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Fig. 5.31 Intensity variation plots of direct exciton and defect-bound emission 

of (a,b) exfoliated WS2 without irradiation (pristine), (c,d) bulk 

WS2, and (e,f) exfoliated WS2 after irradiation at a fluence of 1×1011 

ions/cm2 as a function of temperature. 

161 

Fig. 5.32 Integrated PL intensities of (a) direct exciton (X) emission, (b) 

defect (D) bound emission, and (c) total emission of exfoliated WS2 

(pristine) and after irradiation of bulk and exfoliated WS2 system at 

a fluence of 1×1011 ions/cm2 as a function of temperature. 
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Fig. 5.33 Schematic illustration showing (a) direct exciton transition, (b) 

defect-related exciton transition, and (c) combined emission 

contributions from both direct and defect-assisted transitions. 
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Fig. 5.34 Schematic illustrating direct and defect-assisted transitions at (a) 

room temperature (300 K) and (b) low temperature (10 K). 

163 

Fig. 5.35 (a, b) Plots showing the intensity ratios of indirect (I) to defect (D) 

emission and defect (D) to direct (X) emission, and (c) the relative 

quantum yield of pristine exfoliated WS2, as well as bulk and 

exfoliated WS2 irradiated at a fluence of 1×1011 ions/cm2, as a 

function of temperature. 
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Fig. 5.36 TRPL profiles of pristine WS2 and irradiated WS2 with 0.85 GeV 

U28+ ions at fluence 1×1011 ions/cm2 for (a) bulk, and (b) exfoliated 

systems, respectively. The solid lines fit a tri-exponential function. 
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Fig. 5.37 A schematic illustration of a possible carrier relaxation process 

witnessed in the defect-induced WS2 system. 
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Fig. 6.1 (a) Powder XRD patterns, (b) Raman spectra of un-irradiated and 

irradiated WSe2 exposed to 10-40 kGy doses of γ-rays. 

183 

Fig. 6.2 (a) Shear stress, (b) viscosity curves, and Hershel-Bulkley fitted 

plots of shear stress vs. shear rate curves of (c,d) un-irradiated WSe2 

and γ-irradiated WSe2 at (e,f)10 kGy and (g,h) 35 kGy in the range 
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of 0-100 s-1 and 0-1000 s-1, respectively, with zero yield stress as a 

function of shear rate.  

Fig. 6.3 (a) Viscosity vs. temperature sweep plot at 5-80 °C of un-irradiated 

(0 kGy) and γ-irradiated at 10 kGy and 35 kGy of WSe2/NaCMC 

nanocomposite solutions at a constant shear rate of 50 s-1, (b) bar 

plot representing apparent viscosity at temperatures 10 °C, 25 °C, 

and 50 °C. 
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Fig. 6.4 Derivative curve of viscosity with temperature of un-irradiated (0 

kGy) and γ-irradiated WSe2/NaCMC nanocomposite solutions at 10 

kGy and 35 kGy. 
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Fig. 6.5 SRIM calculations of 15 keV He2+ ion irradiation on WSe2 system 

(a) stopping power vs. energy plot in keV regime, (b) ion trajectories 

along target depth vs. y-axis, (c) ion distribution, and (d) total 

displacements plots occurred in the WS2 system. Note that the plot 

window is considered up to a depth of 1 µm, as the incident ions 

penetrate from the left onto a target. 

188 

Fig. 6.6 (a) X-ray diffraction patterns, and (b) Raman spectra of pristine 

WSe2 (bulk) and after 15 keV He2+ ion irradiation at fluences 

1×1015, 5×1015, and 1×1016 ions/cm2 under normal incidences, and 

at a fluence of 5×1015 ions/cm2 under oblique angle incidence. 

189 

Fig. 6.7 HRTEM images of (a,b) pristine WSe2, and (c,d) after 15 keV He2+ 

ion irradiation at a fluence of 5×1015 ions/cm2 under normal 

incidence with lower and higher magnified micrographs of scale 

bars 50 nm and 5 nm respectively, are shown; zoomed in image of 

inorganic fullerene-like structure with curved edges is shown as an 

inset in Fig. 6.7 (d). 

192 

Fig. 6.8 (a) SRIM calculations of 15 keV C2+ ion irradiation on exfoliated 

WSe2 system (a) stopping power vs. energy plot in keV regime, (b) 

ion trajectories along target depth vs. y-axis, (c) ion distribution, and 

(d) total displacements plots occurred in the WSe2 system. Note that 
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the plot window is considered up to a depth of 5000 Å, as incident 

ions penetrate from the left onto a target. 

Fig. 6.9 (a) XRD patterns, and (b) Raman spectra of pristine WSe2 

(exfoliated) and after 15 keV C2+ ion irradiation at fluences 1×1015, 

3.5×1015, 7.5×1015, and 1×1016 ions/cm2 under normal incidences. 
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Fig. 6.10 HRTEM images of (a,b) pristine (exfoliated WSe2), and after 15 

keV C2+ ion irradiation at a fluence of (c,d) 1×1015 ions/cm2, (e,f) 

1×1016 ions/cm2 at normal incidences with lower as well as higher 

magnification of scale bars 20 nm and 2 nm, respectively. 
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Fig. 6.11 EDX spectra of (a) pristine and (b) irradiated WSe2 with 15 keV C2+ 

irradiation at a fluence of 1×1016 ions/cm2. 
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Fig. 6.12 SRIM/TRIM calculation for 60 MeV N5+ ion irradiation: (a) 

stopping power vs. energy plot for N5+ ions bombarded onto WSe2 

material, (b) schematic illustration of the SHI irradiation on WSe2 

material with N5+ ion beam. 
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Fig. 6.13 (a) A series of XRD patterns, (b) zoomed plot of (002) peak oriented 

along c-axis direction, (c) plot showing variations in the c-axis 

parameter and damage estimated with ion fluences of 60 MeV N5+ 

ion irradiation in WSe2. 

199 

Fig. 6.14 Raman spectra before (pristine) and after irradiation of the WSe2 

system at fluences 5×1011, 1×1012, 1×1013 and 5×1013 ions/cm2, 

respectively, and (b) Raman modes are assigned with an enlarged 

plot shown for pristine and at the highest fluence (5×1013 ions/cm2). 
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Fig. 6.15 AFM images of 2D surface scans of (a) pristine (exfoliated WSe2) 

and after irradiation for fluences (b) 5×1013 ions/cm2, and (c, d) 

corresponding 3D topographies are shown. 

202 

Fig. 6.16 HR-TEM imaging of (a,b) pristine WSe2, (c,d) at fluence 1×1013 

ions/cm2 at lower as well as higher magnification along with FFT 

patterns of marked regions shown as an insets, (e,f) SAED pattern 
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of pristine WSe2 and 60 MeV N5+
 ion irradiation in WSe2 material. 

Note that the scale bars shown are 50 nm and 10 nm, respectively. 

Fig. 6.17 Optimized structure of 4×4 supercell of (a) pristine WSe2, (b) WSe2 

monolayer with vacancy cluster (the top view is tilted by 15° along 

the perpendicular direction of the plane). The red dotted circles in 

(a) indicate the removed atoms to create the vacancy cluster in (b). 
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Fig. 6.18 Electronic band structure and projected density of states (PDOS) of 

(a,c) pristine WSe2, and (b,d) WSe2 with a vacancy cluster, 

respectively. The spin-up states are indicated by the green-coloured 

bands, and the spin-down state is represented by the yellow-colored 

lines of the band structures. 
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List of Abbreviations 

 

0D Zero dimensional 

1D One dimensional 

2D Two dimensional 

3D Three dimensional 

kGy  Kilo gray 

FE-SEM Field emission scanning electron microscopy 

EDX Energy dispersive X-ray 

nm nanometer 

µm micrometer 

mW milliwatt 

FWHM  Full width at half maxima 

BET Brunauer-Emmett-Teller 

BJH  Barrett-Joyner-Halenda 

UTM Universal Testing Machine  

UV Ultraviolet 

PL Photoluminescence 

TRPL Time-resolved photoluminescence 

D-H Dollimore-Heal 

HK Horvath-Kawazoe  

N Nitrogen 

Vs. Versus 

XRD X-ray diffraction 

HR-TEM High-resolution transmission electron microscopy 

XPS X-ray photoelectron spectroscopy 

AFM Atomic force microscopy 

IF In-organic fullerene 

FFT Fast Fourier transform 

SAED Selected area electron diffraction 

C-dot Carbon-dot 

LA Longitudinal acoustic 

WC Tungsten carbide 
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W Tungsten 

S Sulfur 

VBM Valence band maxima 

CBM Conduction band minima 

BZ Brillouin zone 

SC Semiconductor 

DOS Density of states 

PDOS Projected density of states 

eV Electron volt 

DFT Density Functional Theory 

 

 

 



xxxi 

 

List of Symbols 

 

β Beta 

γ Gamma 

λ Wavelength 

Γ Full-width half maxima 

θ Theta 

dc Crystallite size 

ε Micro strain 

Å Angstrom 

I Current 

t Time 

ϕ Ion fluence 

n Charge state 

q Electronic charge 

A Area 

τav Exciton lifetime 

µ micro 

λex Excitation wavelength 

K Consistency index 

m Power index 

η Viscosity 

τ Shear stress 

𝛾̇ Shear rate 

h Planck’s constant 

c Speed of light  

ΔE Phonon mode energy 
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