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Abstract

The effect of thermal perturbations on different Raman active phonon modes has been
studied using temperature dependent Raman spectroscopy of MoS,. The MoS; nanosheet
was prepared using Chemical vapour deposition (CVD) and characterized using Scanning
electron microscopy (SEM), X-ray diffraction(X-RD), X-ray photoelectron spectroscopy
(XPS), and Raman spectroscopy. Raman spectra recorded at temperatures higher than room
temperature (300K-573K) and below room temperature (198K-300K) were analyzed using
the theoretical framework developed by taking hot phonon anharmonicity into account.
Temperature-dependent responses for Elzg , Aig 2LA(M) modes were observed in Origin.
The laboratory results revealed that phonon—phonon interaction and electron phonon
interaction play a dominating role in broadenings and shifting of peaks at different
temperature range. The Elzg, Ay and 2LA(M) Raman active modes, confirming the
anharmonic  effect's.

The temperature-dependent red shift in peak location and widening of the Raman modes
Elgg, Aig and 2LA(M ) with respect to room temperature below and above (298k) tells us
about increases in crystallinity of material. The behavior of phonons under the effect of
increased temperatures has been presented in detail, with good agreement between
experimental and theoretical frameworks. And according to literature we calculate
temperature coefficient for each Raman modes Elzg (- 0.01808 cm™/K), Ayg (-0.01581cm’
/K) and 2LA(M) (-0.01856 cm™/K). From literature review and experimental data analysis

the calculated negative temperature coefficient have application for photo electronic devices.




Contents

(O aF- o] (=1l A 1 a1 1 0o [1Tox 4 o] o SRR 1
L.1.0TNTFOTUCTION ...ttt bbbt b et nn e 1
1.2.0TMDCs (Transition Metal DichalcoOgenides) ..........cccoviieiieiinienieneee e 2
1.3.0Molybdenum disulfide (IM0S2)........ccuiiiiiiiieiieiiccsee e 3
1.3 LCIrYStal SEFUCTUIE eeueiniiniieeieiniineeaeeeeerentencescnscnsessescnsansansessssnssnsansonsescnses 4
(N0 [@fe]ap] o -1 £ o] gF- 1= 5
L.5.0APPHCALION OF MOS, ...ttt raesaeeneennes 6
1.5.1FETs (Field EffeCt TranSiStOr) .......ccccciviiiiie ettt 6
1.5.2PN0t0 ElECTIONIC HEVICES .......eeuiiiiiiiiieieteie ettt 6
1.5.3GaS SISO ...tttk b b bRt b et n e nne s 6
L5, AL UDTICANTS ...ttt bbbt bbb b b et b bt 7
1.6.00DJECHIVE OF TNESIS.....cviiiiiiiicie ettt este e s reestaennesneas 7
Chapter 2  Synthesis and Characterizations TeChNIQUES..........cccevveiieie i v 8
2.1 .0 TOP-DOWN APPFOBCNES .....ocuiiiiiiiiieite ettt bbbttt 8
2.1.1Micromechanical EXFOHAtION..........ccoiiiiiiiiiiic e 9
2.1.2L1QUIA EXTOIATION ...c.uiiiiecic ittt e be e e e sraeanee s 9
2.2 .0BOttOmM-UpP APPIOACH .....ocviiiiiiiiee s 10
2.2.1Physical Vapor Deposition (PVD) ......ccvoiiiiiiiie et 11
2.2.2Chemical vapour deposition (CVD).......cccceiieiiiieninie et 11




2.2.3S0IUTION CREMICAI PrOCESS ... ettt e et e e e e e e e e e eeees 12

2.3.0Characterization TEChNIQUES...........coiiiiiiieii et sneas 14
2.3.1Scannenig electron MIiCrOSCOPY...ceueieeiiuiiieiinieieieniinresessaronesssssnsonssssssnsonssanss
2.3.2X-Ray Photoelectron SpectroSCOPY (XPS) ....cviiieiiiiiiieiieie et 14
2.3.3X-Ray DIffraCtioN(X-RD)......cceiiuiiieriiiieiieie sttt sttt nae e nneas 17
2.3.4RAMAN SPECTIOSCOPY «eterreneentensesssssssnssssssssossssssssssssssssssssssssnssssssssssssssssnss
Chapter 3 Experimental TEChNIQUES ........c.coviiiiee e 18
3.1 Setup Of EQUIPIMENT .....ooiiie ettt re e neesaeenrenneas 18
3.2 SYNTNESIS PIOCESS ...ttt b bttt b et b et e e 21
3.2.1Steps iNVOIVed IN CVD OPEIALION ......oc.eiiiiiiiiieiieie ettt 21
3.2.2WOrKiNG MECNANISIM ......cviiiiiicie ettt sre e re e e neesaeeneenreas 22
3.3 0ULCOME & CONCIUSION. ...ttt bbbttt 29
3L PrECAUTIONS ...tttk b bbb bbbt b bttt bbb n e 29
Chapter 4 ReSUltS & DISCUSSION ........ciiiiiiiiiiiiiie ittt 30
4.1.0 Characterization RESUITS..........cooiiiiiii e 30
4.1.10PtICAl MICIOSCOPY euteueiiniinriieiinieseesatonrsssssstorsssssssssssssssosssssssssssssssssnsonss 30
4.1.2SEM(scanning electron MICIOSCOPE)......ccuiiiuieiiieirieiieesieesteesteesreesteesaeesreesnaeesreesaeenree e 31
G 5 5 T
4.1.4X-ray Photoelectron SPeCIIOSCOPY . ceureeteeeeeerenssasessssnssnsssssssnssssssssssnssnsonssssns
4.1.5Temperature-Dependent Raman SPECtrOSCOPY cuteereeeereeranrescessnsansessssnsansescnsans

Vil




Chapter 5 Conclusion and Future Scope

REFEIENCE ..o,

VIl




List of Figures

Figure 1.1 Fig 1.1 2-D material structure.
Source: 2-faced 2-D material is a first at Rice (14 August 2017)

Figure 1.2 periodic table where red is transition metal and yellow is chalcogen.
Source: https://doi.org/10.1002/inf2.12161

Figure 1.3 Figl.3 crystal structure for MoS, phases
Source: https://doi.org/10.3390/cryst11040355

Figure 1.4 Band diagram of bulk and monolayer MoS2 showing crossover from indirect to
Direct.
Source: Molybdenum Disulfide, MoS2: Theory, Structure & Applications.

Figure 2.1 Representation of top-down approach for synthesis of nanomaterials
Source: https://doi.org/10.3390/chemosensors6020016

Figure 2.2 (a) Scotch tape pressed on bulk crystal, (b) Scotch tape peeled off

Bringing multiple atomic layers with it, (c) Multilayers pressed onto desired substrate and

(d) Tape peeled off again, leaving a single atomic monolayer behind.(Novoselov& Castro
Neto)

Source: https://doi.org/10.3740/MRSK.2017.27.12.705

Figure 2.3 Production of MoS2 Nano sheets in isopropanol by a salt assisted direct
liquid exfoliation.

Source: Production of mono- to few-layer MoS2 nanosheets in isopropanol by a salt-
assisted direct liquid-phase exfoliation method — ScienceDirect.

Figure 2.4 Representation of bottom-up approach for synthesis of nanomaterials
Source: https://doi.org/10.3390/chemosensors6020016.

Figure 2.5 Represent inner-structure of CVD
Source: https://doi.org/10.1039/C8NR10092F

Figure 2.6 Parts of Reflected Light Microscope
Source: www.microbenotes.com

Figure 2.7 Scanning electron microscope.
Source: Radiological and environment

Figure 2.8 XRD pattern formed
Source: https://cnx.org/m

Figure 2.9 Schematic representations of XPS components.
Source: Photoelectron Spectrometer (ESCA) | Introduction to JEOL Products | JEOL L



https://doi.org/10.1002/inf2.12161
https://doi.org/10.3390/cryst11040355
https://doi.org/10.3390/chemosensors6020016
https://doi.org/10.3390/chemosensors6020016
http://dx.doi.org/10.1039/C8NR10092F
http://www.microbenotes.com/

Figure 2.10 Represent a) stokes and anti-stokes. b) Represent energy band diagram for stokes
and anti-stokes.

Figure 2.11 Represent block diagram of Raman spectroscopy.

Figure 4.1 Represent optical image and the yellow circled show triangular domains

Figure 4.2 Show the triangular domain of sample prepared.

Figure 4.3 Shows Intensity vs 2theta graph plot

Figure 4.4 Mo intensity verse binding energy. b) S intensity verses B.E

Figure 4.5 represent a) Raman spectroscopy at room temperature. b) Table of Raman modes
at room temperature.

Figure 4.6 Represent Raman shift verses intensity below room temperature. b) Table for
different Raman modes at below room temperature

Figure 4.7 a) Raman shift verses intensity above room temperature.b) Table showing readings
of raman modes.

Figure 4.8 Show plot of raman shift vs temperature for, a)E',q b) Aq C) 2LA(M)




1)
2)
3)
4)
5)

6)

LIST OF TABELS

Table 1.1 PropertiesS 0f MOSy......oviinii e

Table 3.1 steps before eXperiment. ... ...
Table 3.2 optimizing parameters with perfectresult.....................ocooiiiiiiiia
Table 4.1 FWHM of Raman modes at room temp..............coovviiiiiiiiiiiiiene.
Table 4.2 for different Raman modes at below room temperature ..........................

Table 4.3 Showing readings of Raman modes.................cooiiiiiii i,

Xl




List of Abbreviation’s

2D- Two-dimensional

TMDCs/TMDs- Transition Metal Dichalcogenides
MoS, - Molybdenum Disulfide

XPS- X-ray Photoelectron Spectroscopy
CVD- Chemical Vapor Deposition

SiO,- Silicon Dioxide

S- Sulfur

Mo- Molybdenum

FET- Field-Effect Transistor

Si- Silicon

XRD- X-Ray Diffraction

SEM- Scanning Electron Microscope

A- Wavelength

®- Angle of incidence

DI- De-lonized

MoO;- Molybdenum Trioxide

FWHM-Full width at half maxima

Xl




Chapter-1

Introduction

Recently, two-dimensional materials like graphene have gained attention because of their
exceptional electrical and optical properties. The first two-dimensional material synthesized was
graphene, it is one atom thick [1]. Graphene has no band gap As its valence band and conduction
band touch, it is also considered as semi-metal[2]. With similar qualities to graphene and to deal
with the drawbacks of the zero bandgap [2], 2D TMDs were discovered as the ideal substitute for
graphene. Due to their band gap qualities between 1-2 eV, 2D TMDs, semiconductor materials
with distinct properties like electrical, mechanical, and optical properties,[3] appeared to be
extremely promising for usage in next-generation semiconductor devices. MoS; is a typical
TMDC that has gained widespread study interest because to its fascinating properties. Like,
Tunable band gap[4], rapid carrier dynamics, outstanding electroluminescence and

photoluminescence [5] characteristics, and so on distinguish two-dimensional MoS,.

Monolayer MoSe, Monolayer Janus ~MoSe

Fig 1.1: 2-D material structure
Source: 2-faced 2-D material is a first at Rice (14 Auqust 2017)

1.2 TMDC:s (Transition Metal Dichalcogenides)

TMDCs are atomically thin semiconductors. Having general formula of the MX, where M
is a transition metal atom and X is a chalogens atom [6] shown in fig 1.2.. A layer of M
atoms is sandwiched between two layers of X atoms. The metal can have either trigonal
prismatic or octahedral coordination [7]. TMDCs have electronic properties ranging from

semiconducting (n-type, p-type) to superconducting depending upon chemical composition.




Group-VI TMDCs monolayers (e.g., MoS,, WS,, MoSe,, and WSe,) exhibit semiconductor
behavior.
Recently TMDCs have drawn attention in many fields after the discovery of graphene

and wide applications 2D nanomaterials in many fields.
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Fig 1.2 Periodic table where red is transition metals and yellow is chalogens
Source: https://doi.org/10.1002/inf2.12161

1.3 Molybdenum disulfide (MoS,)

An organic substance made of Molybdenum and Sulphur is known as Molybdenum
disulfide (Mo0Sy,).It is a naturally occurring, silvery black solid called Molybedite with a
hexagonally layered structure. The semiconductor has a direct band gap of 1.8 eV/(bulk)
and an indirect band gap of 1.2 eV (monolayer)[8]. MoS; typically has a laminar S-Mo-S
structure in just one layer. In a single layer of MoS,, the Mo atom is sandwiched between
two S atoms, or S-Mo-S. In a trigonal prismatic D3y, space group 6, the Mo atoms of MoS,
have a coordination of six, whereas the sulphur atoms have a coordination of three[9].
The electrical properties can be controlled in part by the coordination of the Mo metal and

its d-electrons.

1.3.1 Crystal Structure of MoS,

The coordination phase of MoS; is either trigonal prismatic (2H) or octahedral (1T) exists in a

single layer. In phases 1T, 2H, and 3R, the letter denotes the type of symmetry and the
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number denotes the number of layers in the crystallographic unit cell. Tetragonal, hexagonal,

and rhombohedra is the letters T, H, and R, respectively. (J. Mex. Chem. Soc. 2019).

1T 2H 3R

Metal > I < N | < \[(
Coordination p
[ ] ¢ [+

Octahedral Trigonal Prismatic Trigonal Prismatic

Top View R e
LA

Stacking ¥
Sequence ¢

@ M=Mo, W
@ x=5

Fig 1.3 crystal structure for MoS, phases
Source: https://doi.org/10.3390/cryst11040355

1T-MoS; is a metastable crystalline phase having tetragonal symmetry and is metallic.
1T- MoS; monolayer is a slab of hexagonal Mo lattice occupies at the center by
octahedral coordination between two layers of hexagonally packed S atoms. In both 2H-
MoSz and 3R- MoS; phases each Mo atom is covalently bonded to six surrounding S atoms

forming a trigonalprismatic coordination.

2H molybdenum disulfide (M0S2) is one of the transition metal Dichalcogenides that has
received the most attention over the past few decades. It is the stable hexagonal phase of.
The metastable phases of MoS2 (1T, 1T’, 1T", and 1T"') have had a resurgence in interest
over the past five years. These metastable phases are made up of edge-sharing [MoSg]
octahedral, in contrast to the edge-sharing [MoSe] trigonal prisms in the 2H MoS; phase,
where the surrounding Mo-Mo distances diverge. These metastable polytypes are
endowed with intriguing physical properties and have potential applications in a variety of
sectors because of the numerous crystal structures and electronic configurations of the
[MoS6] motifs that make them up. The most recent developments in metastable MoS;
research are outlined in this review, with a focus on the various synthetic techniques.[10] .
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3R-MoS; (rhombohedral), due to its thermal stability, ABC stacking (as opposed to the
AA' of the more prevalent 2H-Mo0S;), and absence of inversion symmetry, the 3R-MoS;
(rhombohedral) phase has garnered the greatest attention. It is a great contender for
photonics, optoelectronics, and catalysis because of these qualities. This review aims to
summarized 3R-history, MoS;'s known and predicted properties, syntheses, applications,
and common misconceptions because the body of literature on it is quickly growing.[11]
The bandgap of single layer 2H-MoS; is found to be double than that of bulk 3R-
MoS2.[12].

2H- MoS; phase is more stable at high temperature as compared to 3R-MoS;. [13]

1.1 Properties of Molybdenum Di-Sulfide

Table 1.1 Properties of MoS,

Chemical Formula MoS;
Band aa 1.23 eV (direct, bulk)
gap 1.8 eV (indirect, monolayer)
Molar mass 160.7 g mol™
Density 5.06 gcm™
Melting point 1185°C
Solubility Insoluble in
water

In bulk form, the weak interlayer interactions allows sheets to easily slide over one-another, so
it is often used as lubricant. [14]

The optical bandgap transforms from indirect to direct one when the dimensions of MoS; is
reduced from bulk to monolayer sheet. The indirect band gap become larger while the number
of layered decreases due to quantum confinement effect in c-axis direction.[15] This unique
bandgapproperties lead to better application in opto-electronic devices.

Semiconductor nature of MoS; can determine optically active in visible region.[16]
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Figure 1.4 Represent Band diagram of bulk and monolayer MoS2 showing crossover from

indirect to direct bandgap accompanied by a widening of the bandgap.
Source: Molybdenum Disulfide, MoS,: Theory, Structure & Applications

1.6 Application of MoS,:

1.6.1 FETs (Field Effect Transistor):

MoS; is n-channel FET’s as it is n-type semiconductor. Since mobility of electrons is more
therefore n-channel is a best FET’s. FET MoS; has unique properties towards FETs due to its
substantial direct bandgap and comparatively high carrier mobility. Single-layer MoS,
transistors were the subject of early studies that showed significance, with high motilities and

a good on/off ratio[17].
1.6.2 Photo Electronic Device:

Photo electronic devices generate voltage and current, when exposed in visible, infrared, or
ultraviolet radiation. MoS; monolayer is optically active in visible region; it can be used in
photo electronic devices such as LED’s, Solar cells etc The MoS; photo electronic memory
exhibits excellent memory characteristics, including a large programming/erasing current
ratio that exceeds 10°[18].

1.6.3 Lubricants:

Molybdenum disulfide is largely used as lubricants because of its layered structure and the

materials can shear more easily parallel to these layers. The current usage of MoS, for
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lubrication in spaceflight and dry machining, as well as anti-adhesive uses in extruding and
moulding, are described. The state-of-the-art for modifying MoS, films currently involves
adding dopants (co-sputtering), multilayering as a collection of films, each performing a
particular function, or stacking repetitive nanometer-scale films.[19]

1.6.4 Gas Sensors:

The development of new semiconductor materials is still a major area of research due to the
ongoing expansion of technological applications. New substances like molybdenum disulfide
have been investigated recently as alternatives to silicon and graphene. One of the promising
2D materials with a direct bandgap, monolayer molybdenum disulfide (MoS,), has a lot of
potential for use in Nano electrical devices, energy storage, photo catalysts and chemical
sensors. As a result, this research evaluates the current MoS, gas-sensing applications and

compares them to those of other nanomaterials.[20]

1.5 Objective of thesis:

Based on above studies we took MoS; for our further studies (thesis). The objective of this
thesis is to systematically establish, understand and optimize the chemical vapor deposition

(CVD) and studying its temperature dependent Raman spectroscopy for MoS; monolayer.




CHAPTER-2

Synthesis and Characterization Techniques

In this chapter the several ways to create MoS, monolayers are briefly discussed. There are
two different ways to create nanostructures: top-down and bottom-up. Although top-down
methods are well developed, bottom-up methods are preferable because they have a higher
likelihood of developing nanostructures with fewer flaws, more uniform chemical

compositions, and the ability to produce smaller structures.

2.1 Top-Down Approaches

The top-down synthesis process creates nanostructures by etching out crystal planes that are

already present on the substrate. It ensures consistency in particle size, shape, and geometry.

q—*Bulk

n m—r Fragments
oo

vy
m m m—- Nanostructures

Figure 2.1 Representation of top-down approach for synthesis of nanomaterials
Source: https://doi.org/10.3390/chemosensors6020016

Top-down

2.1.1 Micromechanical Exfoliation

Micromechanical exfoliation is simplest method and makes use of weak vdW forces. A scotch
tape is used to peel off the layers of MoS; from bulk material. The tape is then pressed onto a

substrate. The peeled off layer is transferred onto the substrate by vdW forces between

them[21]. The disadvantage of this method is its limitation to lab scale.
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Figure 2.2 (a) Scotch tape pressed on bulk crystal, (b) Scotch tape peeled off Bringing multiple
atomic layers with it, (¢) Multilayers pressed onto desired substrate and (d) Tape peeled off
again, leaving a single atomic monolayer behind.(Novoselov & Castro Neto, 2012)

Source: https://doi: 10.3740/MRSK.2017.27.12.705

2.1.2 Liquid Exfoliation:

Mechanical exfoliation can produce large-scaled, single-layered TMDC’s that are flawless but
have limitations. Chemical exfoliation has therefore been developed for the high yield and
large-scale manufacture of TMDC nano-sheets in solution phase. Bulk MoS; in liquid phase
exfoliation create flakes of arbitrary size and shape. Several methods, including mechanical
exfoliation, chemical vapour deposition, and chemical exfoliations, have been used to create
2D-TMDCs. Chemical exfoliations, such as liquid-phase and intercalation isolations of
TMDCs, are seen as potential options for high yield, remarkable performance, low cost, and

exceptional up-scalability among cutting-edge synthetic methods.[22]

Blolaton )

MoS,

N

Figure 2.3 Production 012 MoS2 Nano sheets in isopropanol by a salt assisted direct

liquid exfoliation.
Source: Production of mono- to few-layer MoS, nanosheet in isopropanol by a salt-
assisted direct liquid-phase exfoliation method — Science Direct.

There are two ways to exfoliate MoS; in liquid.
1) The first is mechanical exfoliation using techniques like sonication, shearing and grinding.

2) The second is an electrochemical method called atomic intercalation.




2.2 Bottom-Up Approach:

A bottom-up approach implies the nanostructures are synthesized onto the substrate by
stacking atoms onto each other which give rise to crystal planes, crystal planes further
stack onto each other, resulting in formation of nanostructures. This approach is

advantageous than the former in many aspects be it size constraints, etc.

[I] []] m—* Nanostructures
A

0%.0 0
Q@g°°°° —Clusters

Bottom-up

®00000°°" o
:0:-:-::::.:-: oo 0®—> Atoms

Figure 2.4 Representation of bottom-up approach for synthesis of nanomaterials
Source: https://doi.org/10.3390/chemosensors6020016

2.2.1 Physical Vapor Deposition (PVD)

Physical vapour deposition is a vaporization coating technique in which the material goes
from a condensed phase to a vaporphase and then back to a thin film condensed phase. The
most common form of physical vapor deposition is thermal evaporation, magnetron
sputtering,( Kurapov et al., 2021) and arc vapor deposition.
The process involves four steps:

1) Evaporations of the material to be deposited.

2) Transport of the vapor to the substrate to be coated.

3) Reaction between metal andrespective reactive gas during transport.

4) Deposition of coating at substrate surface.




2.2.2 Chemical Vapor Deposition (CVD):

Chemical vapor deposition is a process in which volatile precursors are heated and then
reacts chemically in vapor/gas to form the desired product which deposits over the
substrate. CVD is a popularly used technique for 2D nanomaterials fabrication such as
graphene, TMDCs.

It is an excellent fabrication method used vastly to synthesize controlled layer of MoS2
and other 2D materials such as graphene, borophene, etc[25]. By varying the synthesis
condition (temperature, pressure, concentration) the diameter, crystallinity and other

morphology of the product can be controlled.

Substrate
MoO,
Heating Zone-2

Quartz Tube

Sulphur
Heating Zone-1

— Furnace

Figure 2.5 Represent inner-structure of CVD
Source: https://doi:10.1039/C8NR10092F

Steps involved during the CVD synthesis process:

1) Evaporation of precursor

2) Reaction of precursor and form new compound
3) Diffusion of the product on the substrate

4) Surface reaction leads to formation of film

5) CVD can categorize into various types based on the different ongoing
processes

10
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2.2.3 Solution Chemical Process

Hydrothermal synthesis and solvothermal synthesis typically use molybedite to react with
sulfide or just sulfur in a stainless steel autoclave, where a series of physicochemical reactions
take place under relatively high temperature (e.g., 200° C) and high pressure for several hours
or longer. The resultant is MoS, powders of different shapes. The size of individual particles
can be adjusted to some extent. Very frequently, the powders are post-annealed to high
temperature, to improve their crystalline quality and purity. The only difference between
hydrothermal and solvothermal synthesis is that the precursor solution in the latter case is
usually not aqueous. Other solution chemical processes start at around room temperature and
atmospheric pressure, where post annealing is often used anyway. The products can be either
a powder or thin film, depending on the preparation details. The most commonly-used
precursor is (NH4)2MoS4 (ammonium tetrathiomolybdate), or sodium molybdate.
(NH4)2MoS, decomposes to form MoO3 at 120- 360 °C, [24]which can be further converted

into MoS,.

2.2.3 Characterization:

In this section the characterization techniques that are used in order to analyze the end
product formed during the synthesis process and to determine whether the desired results
are obtained or not. We discussed different techniques, instrumentations used. Also, how
to interpret the raw data/information obtained during analysis to reach to certain

conclusions.

Based on the previous works following are the characterization techniques for MoS,.
(1 Optical Microscopy
(i) Scanning Electron Microscope (SEM)
(iii)  X-Ray Powder Diffraction (XRD)
(iv)  X-Ray Photoelectron Spectroscopy (XPS)
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(V) Raman Spectroscopy
Know we will discuss about characterizations techniques that were performed to analysis the
sample we prepared.
2.3.1 Optical Microscopy:
Reflective light microscopy is the observation of a sample in microscope under a
reflective light instead of the conventional transmitting light. As the sample is opaques

thus light cannotbe transmitted through it to the eyepiece.

Ocular lens (Eye piece) —~———fd

Diopter adjustment
Head

Nose piece
Arm (Carrying handle)

Objective lens

Stage clip
Aperture

Mechanical stage
Coarse adjustment
i

’

Fine adjustment

Stage controls

(Light Source)

Base

Brightness adjustment

Light switch

Figure 2.6 Parts of Reflected Light Microscope
Source: www.microbenotes.com

A light microscope uses either transmitted or reflected light for illumination to examine
microstructures. Reflective light Source is used for observation of opaque samples. The
incidentlight on the surface of the microscope is reflected and observed with eyepiece or
mounted camera setup. Based upon the different lenses different level of magnification

can be achieved i.e. 10X, 20X, 5X.
2.3.2 Scanning Electron Microscopy (SEM):

Scanning electron microscopy has transformed the way we look at our world. Dimensions

considered invisible were now exposed with the advent of this technology. A beam of electron
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scans the sample in a manner called raster scanning. The electrons interact in a variety of
ways with the sample producing backscattered electrons, Auger electrons, secondary
electrons, characteristic X-rays, etc. All these are picked up and analyzed by detectors. SEM
is strictly a surface and sub-surface technique reaching up to few nm into the sample. It is

highly useful to determine the morphology and chemical composition of sample.

Electron Electron Gun
-

Lens

To TV
Scanner

Scanning
Coils

Secondary
Electron
Detector

specimen

Figure 2.7 Scanning electron microscope.
Source: Radiological and environment

2.3.3 X-Ray Diffraction (XRD):

Incident light
(wavelength A)

Figure 2.8 XRD pattern formed
Source: https://cnx.org/m

It is a technique used to find the planes (h ,k, I). It is a no destructive characterization.
The monochromatic X-ray beams strikes the powder specimens kept in thin waled capillary.
The x ray sore diffracted from specific planes making an angle theta with the beam and

obeying Bragg’s law. The diffracted rays generate cone concentration with incident beam.

13
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The full opening angle of the diffraction cone 4 theta is determined by measuring the distance
S between two diffraction lines corresponding to a particular plane and is related to the Bragg
angle by R is specimen to film distance usually the radius of camera housing the film. A list
of theta values can be obtained from measuring values if S (Humphreys, 2013).
Where the wave length is A
nA = 2d sin® (2.2)
D is the spacing btw neighboring planes (h, k, 1), N is integer.
2.3.4 X-Ray Photoelectron Spectroscopy (XPS):
XPS is quantitative technique for analyzing the elemental composition of the surface of a
material. It is also known as electron spectroscopy for chemical analysis. XPS spectra are
observed by irradiating a solid with a beam of monochromatic X-rays. Evaluate chemical
bonding states (oxidation state) Electronic structure of surface Investigation of growth
and reaction of thin films.
XPS analysis is based on the Einstein’s Photoelectric effect i.e. emission of particles from
thesurface of a material whenever electromagnetic radiation is incident upon it. An X-ray
beam comprising K, is focused on the sample which is absorbed by the surface electron.
If the energy of the incident particle is greater than that of binding energy of surface
material then electron is ejected from surface. Energy of the photoelectron is measure with
thedetector to determine binding energy and other characteristics of the sample.
Binding energy is measured by the following equation
Ke=hv —B.E —¢ (2.2)
Where Ke= kinetic energy (measured) ,
¢= work function of spectrometer
hv = photon energy from the radiation Source

BE= Binding energy (unknown)
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Figure 2.9 Schematic representation of XPS components.
Source: Photoelectron Spectrometer (ESCA) | Introduction to JEOL Products | JEOL L

2.3.5 Raman spectroscopy:

Raman spectroscopy’s basic principle is Raman Effect .When light strikes a material, some of
it is absorbed by the material, while the majority is scattered. Rayleigh scattering is the most
common type of scattering in nature. The frequency and energy of scattered light are identical
to that of incident light. The least scattered light is inelastically scattered into stokes and anti-
stokes, which have different frequencies and energies than incident. The Raman spectrum is
made up of inelastic scattered light, and the wavelength-shifted photons are known as Raman

scatter. It's known as the N process in phonon terminology.

=3 RAYLEIGH

STOKES 1

ANTI-STOKES
v

ENERGY

INTENSITY

y
—

y ——

STOKES ANTI-STOKES
:(I:.\:'IET';TN G RAMAN RAMAN
SCATTERING SCATTERING

FREQUENCY

Figure 2.10 Represent a) stokes and anti-stokes, b) Represent energy band diagram for stokes
and anti-stokes.
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Raman spectrometer is a device which works on principle of Raman scattering. And gives
information of intensity verses Raman shift (cm™). It is type of characterization from which
we conclude structure and optical properties of material.

2.3.5.1 Construction and working of Raman spectrometer:

The parts of Raman spectrometer are Source, sample device, monocromator. detector device

and modern spectrometer.

) B Dispersing Detec | Reco
system tor | rder
§ | > Y
Sample Monocromator
— v
N

Source of
monocro

matic

Figure 2.11 Represent block diagram of Raman spectroscopy

Source: Laser is used because they are highly intense and it is good for Raman scattering.eg

argon, krypton, He-Ne etc. Intensity of Raman varies as the forth power of frequency.
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Chapter-3

Experimental Techniques

Using a thermal CVD, MoS; was synthesized on a SiO, substrate. To get a better notion of how to
proceed with the experiment, a literature evaluation of earlier research studies on the CVD synthesis
of monolayer MoS; was first conducted.

3.1 Setup of Equipment:

All the management needed for equipment before syntheses are: The quartz tube should be secured in
position between the coils. The inlet and outlet in the quartz tube are to be connected to Argon
cylinders and rotameters respectively. Care must be taken when handling the quartz tube. MCB’s are
used to provide a secure electrical connection to the CVD. The CVD that we are using for the
synthesis is a dual zone CVD with a high temperature zone and low temperature zone, making it
advantageous for vaporization and chemical reaction. As the precursors used have separate melting
points.

3.2 Synthesis:

After setting up all the instruments and performing the prerequisites, experiment is started. The CVD

used is programmable so the temperature and time periods are preprogrammed with the help of
controller and verified for any discrepancies.

3.3 Precondition for synthesis:

All the apparatus and substrates are to be cleaned carefully after setting up equipment.

Toavoid form contaminations that can affect the end product and the desired results. The quantity of
precursor should be weighed after tearing. Table 3.1 is the set of points done before experimentation
takes place. Like cleaning in DI water, acetone, methanol by ultrasonication the substrate (Si or SiOy)
at 50°C for 5 min to 10 minutes and weighing the precursor’s (MoO3; and S). Using precursor of

same company is mandatory.
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Table 3.1 Steps before experiment

1) Dipped in methanol at 50C for 5min in ultra-sonicate
1. Cleaning of substrate in bath
beaker

2) Then in Acetone at 50C for 5min in ultra-sonicate.

3) Then in Deionized (DI) water at 50C for 5 min in

ultsonicate.

1) Boats are filled with acetone and then
ultrasonicated at 50° C for 5 mins.

2. Cleaning Ceramic boat 2) Boats are filled with methanol and placed in

ultrasonication for 5minsat 50° C.

3) Same step as previous with DI water.

1) Left out of previous reaction is cleaned from:
a) Dusting cloth
b) lIsopropyl
c) Long road
1) Milligram weighing machine is used.
2) Tear the reading to zero after keeping butter paper.
3) Put precursors in different cleaned ceramic boat.

3. Cleaning Quartz tube

4. Precursors weighing

3.5 Procedure for operating a CVD:

1) A long rod with a curved end for placing the ceramic combustion vessel containing MoO3;
(molybdenum trioxide) and S (Sulphur) powder and Si (silicon) facing down above the high
temperature zone (Zone 1) is kept within the quartz tube.

2) The position of ceramic vessel containing S (Sulphur) powder is over the low temperature
region (Zone 2).

3) The cotton-based insulator is put at both ends, then screwed on the caps to close the ends.

4) The rotameters are linked at both ends to the quartz tube to monitor and regulate the inert gas
flow. The cylinder knob is coupled to the rotameter on the side of Zone 2.

5) CVD is switched on, and the gas flow is tracked throughout the reaction.

6) The gas flow is stopped after the procedure is over and the CVD is turned off .

7) After the CVD gets cooled then substrate is removed for inspection.
18




3.5 Working Mechanism:

Inert gas (Argon) is flowed through the tube for 15 minutes before to the experiment to maintain a
neutral environment. With time, the temperature increases in both zones until it exceeds the melting
points of the precursors—115.2 °C for Sulphur and 795 °C for molybdenum trioxide—and then
begins to evaporate. The precursors' vapors are conveyed together, where they chemically interact
and deposit molybdenum disulfide on the surface of the substrate (SiO,). The deposition of the
product on the substrate layer is facilitated by maintaining a gas flow of 100 sscm and a constant
temperature during the deposition period. This cools down even further and coats the substrate
surface with a Nano film.
MoOs + S/2 > MoOs + 1/2S02 3.3)

MoOz + 35S - MoS: + SOz (3.4)

3.6 Experimental Treatments:

1) Quantity for precursors used for MoO3z and S were from 6-8mg and 300-150mg respectively.

2) The gas flow at the growth period which was for 10min kept at 100-200sscm.

3.7 Outcome & Precautions:
1) After three four attempts we got the best CVVD optimization parameters.
2) Optimizing parameters for best outcome are :

Table 4.2 Optimizing parameters with perfect result.

1) Distance between boats 21cm

2) Precursor quantity MoO3=6mg, S=150mg

3) Growth temperature Mo0O3=875C, S=175C

4) Duration of growth period 10min

5) Gas flow 150sscm

6) Placement of substrate Face down, horizontal and vertical
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3.8 Precautions:

1) Laboratory equipment should be handled the proper with security measures.

2) Rubber gloves should be used while cleaning the equipment and substrates as cleaning
reagents in direct contact may harm skin. Much attention be given while using strong
acidic or basic compounds.

3) Gas flow should be monitored properly at the outlet pipe also as sometimes deposition
may lead to block the pipe or hole which can cause the quartz tube to burst and harm

anyone nearby.
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Chapter 4
Results & Discussion

In this chapter we have discuss the results obtained from the various characterization of the
sample synthesized by CVD as discussed in previous chapter 3. We will also discuss the
future scope in next chapter.

4.1 Characterization Results:

4.1.1 Optical microscopy:

Figure 5.1 Represents optical image and the yellow circled show triangular domains

The sample was observed under an optical microscope illuminated reflected light and images
were obtained at 50X optical zoom which was further zoomed digitally using computer
applications and as shown in Figure 4.1. Grown flakes are marked with a triangular formed is
MoS;.

4.1.2 SEM (Scanning Electron Microscopy):

SEM tells the morphology of sample formed, and from fig it could be seen that it is of triangular

shape. Which confirms that the substance prepared was MoS,
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Fig 4.2 Show the triangular domain of sample prepared

4.1.3 X-Ray Diffraction:

Monolayer MoS

Intensity (a.u.)

10 20 30 40 50 60
2 Theta (degree)

Fig 4.3 Shows Intensity vs 2theta graph plot

XRD data was plotted and was matched with the JCPS. And planes were confirmed at planes (002),
(013) and (104), which tells us that it is MoS, .We then calculated crystalline size using Scherrer
equation D =0.91/ B cosB (D

Where D is crystalline size, 4 is wavelength of X-Ray, f is FWHM and 68 is angle between rays.

Crystalline size is 15.9 nm for plane (002)

4.1.4 X-ray Photoelectron Spectroscopy:

Monolayer Mo 3d Mo 3ds/2 Monolayer S 2p S 2P3y3

=
—_—

\E., Mo 3dg/2 =z
z 4
Z = S2Pqp2
S =
—
= 2
— =

_____ S 2s -

234 232 230 228 226 168 167 166 165 164 163 162
Binding Energy(eV) Binding Energy(eV)

Figure 4.4 Represent Mo intensity verse binding energy. B) S intensity verses B.E

XPS was performed for the Sample and the peaks were observed as shown in Figure 5.1 X-ray

Photoelectron Spectroscopy of MoS2: (a) Mo 3d (b) S 2p . The spectra confirm presence of Mo
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and S. The peaks were observed at 233.8 eV (MoO2 3d3),230.8 eV (M0oO2 3ds;), 227.7eV (S
2s), 224.9 and 165.75 eV (S 2P1s;) and 163eV (S 2psp) which is analyzed tallying with the

data from NIST X-ray Photoelectron.

4.1.5 Raman Spectroscopy at different temperatures:

Raman Raman Raman FWHM
o, CAMD Modes Shift(cm™) Intensity
E'y 384.5745 17005.80 15.3956
&
a Ay 404.941176 23556.02 2.6447
w
(=
= B, 411.833105 21830.78 6.7348
2LA(M) 449.179207 29594.36 24.9266
250 300 350 400 450 500 550 Si 519.425445 20105.54 3.57185
RAMAN SHIFT (cm™)

Figure 4.5 Showa) Raman spectroscopy at room temperature b) Table 4.1 Raman modes at room temp

The Raman spectra were used to investigate structural properties at various temperatures (198-573K).
Raman spectrum acquired at room temperature with a 633 nm laser spanning a wavenumber range of
100-800 cm™ as shown in fig5.5. The difference between A;q and E'»q peak positions is 20 cm-1 for
MoS; monolayer and 27 cm-1 for MoS2 bulk, according to literature. Thus, according to our data
studying the Raman spectrum with a difference of 20 cm™ between peak of in plane (E'5) and out

plane (Ag) vibration locations is assigned[26] to MoS, monolayer.

s 198K |

223K

248K
27 3K
298K

INTENSITY
Intensity

jfm\/\*/\_ -

4'60 Raman shift (cm™)

Figure 4.6 a) Raman shift verses intensity below room temperature. b) Above room temperature

Above room temperature data can be seen from table. Where FWHM (Full width at half maxima) is
calculated using single peek fit. From table 4.2 for all Raman modes FWHM is increasing and

Raman shift is shifting towards lower wave number.
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Fig 4.7 was comparing to literature and we concluded that as temperature increase FWHM
increasing. FWHM tells us about the life time of phonon, as FWHM increase life time of

phonon decreases.[27]

Tabel a) 4.2 data for below room temperature b) above room temperature

Temper El,, Ay Rama 1
ature n Temper | Ay szman
shift ature shift
- ALA(C 2LA(M)
ama | FWHM | Raman | FWHM M Rama | FWH Rama | FWHM
n shift ) n shift | M n shift
shift
198K 33K
381.825] 102173 406.0] 14.027] 453.732 323
73K 376.3 10.817 404.8(12.24 4491
i 379.224  10.43] 405.59] 14.719] 452.343 373K
248K 378.1 10988 403.6(14.35 4482
378.13| 11.842] 404.99] 12.576| 451317
p— 423K
) 37829 11.624] 40495 11.988] 450703 3749 11.623] 403.8]16.23 448.8
298K 573K
377.61] 12.940| 404.05] 10.608] 449.913 373.7| 14.872] 399.9]17.47 445 4
5.1 Analysis of Raman Spectroscopy
.o A1g

Linear fit

. 2LM(A)
= Linera fit

Raman Shift(cm™)
Raman shift (cm™)
Raman Shift(cm™)

20 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600
Temperature(K) Temperature(K) Temperature(K)

Figure 4.8 show plot of raman shift vs temperature for, a)Elzg b) Ay C) 2LA(M)

In Fig. 4.8, the change in peak location of the E'y; , Ay, and 2LM(A) modes as a function of
temperature is displayed [28]. The following equation was used to match the data of peak position
versus temperature:

o(T)=wo+yT (4.1)
Where wo is the Elgg or A;g modes' vibration frequency at absolute zero temperature,
y IS the Elzg, Ayg or 2LA(M) modes' first order temperature coefficient.[29]
The value is represented by the slope of the fitted straight line. The values for the Elzg, Ay and

2LA(M) modes, are -0.01808 cm™/K , -0.01581cm™/K and -0.01856 cm™/K respectively.
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Chapter-5

Conclusions and Future Scope

1) MoS, was prepared using chemical vapour depostion method.
2) SEM, XRD, XPS, Optical microscopy and raman spectroscopy was done.
3) Raman was studied below and above room temperature .
4) Temperature coefficients for Elzg, Aig and 2LA(M) are -0.018 cm -1/K , -0.015¢cm -1/K and
-0.018-1/K respectively. Temperature cofficent calculated is negative.
5) Peaks broadens as temperature increase's due to increase in phonon decay. Can be calculated
through FWHM of all Raman modes.
6) Raman peak shift towards lower wave number as temperature increase's due to increases in
Crystallinity( softening of phonon).
7) With increse in temperature anharmonicity increses.
5.2 Future scope:
Photoelectronic devices of MoS; are used due to its tunable band gap, Howerve the performance of a
device highly depend on thermal conductivity and structual properaties of the material.thus we
studied raman spectrocopy at different temprtatures and caluculated temperature cofficent for
diferent raman modes.and they came out to be negative .which tells us that thermal conductivity and
electrical resistivty decreses as temperature increse .hence due this property we can use MoS, fos

Photo electronc devices which will not be affected by temperature.
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