Declaration

I hereby declare that the work presented in this thesis titled Chemical Vapor Deposition Grown
MoS; for Sensing Applications submitted to the Indian Institute of Technology Jodhpur in partial
fulfilment of the requirements for the award of the degree of Doctor of Philosophy, is a bonafide
record of the research work carried out under the supervision of Dr Mahesh Kumar. The
contents of this thesis are full or in parts, have not been submitted to, and will not be submitted
by me to, any other institute or university in India or abroad for award of any degree or
diploma.

Rahul Kumar
P15EE203

A



Certificate

This is to certify that the thesis titled Chemical Vapor Deposition Grown MoS, for Sensing
Applications, submitted by Rahul Kumar (P15EE203) to the Indian Institute of Technology
Jodhpur for the award of the degree of Doctor of Philosophy, is a bonafide record of the research
work done by him under my supervision. To the best my knowledge, the contents of this thesis,
in full or in parts, have not been submitted to any other Institute or University for the award of
any degree or diploma.

Dr. Mahesh Kumar
Ph.D thesis Supervisor






Acknowledgements

I would like to thank my PhD Thesis Supervisor, Professor Mahesh Kumar, for giving me
an opportunity to work on this new exciting research area. I am grateful to him for his technical
and nontechnical advice, support, patience and supervision throughout this research work. Also, I am
thankful to the members of the Doctoral Committee, Professor Shree Prakash Tiwari, Professor
Satyajit Sahu and Professor Manikandan Paranjothy, for their guidance and support during this
research work.

I would also like to thank Professor Mattia Fanetti (University of Nova Gorica, Slovenia),
Dr Pawan Kumar Kulriya (Inter University Accelerator Centre, New Delhi), Dr Govind Gupta
(NPL, New Delhi) and Professor Mukesh Kumar (IIT Ropar, India) for sharing their labs facilities
and providing technical assistance for my research work.

I am grateful to Dr Ramesh Raliya and Professor Pratim Biswas from Department of
Energy, Environmental, and Chemical Engineering, Washington University in St. Louis, USA,
for providing technical help and sharing their lab facilities for rGO functionalization part of this
research work.

A special thank to all my laboratory mates Neeraj, Amit, Adarsh, Vijendra Bhati, and
Saravanan Rajamani for their support and creating a joyful place to work, and all my friends who

made an enjoyable and memorable journey at IIT Jodhpur.

I acknowledge and thank my family. Their patience, support and love helped me a lot to
complete this research work.

Rahul Kumar
Ph.D. Student

111



iv



Figures

1.1

1.2

1.3
1.4

1.5

2.1

2.2

2.3
2.4
2.5
2.6

2.7

2.8
2.9
3.1

3.2

33

3.4

3:5

3.6

3.7

List of Figures

Title

Transition metal dichalcogenides materials are layered materials and an example of 2D
materials. Schematic representation of the crystalline structure of the layered transition
metal dichalcogenides material.

(a) Top and side view of MoS,. (b) The lattice structure of 2H-and 1T-MoS.,. (c¢) Schematic
representation of the different polytypes of MoS..

Classification of the gas sensor based on sensing operation principles.

Schematic illustration of the gas sensing mechanism of 2D materials based gas sensor.
(here, MoS, material, a famous member of the TMDCs family is only used for
representation perspective.

Schematic illustrating the several strategies adopted for developing a gas sensor using
MoS; in this thesis work. First, Gas sensors were fabricated by using different
nanostructures including Horizontal MoS,, vertically aligned MoS, and MoS, nanowires
networks. Second, rGO functionalized sulfur vacancy containing MoS, based sensor. Third,
Photoactivated MoS, based sensor. Fourth, the Gas sensor was fabricated by CVD grown
MoS,-MoOs hybrid.

Photograph of thermal chemical vapor deposition (CVD) system which is used for this
thesis work.
Photograph of thermal evaporation system.

Photograph of Raman Spectroscopy system.
Photograph of Atomic Force Microscopy.
Photograph of Scanning Electron Microscopy system.

Photograph of the transmission electron microscopy (TEM) system which is used for this
thesis work.

Photograph of the X-ray photoelectron spectroscopy system which is used for this thesis
work.

Photograph of the X-ray diffraction system.
Photograph of the gas sensing system which is used for this thesis work.

Schematic diagram of three-zone chemical vapor deposition system which used in this
research work.

(a) SEM image of CVD grown HA-MoS; on SiO,, (b) A magnified view of the film on the
corner side of the substrate, where MoS, microcrystals (triangular shaped) are merged and
formed a continuous film. (c) SEM image of the VA-MoS,; flakes. (d) ) A magnified view of
the vertically oriented flakes on SiO..

(a, b) XRD and room temperature Raman spectra of the VA-MoS, and HA-MoS,,
respectively. The inset shows the vibration of the Mo (green) and S (yellow) atoms related
to their vibrational modes.

XPS spectra illustrate the Mo3d peaks of Mo in +4 oxidation state and S 2p peaks of (a, b)
VA-MoS,,and (¢, d) HA-MoS,, respectively.

Schematic illustration of (a) VA-MoS, resistive gas sensor, and (b) HA-MoS; resistive gas
sensor. (c) Variation in initial resistance (absence of gas) of the VA-MoS, and HA-MoS,
sensor with temperatures.

Transient relative response at room temperature (RT), 50, 100 and 150°C of (a) VA-MoS; to
1, 5, 10, 20, and 50 ppm concentration of NO,, and (b) HA-MoS; to 5, 10, 20, and 50 ppm
concentration of NO,. (¢, d) Relative response vs NO, concentration graph at room
temperature, 50, 100 and 150°C of the VA-MoS, and HA-MoS,, respectively.

(a) Five successive cycles of the transient relative response of the VA-MoS, sensor to 5 ppm
NO; at 100°C. (b)The selectivity histogram of the VA-MoS, and HA-MoS; to 5 ppm NO,,

vii

page

2

16

18

19
20
21

22

23

24

25
26

29

30

30

31

31

32

33



3.8
3.9
3.10

3.1

3.12

3.13
314

4.1

4.2

4.3

4.4
4.5
4.6

4.7

4.8

4.9
4.10

4.11

10000 ppm concentration of CH,, CO,, H,, and 80 ppm H,S, and 100 ppm NHj; at 100 °C
operating temperature. The inset shows the ball models of gas molecules, in which
nitrogen atoms are blue, oxygen atoms are red, carbon atoms are black, hydrogen atoms
are silver and sulfur atoms are yellow.

Schematic representation of the NO, sensing mechanism with a side view of (a) VA-MoS,,
and (b) HA-MoS.. The NO, molecules extract the electrons from the MoS..

Schematic diagram of the chemical vapor transport process for synthesizing MoS.
nanowires network.

(a) SEM image of MoS, nanowires (NWs) network (b) a magnified view of nanowires
network (c) XRD patterns, and (d) Raman spectrum, of the MoS, NWs network.

(a) High-resolution Mo 3d spectra, (b) high-resolution S 2p spectra, of the MoS, NWs
network (c) XPS survey spectra indicates the presence of few oxygen and carbon on MoS,
nanowire. (d) Schematic illustration of the sensor.

Transient response of the sensor: (a) at room temperature (RT) (b) at 60 °C () at 120 °C (d)
Relative response vs NO, concentration graph, and here R* shows the quality of curve
fitting (e) Calculation of response and recovery time for 5 ppm of NO, at the optimum
temperature (60 °C) of the sensor.

Relative response of various gases at the optimum temperature (60 °C) of the sensor.

The proposed sensing mechanism of the sensor: (a) at RT (more depletion of electrons by
oxygen and humidity) (b) at 60 °C (available abundant active sites to interact with NO,
molecules) (¢) Potential barrier formed at the intersection of the nanowires.

Schematic representation of fabrication mechanism of rGO functionalized vacancy-
engineered vertically aligned MoS, based device: (a) CVD grown vertically aligned MoS,. (b)
Annealing at 600°C induced sulfur vacancy in vertically aligned MoS.. (c) crumpled rGO
particles. (d) rGO functionalized on the surface of sulfur vacancy containing vertically
aligned MoS,.

Optical image of the as-fabricated gas sensor device.

SEM images of the pristine vertically aligned MoS, under (a) low, and (b) high
magnifications. (c), and (d) SEM images of rGO functionalized vertically aligned Sv-MoS,
under various magnifications.

EDS mapping of the rGO/Sv-MoS; hybrid.

EDS element spectra of the rGO/Sv-MoS, hybrid.

(a) and (b) TEM images of the rGO functionalized vertically aligned Sv-MoS, flakes under
low and high magnifications, respectively. (c) High-resolution TEM image depicts rGO and
Sv-MoS, regions. (d) The SAED patterns confirm that hybrids consist of an rGO and
crystalline MoS, with hexagonal structure (the crystal planes of rGO and vertically aligned
MoS, correspond to diffraction spots in patterns are depicted by white and yellow colours,
respectively). (e) EDS mapping of the rGO/Sv-MoS, hybrids.

High-resolution XPS spectra (a) for Mo 3d, (b) for S 2p, (c¢) for C1s, and (d) Raman spectra
of pristine MoS,, rGO/MoS, and rGO/Sv-MoS,. (e) The interaction of rGO particles with
pristine and vacancy containing vertically aligned MoS,. XPS spectra of pristine MoS, and
Sv-MoS, for (f) Mo 3d, and (g) S 2p

() Current-voltage (I-V) measurement of the rGO/Sv-MoS, devices at a temperature of 50
°C, inset shows the optical image of the device. (b) Relative response (A R/R, %) versus time
curves at low optimum operating temperature (50 °C) for 50 ppm NO, for the pristine
MoS;, Sv-MoS,, rGO/MoS, and rGO/Sv-MoS, devices. (c) Transient response to NO, and, (d)
relative response versus NO, concentration curves of the rGO/Sv-MoS, device for different
concentrations of crumpled rGO particles solutions: 5, 10, and 15 mg/L at optimum
operating temperature. (e) Five consecutive cycles to 50 ppm NO, of the rGO/Sv-MoS,
device. (f) Selectivity bar diagram of the rGO/Sv-MoS, device. The relative response was
measured at low optimum operating temperature for 50 ppm NO, and 100 ppm
concentration of others each gas.

Current versus time curve of the rGO/Sv-MoS, device to 50 ppm NO, at 25 (room
temperature), 50, 100, and 150 °C temperatures.

Response and recovery time calculation of the pristine MoS, and rGO/Sv-MoS, device to 50
ppm NO..

(a) Schematic representation of a fabricated sensor by using crumpled rGO particles
functionalized vacancy-engineered vertically aligned MoS,. Energy band diagram of (b)n-

viil

34
35
36

36

38

38
39

42

43

44

45
45
46

47

48

49
50

52



5.1

5.2
5.3

5.4

55

5.6

5.7

5.8

59

6.1

6.2
6.3
6.4
6.5

6.6
6.7

6.8

6.9

6.10

7.1

type-MoS; and rGO, (c) p-type MoS, and rGO (d) Sensing mechanism of the sensor. (e)
Energy band diagram of n-type MoS2 and p-type rGO after contact.

(a) SEM image of triangular-shaped combined MoS, flakes. (b) Raman spectra of MoS,. The
inset shows the vibration of the Mo (red) and S (blue) atoms related to their two
vibrational modes (E';y and Ay). (c) AFM image of MoS, flake. (d) Height profile of
multilayer MoS, flake along the red line in AFM image.

I-V characteristic of a device in air and vacuum under dark condition.

(a) 1-V characteristic of the device in the dark and indifferent intensities of UV light (0.3,
0.6, 1.2, and 2 mW/cm?). (b) Resistance model of the device before/after light. Under
photoexcitation, depletion resistance (due to ambient oxygen and humidity) was removed.
(c) Current transient characteristics in the presence of UV light at a constant voltage. (d)
Schematic illustration of chemiresistive sensor in this work.

Transient relative response of sensor to 5, 10, 50, and 100 ppm concentration of NO, (a) at
room temperature (RT), (b) at 100 °C, and (C) at RT under UV-illumination (1.2mW/cm?). (d)
Relative response versus NO, concentration at RT, 100 °C, and at RT under light, vertical
error bars represent the standard deviation from the mean value. (e) Cyclic test to 100 ppm
of NO, at RT under UV light.

Transient relative response of multilayer MoS,to 100 ppm NO, under different intensities of
UV light and in dark.

Transient relative response of the sensor to 100 ppm NO, under different conditions (1)
without UV, (2) all-time UVon (3) firstly surface of MoS, was cleaned by UV and UV off
before loading the NO in the sensing chamber.

Response time (tq) calculation to 100 ppm of NO, at RT, at 100 °C, and at RT under UV (1.2
mW/cm?).

Selectivity histogram of MoS, gas sensor at RT under UV illumination. The relative response
was measured to 10 ppm of NO, and 500 ppm concentration of each of various other

gases (NHs, CO,, H,, CH,, and H,S).

Schematic illustration of the NO, gas sensing mechanism with the top view of MoS..
Absorbed ambient oxygen at room temperature was removed by temperature. However, it
was cleaned perfectly by UV light (UV light was kept on during the experiment). Changes in
resistance by NO, were highest in the presence of UV light compared to temperature and
RT (color intensity shows the number of unoccupied sites on the surface of MoS, occupied
by NO, and depletion region formed).

(a) A schematic illustration of the growth of the MoS,-MoOs hybrid micro-flowers with
MoS, nano-sheet. (b) The respective temperature profile and vapor flow with precise time
for MoOs and S.

SEM images of (a) MoS,—MoOs film with MoS, nano-sheet, (b) a magnified view of MoS,-
MoO; hybrid micro-flowers, (¢) a MoS,~Mo0j; hybrid micro-flower having 10 ym diameter.
XRD spectra of MoS,—~MoOs hybrid micro-flowers with MoS, nano-sheet.

Room temperature Raman spectrum of MoS,-MoO; hybrid micro-flowers.

(a) CL image of MoS,-MoO; hybrid micro-flowers with MoS, nano-sheet. (b) Room
temperature CL mapping spectrum of MoS,-MoOs; hybrid micro-flowers.

Wideband XPS survey spectra of the MoS,-MoOjs hybrid micro-flowers.

Surface composition of the MoS,-MoOs hybrid micro-flowers. XPS spectra illustrating the
(a) Mo 3d peaks of Mo in both +4 and +6 oxidation state, (b) S 2p peaks.

(a) IV characteristic of the device in presence/absence of NO, at room temperature
(b)Transient relative response to 10, 20, 30, 50, and 100 ppm NO, at room temperature of
the MoS,-MoOs hybrid micro-flowers sensor. (c) Relative response versus NO,
concentration illustration of the MoS,-MoOs device, (d) Four successive cycle of the
transient relative response of the sensor to 10 ppm NO..

(a) A bar diagram of the relative response of MoS,-MoO; device at room temperature to 10
ppm NO, and 1000 ppm concentration of each various other gas (NHs, CO,, H,, CH,, and
H,S). (b) A schematic illustration of the MoS,~MoOj; hybrid micro-flowers sensor used for
this work.

A Schematic illustration of the NO, sensing mechanism of MoS,-MoOs; hybrid micro-flower
sensor at room temperature. Energy band diagram of MoOs; and MoS; (a) before a contact,
(b) after the contact at thermal equilibrium. (c) Energy band bending of MoS,-MoO; device
upon exposure to NO,. (d) The schematic illustration of the energy barrier at n-n
heterojunction (MoS,-MoOs) before and after NO, exposure.

(a) SEM image of crumpled rGO particles decorated vertically aligned MoS; flakes network.
(b) EDX element mapping images of the rGO/MoS,, confirming the presence of Mo, S, C

1X

55

56
56

57

58

59

60

60

61

64

65
66
67
67

68
68

69

71

71

75



7.2
7-3

7.4
7.5

7.6

77

7.8

79

and O. (c) TEM image, (d) HRTEM image, and (e) SAED pattern of the rGO/MoS,
nanohybrids.

TEM image of the crumbled rGO nanoparticles.

(2) Raman spectrum of the rGO/MoS, nanohybrids and pristine MoS, flakes network. XPS
spectra of rGO/ MoS, nanohybrids: (b) Mo 3d, (c) S 2p, (d) C1s.

UV-visible absorption spectra of as-synthesized MoS, and rGO/MoS; hybrid.

Current-voltage (I-V) characteristics measured in the dark and under different wavelengths
at room temperature (a) in linear scale for pristine MoS,, (b) in log scale for rGO/MoS,
device. (c) Iphoto [ ldark ratio in log scale for both devices at the different wavelength in a log
scale (d) Calculated responsivity and detectivity of the rGO/MoS, photodiode at different
wavelengths.

(2) A temporal response, (b) calculated response time, of the pristine MoS, and rGO/MoS,
photodiodes at 4 V under blue (460 nm) light illumination. (c) Stability test of rGO/MoS,
photodiode with 100 cycles under blue (460 nm) light illumination after 3 months in
ambient air.

A histogram of the mean value of Iphotofldark ratio of the pristine MoS, structure-based
twelve devices (D1, D2, D3, «coeevrennenee , and D12) at three different wavelengths. and vertical
error bar depicts the standard deviation from the mean value.

A histogram of the mean value of Iphoto/ldark ratio of the rGO/MoS, structure-based twelve
devices (D1, D2, D3, ........ , and D12) at three different wavelengths and vertical error bar
depicts the standard deviation from the mean value.

(2) A sketch of crumpled rGO particles decorated MoS, based photodiode and space
charge region formed at the interface. Energy band diagram of the MoS, and rGO (b)
before the contact, () after the contact under light illumination.

75
76

76
78

78

80

81

82



List of Tables

Table

3.1
4.1

6.1
7.1

7.2

8.1

Title

The different MoS, nanostructures based gas sensors at its working temperature.

Relative response, response and recovery time of the rGO/Sv-MoS, device to 50 ppm NO, at
25 (room temperature), 50, 100, and 150 °C temperatures.

Calculated response and recovery time for NO, gas.

Calculated Iphoto/ldark ratio values in the range of visible wavelengths (460, 520, 620 nm) for all
12 devices of pristine MoS..

Calculated Iphoto/ldark ratio values in the range of visible wavelengths (460, 520, 620 nm) for all
12 devices of the rGO/MoS..

Comparison between literature on MoS, material based NO, gas sensors and the present
works (MoS; Based Gas Sensor).

xi

page

40
49

70
79

80

85



xii



AE.
laorl,

— 0N umo caoEXMOha
S

-
3

AE,

7S

Description

Angle of incident

Area

Bandgap energy

Barrier height
Boltzmann constant
Build-in potential
Change in current
Change in resistance
Change in voltage
Conduction band offset
Currentinair

Current in the target gas
Conduction band energy
Decay time

Dark Current

Detectivity of photodetector
Depletion width
Electron charge

Electron conduction
Electron effinity
Electron mobility

Energy difference in conduction band and Fermilevel
Frequency

Ideality factor

Input power

Lattice constant

Length

Metal work function
Operating temperature
Plank constant
Photocurrent

Power coefficient
Relative response
Resistance in air
Resistance in the target gas
Responsivity of photodetector
Richardson constant
Rise time

Valance band energy
Valance band offset
Voltage in air

Voltage in the target gas
Wavelength

Watt

xiii

List of Symbols



Xiv



List of Abbreviations

Abbreviation  Full form

AFM Atomic force microscopy

BE Binding energy

CL Cathodoluminescence

CVD Chemical vapor deposition

I-V Current-voltage

D Dimentional

DFT Density functional theory

FESEM Field emission scanning electron microscopy
FWHM Full-width half maxima

FET Field-effect transistor

HA Horizontally aligned

IoT Internet of Things

LED Light-emitting diode

LDL Low detection limit

MEFC Mass flow controller

MOCVD  Metal-organic chemical vapour deposition
Mo Molybdenum

MoS: Molybdenum disulfide

NR Nanorod

NW Nanowire

1D One-dimensional

PL Photoluminescence

PVD Physical vapour deposition

ppm Parts per million

ppb Parts per billion

RF Radiofrequency

rGO Reduced graphene oxide

RMS Root mean square

RT Room temperature

RH Relative humidity

SAED Selected area electron diffraction
SEM Scanning electron microscopy

S Sulfur

Sv Sulfur vacancy

SCCM Standard cubic centimetres per minute
TE Thermionic emission

2D Two-dimensional

3D Three-dimensional

TMDCs Transition metal di-chalcogenides
TEM Transmission electron microscopy
Uv-Vis Ultraviolet- visible

VOC Volatile organic compound

VA Vertically aligned

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

0D Zero-dimensional

XV






