for liquid exfoliation

For van der Waals heterostructure of TMDs (MoS2, WS2) and h-BN, we followed a new route

that is based on sintering and sonication. This synthesis procedure has three steps.
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First step :

In the first step MoS2, WS2 and h-BN bulk powder were dispersed in a proper solvent. Proper

solvent means material should be dispersed easily and should have a low boiling point so it

can vaporize easily. This solution was subjected to ultrasonication at a constant power of 225

W for 7 hours to exfoliate the material in monolayer form. The product formed was in dark

color. After sonication, the sonicated solution was kept for 15 hours so that all  exfoliated

layers of MoS2, WS2 and h-BN could settle down on top of each other or side by side to make

vertical and in-plane van der Waal heterostructure.

Figure 2.5 Describes the first step of liquid exfoliation.

Second Step :

This step is the sintering process that was most important part of the experiment. We took

sonicated dried powder that we got in the first step and using mortar and pestle, a solid pellet

was made. Now, this pellet is sintered in the vacuum chamber at 400 °C. The sintering process

was followed by Graph 2.1.

Figure 2.6 The second step of liquid exfoliation, sintering sonicated powder.
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Sintering is the most crucial part of the experiment because sintering process decides whether

we  get  MoS2/WS2 alloy  or  MoS2/WS2 van  der  Waals  heterostructure.  Sintering  at  high

temperature and for a long time end up with alloy formation. So to avoid alloy formation we

optimized sintering process.

                              

  Graph 1. Optimization of sintering process for MoS2/BN/WS2 heterostructure.

Third step :

After sintering MoS2/WS2/h-BN powder was dispersed in the same solvent with very less

concentration of 1 mg/mL.  Again this solution was subjected to ultrasonication for 2 hours at

room temperature at comparatively low power 150 W. In sintering process MoS2 and WS2

may diffuse in one another to form an in-plane heterostructure. High power sonication can

break the bonds that formed during sonication and separates as an individual layer.

Figure 2.7 Third step of liquid exfoliaton, TEM sample preparation.
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For HRTEM sample dispresed nanoparticles in the form of suspension were drop casted onto

the carbon film coated copper TEM grids and dried under IR lamp.

2.4 High-Resolution Transmission Electron Microscope(HRTEM)

Transmission  electron  microscopy  (TEM)  has  become  one  of  the  most  powerful

techniques in the fields of material science, inorganic chemistry, and nanotechnology.

In  the  transmission  electron  microscope,  high  energy  electron  beam (  80-300  keV )  are

focused an ultra-thin specimen (~20nm) and the electrons transmit through the specimen. An

image is formed when electrons interact with the sample and deflected from their original

path (elastic scattering), and interfere (either constructively or destructively) with the main

electron beam. The image is magnified and focused onto an imaging device, such as a CCD

camera. The interactions of an electron beam with matter can be divided into two categories:

elastic  and inelastic  interactions [6-10],  which are used in the TEM and STEM to obtain

structural and compositional information about the specimen. High-energy electrons with de

Broglie wavelengths in the sub-angstrom range provide atomic resolution. One of the main

imaging modes of a TEM is known as bright field (BF) in which only the direct, unscattered

and small-angle scattered electrons are allowed to contribute to the image formation. Phase

contrast is the main contrast mechanism in BF imaging and constitutes the basis for high-

resolution TEM (HRTEM). Phase contrast occurs due to the difference in the phase of the

electron  waves  inferred  by  interaction  with  the  atomic  potential  of  the  atoms in  the  thin

specimen

The most important advantage of high-resolution transmission electron microscopy (HRTEM)

in materials science is its ability to provide real-space images of the local structure of thin

specimens at atomic resolution (0.8 Å ICMS TITAN) as well as crystallographic and chemical

information. It has been possible only by the successful construction of aberration-corrected
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electron lenses in the electron microscope [11-14]. This enables direct observation of the bulk

structure of complex materials and also direct imaging of local structural variations in defects,

interfaces, and surfaces. 

Operational modes in TEM

 1.High resolution TEM images at sub-angstrom resolution

 2. TEM images and electron diffraction

 3. Electron Energy Loss Spectroscopy (EELS)

 4. EDX- compositional analysis at nm-scale

 5. High resolution STEM mode at sub-angstrom resolution

Figure2.8 Transmission Electron Microscope. (a) The basic working principle and structure of a TEM. (b) FEI

TITAN3 80-300 kV used throughout this project. 
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Specification of TITAN 80-300 kV 

                                                                  FEI TITAN3 80-300 kV is one of the most powerful

transmission electron microscopes in the world today. This microscope is based on double C

corrector s technology (both image and probe corrector). Sub-angstrom resolution (better than

0.9  Å) is achievable both in HRTEM and STEM-Z contrast imaging. With the use of gun

monochromator, now it is possible to achieve energy resolution better than 0.2 eV in electron

energy loss spectroscopy (EELS). Simultaneous atom by atom imaging and spectroscopy is a

very powerful tool to study and solve many of the materials challenges facing today.

2.5 Energy Dispersive X-Ray Analysis (EDX)

EDS makes use of the ‘Characteristic X-rays’ emitted by a solid sample bombarded with a 

focused beam of electrons to obtain a localized chemical analysis. Characteristic X-rays are 

produced when an element is bombarded with high-energy particles, which can be photons, 

electrons or ions (such as protons). When the incident particle strikes a bound electron (the 

target electron) in an atom, the target electron is ejected from the inner shell of the atom. After

the electron has been ejected, the atom is left with a vacant energy level, also known as a core 

hole. Outer-shell electrons then fall into the inner shell, emitting quantized photons with an 

energy level equivalent to the energy difference between the higher and lower states.

Once we know what elements are present in our sample, we can investigate the 

percentage of each element by investigating the relative intensity of characteristic X-ray 

peaks.

The concentration of a present element is proportional to the intensity of the observed 

characteristic X-ray signal. Since it is difficult to measure an “absolute” intensity but by 

comparing measured values for two elements we can find the relative percentage of each 

element.
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The convention is to used wt%.

2.6 Electron Energy Loss Spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) is a techniques that measure the change in kinetic

energy of electrons after interacting with the specimen. As electrons pass through a specimen,

they interact with atoms of the solid. The interaction between electrons and material can be

classified  into  two  categories:  eleastic  and  inelastic  interaction  [6-10].  In  the  eleastic

interaction  there  is  no  change  in  energy,  only  momentum  gets  change.  In  the  inelastic

interaction there is exchange in both energy and momentum between fast moving electron and

atomic  constituents  namely,  nucleus  and  surrounding  electrons.  In  EELS,  the  elastically

scattered electrons form a peak of highest intensity known as the ‘zero loss peak’ (ZLP) and

the  inelastically  scattered  electrons  form  a  spectrum  spanning  up  to  2000eV  accessible

through  the  spectrometer.  There  are  various  inelastic  interaction  possible  and  we  mostly

concerned with two varieties, firs type is the low loss signal within few eVs   from the zero

loss peak which gives information on the band gap and nature of band gap (direct or indirect

band gap) whereas second type, core loss spectra which provides information on the density

of unoccupied states. 

The spectrum till  ~50eV from zero loss peak is known as electron energy loss near edge

structure  (EELNES)  which  provides  information  about  band  gap  of  absorbing  material.

Spectra  beyon 50eV is  known as  electron  energy loss  extended fine  structure  (EELEFS)

which provides information about bonding environment and coordination of material. Both

C
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C
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I
A

I
B

Clif-lorimer equation

C
A
+ C

B 
= 100%
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EELNES and EELEFS are  same as  XANES and EXAFS techniques  in  X-ray absorption

performed in a synchrotron. In XAS mainly we get information from surface of the material

but in EELS we get information from bulk. In EELS both energy and momentum transfered

so  we  can  get  more  deep  information  by  momentum  resolved  electron  energy  loss

spectroscopy (MR-EELS) like photonic density of state [18].

Figure 2.9 (a) Schematic energy level diagram of absorption phenomena in EELS showing various electronic

transitions like band gap, interband and core-loss absorption. (b) Spectra displayed till 2000 eV for Al2O3. The

intensity is blown up by × 350 times after 178 eV to highlight fine features. (c) EELS in the low-loss region and

(d) core loss EELS for O K from ZnO.

2.7 Raman spectroscopy

When light is scattered from a molecule or crystal ( by vibrating molecules), most photons are

elastically scattered. The scattered photons have the same frequency and wavelength, as the

incident  photons.  However,  a  small  fraction of  light  (approximately 1 in  107 photons) is

scattered at optical frequencies different from the incident photons, and usually lower than,

the frequency of the incident photons. The process leading to this inelastic scatter is termed
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the Raman effect.  Raman scattering can occur  with a  change in  vibrational,  rotational  or

electronic energy of a molecule. If the scattering is not elastic, the process is called Raman

scattering, if it is elesting then process called Rayleigh scattering.

2.8 Photoluminescence

Photoluminescence spectroscopy is method of probing the electronic properties like band gap

et al. of materials. Light is directed onto a sample, where material absorbes light and imparts

exces energy into the process called photo-excitation. There are different ways to dissipate

this excess energy. One way this excess energy can be dissipated by the sample is through the

emission of light, or luminescence. This Photo-excitation is called photoluminescence. Photo-

excitation causes electrons within a material to move into allowed excited states. When these

electrons return to their equilibrium states, the excess energy is released and may include the

emission of light (a radiative process) or may not (a nonradiative process). The energy of the

emitted light (photoluminescence) relates to the dierence in energy levels between the two

electron states involved in the transition between the excited state and the equilibrium state.

The quantity of the emitted light is related to the relative contribution of the radiative process
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3.1 Optimization of experimental parameters

3.1.1 Experiments

MoS2 bulk powder (99%, 2μm in size), WS2 bulk powder (99%, 2μm in size) and h-BN bulk

powder (98%, 1μm in size) and three different solvents (Hexane, Toluene and Methanol LR )

were  used  in  this  project  for  exfoliation  of  monolayer,  bilayers  of  h-BN and  MoS2/BN,

MoS2/WS2, MoS2/BN/WS2/BN van der Waal heterostructure.

There are  various parameters that affect sample quality including the type of sonicator,  a

solvent that we use for exfoliation, sonication power, sonication time and concentration of the

sample.

Effects of solvents

Solvent Stability (Time) Sample quality in TEM

Toluene 2 Hours Thin few layers of h-BN, MoS2  were
found but due to high boiling point oil
like contamination was found.

Methanol 10 Hours Most  of  the  h-BN  layers  were
Monolayers
and some multilayers.

Hexane 2 Hours Thick  h-BN  layers  and  layers  were
breaking

Water - - - Not dissolving properly

Table 3.1 Sample quality of MoS2/h-BN/WS2 in different solvents.

From table 2. We can see that sample in toluene is not able to exfoliate properly. Due

to the high boiling point of toluene (106°C), it  is not vaporizing even after oxygen-argon

plasma cleaning for 30 seconds. Plasma cleaning for higher time damages sample. In the case

of  hexane  interaction  between  solvent  and  h-BN  layers  is  not  sufficient  to  keep  isolate

monolayers. To get monolayers interaction between solvent and h-BN layers should be greater

than van der Waals interaction between h-BN layers. Methanol is low boiling point solvent

(64°C), ensuring that removal of the solvent is rapid and simple so it is advantageous over
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toluene and hexane. Stability of sample also very high more than 10 hours. So methanol is a

better choice as a solvent.

Effect of sonication power

Table 3.2 Effect of ultrasound energy on MoS2/BN/WS2  sample quality

Sample No. Amplitude Power Sample quality

Sample 1 20% 150 W Thick particles, not exfoliated properly

Sample 2 30% 225 W Thin crystalline layers found.

Sample 3 40% 300 W Many  thin  layers  but  layers  start

breaking

From table (3) we can see that 150 W is not sufficient to exfoliate sample properly and 300 W

is quite high to break the sample. So suitable ultrasound power is 225 W.

Effect of sonicaton time

                                                                                         

Graph 3.1 Effect of ultrasound energy on MoS2/BN/WS2  sample quality

After optimizing all the experimental parameters, finalized parameters we used.

Sample Amplitude Power Solvant Time

MoS2/BN/WS2 30% 225 W Methanol 7 hours

Table 3.3 Final optimized parameters for ultrasonication

No. of thin layers in sample
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Experimental Results

3.2 Vertical heterostructure

3.2.1  MoS2 - BN vertical heterostructure

Hexagonal boron nitride (h-BN) is  a wide bandgap 5.97eV insulating material  [1].  H-BN

promises  to  be  an  ideal  substrate  to  improve the  performance of  graphene-based devices

because h-BN is relatively inert and free of dangling bonds. It is found that performance of

graphene  devices  on  standard  substrates  like  SiO2,  Al2O3 is  far  inferior  to  the  expected

intrinsic properties of graphene [2]. Now the question comes, is h-BN playing the role of the

ideal  substrate  in  MoS2/h-BN heterostructure  or  it  is  influencing  electronic  properties  of

MoS2.

Contradiction about MoS2 - BN heterostructure:

(1).  Theoretical  calculation  shows  that  MoS2/BN heterostructure  is  an  indirect  band gap

1.7eV  [3],  means  h-BN  has  quantum  quapling  with  MoS2  and  influencing  electronic

properties of MoS2.

(2). Experimental PL spectra show MoS2 grown on the h-BN substrate is a direct band gap

[1.86-1.89] close to free-standing MoS2. This indicates that h-BN is the ideal substrate and

not influencing electronic properties of MoS2 [4-5].

(3). Again theoretical calculation shows that band gap of MoS2/h-BN heterostructure decrease

as the number of h-BN layers increase. If h-BN is ideal substrate then there should not be any

effect of the number of layers.[6] 

(4).  Theoretical  calculation  shows  MoS2/h-BN  is  type-I  heterostructure  but  there  is  no

experimental proof [7].
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There is no spectroscopy technique that can probe locally electronic properties at nano-scale.

In PL spot size is used about 1 μm2. Electron Energy Loss Spectroscopy (EELS) is the only

technique to probe electronic properties at nm2 scale.

To  understand  electronic  properties  of  MoS2/BN  at  nano-scale,  we  have  synthesized

monolayer MoS2, monolayer BN, and MoS2/BN heterostructure.

Figure  3.1 HRTEM images  and  FFT patterns  from selected  region  of  interest  h-BN,  MoS2 and  MoS2/BN

heterostructure with rotational stacking arrangement. (a) FFT pattern from h-BN region. (b) FFT pattern from

MoS2 region. (c) FFT pattern from MoS2/h-BN overlap region.

The  as  grown  MoS2  /h-BN  vertical heterostructure  was  characterized  by  high

resolution transmission electron microscopy (HRTEM). Figure 3.1 shows monolayer MoS2,

monolayer h-BN and MoS2/h-BN heterostructure, where the interfaces between MoS2 and h-

BN can be  distinguished easily by looking contrast difference in HRTEM image.

MoS
2

a

c

b

h-BN
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Figure 3.1 (a) shows monolayer h-BN with lattice constant 2.6Å and B-N bond length 1.5Å.

FFT shows only six {11¯00} spots constitutes only one hexagon.

HRTEM image (b) part shows monolayer MoS2 with lattice constant 3.3 Å and Mo-S bond

length ...Å. FFT shows only six {11¯00} spots constitutes only one hexagon. Figure 3.1 (c)

shows MoS2/h-BN overlap region thatcan easily distinguished by the contrast difference and

diffraction pattern in HRTEM image.

3.2.2 MoS2-WS2 Vertical heterostructure

Figure  3.2 HRTEM  images  and  FFT  patterns  from  selected  region  of  interest  MoS2 and  MoS2/WS2

heterostructure.  (a)  FFT  pattern  from  ROI-1  which  is  MoS2 region.  (b)  FFT  pattern  from  MoS2/WS2

heterostructure region (ROI-2).

Presence of both MoS2 and WS2 can be found easily by identified multiple diffraction

spots in the diffraction pattern and contrast difference in HRTEM image. In figure 3.2 (a)

there are 6 spots in a ring whereas in figure 3.2 (b) there are 12 spots in a ring, each 6-spot

pattern represents one layer of MoS2 and other 6 spots represent one layer of WS2.

a

b

ROI-1

ROI-2
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3.3.3 MoS2-BN-WS2 vertical heterostructure

Figure  3.3 HRTEM  images  and  FFT  patterns  from  selected  Region  Of  Interest(ROI)  MoS2/BN and

MoS2/BN/WS2 heterostructure.  (a)  FFT pattern from MoS2/BN region. (b)  FFT pattern from MoS2/BN/WS2

region. (c) Magnified image to see two spots, one spot from MoS2 and other from WS2. pattern from MoS2/h-BN

overlap region.

Lattice parameter of h-BN is smaller than MoS2 and WS2, so reciprocal vector for h-

BN will larger than MoS2 and WS2. In diffraction pattern, spots for h-BN appears far from

central spot than MoS2 and WS2. From figure 3.3 (a) there are two hexagon, one is bigger

hexagon and smaller hexagon. Bigger hexagon is corresponds to h-BN due to small lattice

constant and smaller hexagon corresponds to MoS2. In second diffraction pattern there are 12

spots at same distance from central spots corrosponds to two hexagon, one for MoS2 and other

for WS2. Outer six spots are from h-BN.

a

b

ROI 1

ROI 2

c
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Figure 3.4 Atomic structure model for MoS2/BN/WS2 heterostructure to perform DFT calculation.

Band alignment in MoS2/BN/WS2 heterostructure

Figure 3.5 Schematic diagram of band alignment in MoS2/h-BN/WS2 lateral heterostructure.

MoS2-BN and WS2-BN are a type -I heterostructure, whereas MoS2-WS2 heterostructure is a

type-II heterostructure.

Band alignment for MoS2-BN-WS2 heterostructure is shown in figure 3.5. It has properties of

both type -I and type -II band alignments. When charge carriers are exited in BN layer then

electron go to  MoS2 layer and holes go to WS2 layers. This charge carrier seperation are used

in so in solar cell applications. When electron and holes are excited in MoS2, WS2 layer, they

are restricted in same layer to du to energy level. This is a properties of type-I heterostructure

and used in LEDs. Another interesting properties of this system is that we can decouble MoS2

and WS2 layers by introducing BN layer.
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3.3 Lateral heterostructure

3.3.1 MoS2 -WS2 lateral heterostructure

2D layered materials are atomically thin crystals where atoms are bonded in-plane by fully

saturated covalent bonds. Due to this particular atomic structure, 2D materials are in principle

free of dangling bonds in the c-direction, and they interact with their neighbouring layers via

van der Waals forces, but in the plane they have dangling bonds and this gives us oppurtunity

to make active these dangling bonds and stitch them to form lateral heterostructure.

Advantages of MoS2/WS2 lateral heterostructure over vertical heterostructure

(i)  Lateral  MoS2-WS2 lateral  heterostructure is  a direct band gap of 1.64 wheares vertical

heterostructure is indirect band gap. This can improve efficience of optoelectronic devices

made from [8].

(ii)  lateral  heterostructure  has  covalent  bonding  that  gives  good  crystalline  structure  and

improves optical and electronic performance of MoS2/WS2 heterostructure.

(iii) In vertical heterostructure band gap nature (direct or indirect) depends on many factors

like  interlayer  distance,  number  of  layers  and  surrounding  of  structure.  However  lateral

heterostructure remains direct band gap only.  This is an indication of robust electronic and

optical properties.

(iv) Lateral MoS2/WS2 heterostructure forms type -II, this could avoid exciton confinement

within a single layer and separates out electrons and hole in different layers. This is basic

principle of solar cell application.

(v) In addition to the formation of covalent bonds, band bending occurs in lateral MoS2/WS2

heterostructure, which enables the concept of Schottky barrier solar cells.[9]

so  lateral heterostructures are particularly promising for the spatial confinement of charged

carriers, excitons and phonons within an atomically-thin layer.
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MoS2 and WS2 are direct band gap semiconductor for 1.8-1.9eV. Both materials have same

lattice constants 3.15 and 3.16 respectively. Mo and W have same oxidation states. So due to

same lattice parameters covalent bonding can happen gives good crystalline structure and

improves optical and electronic performance of MoS2/WS2 heterostructure

Figure  3.6 Schematic  diagram  of  MoS2-WS2 heterostructure.  (a)  and  (b)  shows  top  and  side  view  of

heterostructure, where blue region is MoS2 and green region WS2.

3.3.2 MoS2/h-BN lateral heterostructure

2D layered materials are atomically thin crystals where atoms are bonded in-plane by fully

saturated covalent bonds. Due to this particular atomic structure, 2D materials are in principle

free of dangling bonds in the c-direction, and they interact with their neighbouring layers via

van der Waals forces, but in the plane they have dangling bonds and this gives us oppurtunity

to make active these dangling bonds and stitch them to form lateral heterostructure.

MoS
2

WS
2

Interface

(a) Side view

(b) Top view
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Figure 3.7 Schematic diagram of  MoS2  /h-BN lateral  heterostructure.  (a)  MoS2/h-BN lateral  heterostructure

where BN sheet prallel to Mo atomic plane and making bond with Mo atoms. (b) B and N atoms in BN sheet

making bonds with S and Mo atoms respectlly. (c) BN prallel to S atomic plane and B atoms are making bond

with S atom.

For MoS2/h-BN lateral heterosturcture, there are three possibilities.  In first case where BN

sheet  comes  parallel  to  Mo  atom  it  make  covalent  bond  with  Mo  atom  to  form lateral

heterostructure. Second possiblity is B atom make bond with S atom and N make bond with

Mo atom. Third condition is just opposit to first condition where BN sheet parallel to S atom

and make  covelant bond with S atom only.

MoS
2 h-BN

Side view Top view
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3.3.3 Lateral heterostructure of MoS2/h-BN/WS2

Figure 3.8 Schematic diagram of MoS2/h-BN/WS2 lateral heterostructure. (a) and (b) shows top and side view of

heterostructure.

MoS2/BN, WS2/BN both are type-I heterostructure (Figure 3.5). When all three materials

come  together  and  make  a  heterostructure  MoS2/BN/WS2 then  it  become  type-II

heterostructure.  In type II heterostructure conduction band (CB) and valence band (VB) are

located in different materials. Conduction band maxima (CBM) is located in WS2 and valence

band maxima (VBM) is located in MoS2 layer.  When electron and holes are execited in BN

layer,  holes  go  to  WS2  layer  and  electron   in  MoS2 layer.  This is  useful  for  solar  cell

application  where  fast  electron  and  holes  seperation  is  required.  In  this  heterostructure

electrons  and  holes  resides  on  different  layers  of  semiconductor  that  prevent  them  to

recombine  easilly  and  increases  their  lifetime.  Monolayer  BN  is  a  direct  band  gap

MoS
2

WS
2

h-BN

MoS2 h-BN WS2

(a)Top view

(b) Side view
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semiconductor of 4.6eV. 4.6eV energy is in UV region, so this system can be a very good UV

detactor.

Band alignment in MoS2/BN/WS2 heterostructure

Figure 3.9 Schematic diagram of band alignment in MoS2/h-BN/WS2 lateral heterostructure.

3.4 Conclusions

In summery, we have optimized all the experimental parameters that affect synthesis of lateral

and vertical van der waals heterostructure such as sonication power, sonication time, solvent

and concentration of sample.

Vertical  heterostructure  bewteen  MoS2-WS2,  MoS2/h-BN  and  MoS2/h-BN/WS2 have  been

synthesized.Theoritically we are trying to understand, the interface properties in MoS2-BN,

MoS2-WS2 and MoS2-BN-WS2 lateral heterostructure. For MoS2-BN lateral heterostructure

we have considered three possiblities in MoS2-BN heterostructure.
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Chapter - IV

Various stacking arrangement in h-BN bilayer and growth
of w-BN thin film
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4.1 Introduction

Hexagonal  boron  nitride  (h-BN),  which  belongs  to  a  hexagonal  system.  It  has  a

layered structure similar to the graphene. The lattice constant (2.51Å), bond length (1.44Å)

and the interlayer spacing (3.33Å) of h-BN are similar of graphene lattice constant (2.51Å),

carbon-carbon bond length (1.42)  and lattice spacing (3.35).  Each B (1s2,  2s2,  2p1)  and

N(1s2,2s2,2p3) atom has s, px and py orbitals and is bonded to three neighbor atoms in the

lattice, are combined by an sp2 hybridised atomic orbitals to form a strong σ bond, with the

interlayers combined by weak van der Waals forces similar to graphene.  Due to all  these

structural similar characteristics, it is sometimes referred to as ‘white graphene’ [1-2]. The

unit cell of single-layer h-BN consists of one B and one N atom, separated by a bond length of

1.44 Å, with a lattice constant of 2.51 Å  which makes it the thinnest possible insulator. In

addition, h-BN is mostly inert, free of dangling bonds, making it an ideal substrate for high-

quality growth of graphene and other 2D materials for electronic devices but how h-BN grows

on different substrates is not fully known. We made a attempt to understand growth strategy

of BN on various substrate and materials by PLD.

Substrate Grown allotropes of BN

Al2O3 (Sapphire) w-BN 

MoS2 h-BN 

WS2 c-BN + w-BN 

ReS2 c-BN + w-BN

Table 4.1 Growth of BN on different substrates by PLD [3-4].

The adjacent interlayers of h-BN are combined by weak van der Waals force so it can

slide easily between the layers and has soft lubricating properties. Stacking arrangements are

very common because energy barrier between different stackings is very small (5-26 meV).
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These stacking arrangements may considerably change physical and electronic properties of

layered materials.

In total, there is seven high symmetry stacking orders proposed and investigated for h-BN

[Figure. 1]. These are AA (eclipsed with N over N and B over B), AA’ (eclipsed with B over

N), AB (staggered with B over N),AB’ (staggered with B over B), A’B (staggered with N over

N), SD( sliding N parallel to N and B parallel to B) and SD’ ( sliding N and B are alternative).

These can be transformed into each other by translational sliding of one of the basal planes in

unit cell.

4.2 DFT calculation 

To understand the effect of different stacking in h-BN bilayer on its  electronic properties

theoretical calculations have been performed based on density functional theory (DFT) using

self-consistent plane wave pseudo potential as implemented in Quantum Espresso (QE) code

[5]. The non-local vdW-DF2 functional to take into account van der Waals (vdW) interactions.

The ionic core-valence electron interactions are modeled using ultra-soft pseudo-potentials

[6]. Electronic exchange-correlation energy is approximated using Perdew-Burke-Ernzerhof

(PBE) functional within generalized gradient approximation (GGA) [7]. The basis set consists

of  plane  waves  with  the  maximum  kinetic  energy  of  500  eV.  The  periodic  boundary

conditions are applied to the rectangular unit cell with 1 B and 1 N atoms in each h-BN layer

so in total there are 2B and 2N atoms in the unit cell. Additional 20 Å of vacuum is created

along  c-direction  on  top  of  h-BN.  Integration  over  the  Brillouin  zone  is  performed  with

12 × 12 × 1 k-mesh according to the scheme proposed by Monkhorst and Pack for single-layer

and all bilayer stacking h-BN. [8]. Convergence with respect to the number of k-points in the

Brillouin zone and the maximum kinetic energy of plane waves was tested before calculations

started.  The convergence threshold of  the self-consistent  field is  10−5 eV.  The optimized

parameter are bond length(l)=1.455 Å, lattice parameters a=b=3.33Å and α = β = 90°, γ = 120°.
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We  studied  the  electronic  properties  of  the  seven  different  stacking  structures  of  h-BN

bilayers.These are AA (eclipsed with N over N and B over B), AA’ (eclipsed with B over N),

AB (staggered with B over N), AB’ (staggered with B over B), A’B (staggered with N over

N), SD( sliding N parallel to N and B parallel to B) and SD’ ( sliding N and B are alternative).

The energy minima correspond to the AA’ and SD stacking in which nitrogen (boron) atoms

of the top layer are located on top of boron (nitrogen) atoms of the bottom layer and sliding of

upper layer by half of the lattice constant. For A’B and AB’ energy and lattice spacing in c-

direction is equal. AA and AB stacking are least stable structure having large lattice spacing in

c-direction. 

Figure 4.1 Atomic model for monolayer and various stacking in h-BN bilayer.
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Stacking Interlayer Distance (Å) B-N bond length (Å) ΔE0 (meV)

AA 3.55 1.44 27

AA’ 3.21 1.44 0.0

AB 3.47 1.44 25

A’B 3.14 1.44 1.5

AB’ 3.14 1.44 1.5

SD 3.17 1.44 0.0

SD’ 3.22 1.44 5.0

Table 4.1. Optimezed interlayer distance d0 (Å) and the relative ground-state total energy ΔE0 (meV with respect

of most stable structure SD) for different stacking AA, AA’, AB, A’B, AB, SD and SD’.

AA Stacking AA’ Stacking

AB Stacking AB’ Stacking
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Figure 4.2 Band structure diagram for different stacking in h-BN bilayer.

From table 4.1 we can that AA’ (eclipsed with B over N), and SD( sliding N parallel to N and

B parallel to B) are most stable structure. Band structure calculations shows that electronic

properties of h-BN is strongly influenced by different stacking. Band gap value and nature of

band gap is summarized in table 4.2.

Stacking Kv – Kc (eV) Kv  - Mc (eV) Γv – Γc (eV) Nature  (band

gap)

AA 3.94 3.95 5.8 Direct 

AA’ 4.65 4.28 5.9 Indirect

AB 3.97 3.97 5.8 Direct

A’B 4.57 4.31 5.8 Indirect

AB’

SD 4.36 4.29 5.8 Indirect 

SD’ 3.86 4.37 5.9 Direct 

Table 4.2  Different electronic transition energy and band gap for h-BN bilayer stacking.

From band structure calculations we can see electronic properties of h-BN is strongly

influenced by different stacking, this intimate relation between stacking order and bandgap

nature could serve as a fingerprint for experimental identification of possible stacking order.

SD Stacking
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Second distinct feature of band structure is the location of valence band maxima (VBM) and

conduction band maxima (CBM) are found at K and M points only depending on the stacking

order.

4.3 Experimental findings of different stacking in h-BN layers

4.3.1 AA’ stacking

AA’ stacking is the well-known stacking configuration for h-BN, where boron atom of top

layer sits on top of nitrogen of bottom layer and vice versa. AA’ stacked multilayer layers of

h-BN is shown in Figure 1a.  As we can see there is  exact hexagons and no other atoms

appearing in the center of the hexagon. The intensities in neighboring atomic positions are
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also similar to each other due to the same number of atoms giving the same sum of Z2 in the

atomic columns.

Figure 4.3 Atomic structure of h-BN layers in AA’ stacking. (a) HRTEM image of h-BN layes. (b)  HRTEM

image is low-pass filtered HRTEM image, no artifacts are caused to remove noise in HRTEM images.  The

filtering is low-pass and used to remove noise and increase visibility of HRTEM images. (c) 2D fast Fourier

transform (FFT) of h-BN HRTEM image. Six spots adjacent to the center are {1-100}.

Figure 1a shows the atomic structure of a bilayer h-BN sheet with the AA stacking without

any rotation. The atomic structure of HRTEM image is hexagonal and having lattice constant

2.6Å and B-N bond length 1.5Å. The estimated error in lattice constants and bond length is

0.2Å which is the size of a pixel. It is interesting that no Moiré pattern is observed in the

HRTEM image of the h-BN layers, shows there is no other stacking is present. Figure (1c)

shows that  the six  {11¯00} spots in  the fast  Fourier  transform (FFT) pattern of the AA-

stacked image constitutes only one hexagon. From figure 1a we see that the synthesized h-BN

sheets are indeed 2-3 layers, as confirmed by edges. Insights into the number of layers in the

BN sheets can be achieved by examining the edges. Figure 1a (red lines) shows the edge of a

BN sheet with between 2 and 3 layers. Red lines in Figure 1a indicates  different lines of

contrast that could be due number of layers of BN.

a

c

b
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4.3.2 AB Staking

Figure  4.4 Atomic  structure  of  h-BN layers  in  AB stacking  and  comparing  with  theoretical  structure.  (a)

HRTEM image of h-BN in AB stacking. (I) Magnified HRTEM image of (a). (II) the lattice constant in direction

of the small red arrow. (III) Lattice constant along the big red arrow. (IV) Atomic structure model in AB stacking

showing all the lattice parameters is matching with HRTEM image.

Figure 2a shows the atomic structure of a bilayer h-BN in AB stacking without any rotational

stacking  arrangement.  HRTEM  image  in  AB  stacking  is  exactly  matching  with  atomic

structure model with all lattice parameters. In AB stacking B atom of top layer overlaps with

N atom of the bottom layer, so intensity in HRTEM will higher for two atomic sites (red

circle) than single atomic site (green circle). There are two single atomic sites (green circle)

one for B atom of the bottom layer and other for N atom of the top layer. Intensity for N atom

4.3Å

2.5Å
1.44Å

2.6Å

4.4Å
1.5ÅIII IV

VI
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of the top layer is higher than B atom of the bottom layer, so only N atom of the top layer is

resolving in HRTEM image due to higher Z contrast and higher phase contrast.

4.3.3 Rotational stacking arrangement with 30° rotation

Figure 4.5 HRTEM images and FFT patterns of a  bilayer h-BN sheet  with 30⁰ of ratational  stacking.This

HRTEM image is raw and unfiltered. the twelve {11¯00} spots constitute two hexagons that are indicated with

red and yellow hexagon. 

The rotational stacking in h-BN layers is easily identified by multiple diffraction spots in the

diffraction pattern. Rather than having only 6 spots in each ring as in the case of single and

Bernal-stacked few layer h-BN, several sets of 6 spots appear for disoriented layers (6, 12, 18

etc.) where each 6-spot pattern represents one layer. The rotation angle between the layers can

be determined by measuring the angle between neighboring diffraction spots in the same ring

of the diffraction pattern.

From diffraction in figure 2a, there are 12 spots in each ring rather than just 6 spots and each

group of 6 spots comes from different layers. The rotation between layers is 30° as measured

from neighboring spots.
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4.3.4 Rotational stacking arrangements with small angle

Figure  4.6 HRTEM images  and  FFT patterns  a  few layers  h-BN nanosheet  with  three  rotational  stacking

arrangements. (a),(b) and (c) are FFT pattern from selected region of interest I, II and III respectively. (d) is FFT

pattern of whole HRTEM.

To  examine  the  relative  rotation  between  the  h-BN  layers,  selected  area  electron

diffraction (SAED) was taken three regions in figure 4. Figure 4a shows 6 diffraction spots of

a hexagon. In figure (b) there are 12 spots in the diffraction pattern with a rotational angle of

3.5°  between  them.  In  figure  (c)  where  eighteen  spots  constitute  three  hexagons.  Their

rotational angles are given as -3.5° and 3.5° with respect to central hexagonal spots.

These three sets of hexagonal pattern indicate that there are at least three h-BN layers, which

can be seen by looking edges in HRTEM image. This symmetric rotation indicates that the

orientation is not random. The number of layers can be counted by looking edges in HRTEM

image.

 indicating that the orientation of the h-BN layers is not random. 

I

III

II
a

bc

d
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4.4 Growth of w-BN thin film by pulsed laser deposition

4.4.1 Experiment

We have grown thin films of w-BN by pulsed laser deposition on 8×8 mm2 size ‘c’ plane

sapphire  substrate.  The target  pellet  is  prepared from h-BN powder obtained from Sigma

Aldrich (99.9%) by first  cold pressing and then sintering at  800 °C for 5 h in a vacuum

chamber (~10-5 Torr). The ablation frequency used is 1 Hz during the film growth. The slow

laser  ablation  rate  allows  sufficient  time for  kinetic  relaxation  of  the  nucleation  layer  to

establish epitaxial relationship with the underlying substrate. This also helps in eliminating

misaligned crystallites for highly lattice mismatched epitaxy. The pressure is kept constant at

~10-5 Torr throughout the growth schedule while the temperature of the growth was 400 and

800 °C for the nucleation and final growth, respectively.

Figure 4.7 (a) & (b) HRTEM image of  w-BN on c-plane sapphire along two different zone axes of sapphire

showing atomic arrangement and registry of atoms at the film substrate interface. The inter-atomic distances are

mentioned in the figure [11].
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4.4.2 DFT Calculation

To understand  stablization  of  w-BN thin  film,  DFT calculation  were  performed  for  both

monolayer, bi-layer h-BN and staggered h-BN on O-terminated sapphire to get insights into

the stability and chemical interaction through charge transfer between B and O atoms leading

to structural phase transition from h-BN to w-BN. The structure of sapphire (α-Al2O3, space

group ) consists of 12 Al and 18 O atoms per unit cell with lattice parameter a = 4.758 Å, �3̅�

c = 12.992 Å. 

Figure 4.8 Schematic structure of monolayer (a) staggered h-BN on c-plane sapphire. The

stability of staggered h-BN configuration is 210 meV/atom more compared to flat h-BN. (b)

staggered bilayer h-BN showing nucleation and growth of w-BN phase along c direction.

Charge density plot showing additional interaction between B and O atoms at the interface in

both (c) mono and (d) bi-layer leading to staggering configuration of flat h-BN [11].

The calculation revealed that  w-BN on sapphire  with B-O bonding is  more stable

(7.76 eV/atom) than h-BN (7.55 eV/atom) for the monolayer coverage. Further calculation
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shows  that  the  staggering  propagates  to  the  bi-layer  as  a  stable  system  (7.92  eV/atom)

compared to bi-layer flat  h-BN (7.83 eV/atom) and eventually form the wurtzite structure

[Fig. 1(b)]. 

The valence charge density plot reveals charge transfer between O and B atoms for staggered

h-BN [Fig. 1 (c) & (d)] but not for the flat h-BN. The observation by HRTEM imaging at the

interface and combination of first principle calculation suggests that the selective and stronger

chemical interaction between the O atoms and B atoms in h-BN for the first deposited layer

initiated the structural  phase transition  from h-BN to w-BN and subsequently propagated

along the (0001) direction.

4.5 Conclusions

In conclusion, we have grown large area epitaxial thin film of meta-stable w-BN by pulsed

laser deposition on sapphire c-plane substrate. To understand stabilization of w-BN thin film

we performed DFT calculation and found that interaction between O atom of sapphire and B

atom of BN layer is stabilizing the meta-stable w-BN thin film. Other than w-BN, we wanted

to see the influence in electronic properties of h-BN bilayer by different rotational stacking

arrangement.  For  this,  we  have  synthesized  h-BN  bilayers  and  multilayers  in  different

rotational stacking arrangement and performed DFT calculation. We found that energy barrier

between most stable structure and structure with rotational stacking arrangements are very

less  (5-25meV).  From the  DFT calculation,  we found that  bandgap  nature  changes  from

indirect to direct band gap when stacking arrangements occurs.
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Chapter V

                                Conclusion and future perspectives
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5.1 Conclusion

 We have optimized experimental parameters (solvent, sonication power, concentration 

of sample and sonication time) for van der Waals heterostructure of TMDs and BN.

 Different vertical heterostructure has been grown, MoS2/h-BN, MoS2/WS2, 

MoS2/BN/WS2.

 Lateral heterostructure of MoS2/WS2, MoS2/BN, MoS2/BN/WS2 have been studied.

 We studied growth of BN on Al2O3 and different TMDs (MoS2, WS2 and ReS2) and 

different rotational stacking arrangements in h-BN bilayer.

 Electronic structure of h-BN bilayer has been studied in various rotational stacking

arrangements.

 we have grown large area epitaxial  thin film of meta-stable  w-BN by pulsed laser

deposition on sapphire c-plane substrate. 

5.2 Future perspectives

➢ We will extend our PLD growth method for vertical van der Waals heterostructure to

grow a large area epitaxial thin film of the lateral heterostructure of different TMDs and BN

for devices application.

➢ By EELS and MR-EELS we will understand interface properties of all vertical and

lateral heterostructure.
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