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6.1 Introduction

This chapter shifts focus to tungsten diselenide (WSe2), another transition metal
dichalcogenide (TMDC) system that shares many isotropic characteristics with the WS»
system. While WS, has been extensively studied in the earlier chapters, this chapter
highlights the distinctive characteristics and potential of WSe; material. Although both
materials possess similar layered structures, the key distinction lies in the substitution of
selenium atoms in WSe; for the sulfur atoms in WS,. This change in chalcogen element,
along with differences in atomic size and electronegativity, significantly influences their
physical and electronic properties, making them well-suited for a range of emerging
applications [1]. Following the widespread exploration of WS», the WSe; system has also
garnered comparable scientific interest, particularly in understanding its structure-property
relationships. Unlike most TMDCs, which typically exhibit n-type semiconducting
behaviour, WSe; is a p-type semiconductor [2]. This p-type nature of current conduction,
along with enhanced stability and resistance to oxidation, helps facilitate semi-metallic
characteristics. Consequently, WSe; has exhibited significant benefits in possible device
deployment [3-5].

Ionizing radiation, charged particle beams, and swift heavy energetic ions are often
considered to modify and manifest the physical properties of materials [6]. Among these
techniques, ion irradiation offers better controllability and spatial precision in tailoring the
defect type and concentration, making it a more suitable method for controlled defect
generation. Recent efforts have focused on improving device fabrication by incorporating
doping and defect patterning at the atomic level of the system to reveal novel physical
phenomena. It can lead to isolated defects, clusters of point defects, columnar defects,
defect annealing, and defect segregation in the material exposed to the radiation, depending
on the mass and energy of the ions [7]. As a result, irradiation has emerged as an effective
technique for defect engineering in a wide range of 2D materials. It is well established that
defects in a semiconducting material can largely influence and modify the device
performances. There are ample reports on the generation of novel structures and device
performances through defect formation, phase transitions, structural transformations,

doping via ion irradiation, etc., in 2D materials [8, 9].

Understanding the effects of ionizing and ion beam irradiation on WSe: is essential
for determining the applicability of WSe>-based electronic devices in extreme radiation

environments. For instance, in space applications, materials must withstand cosmic rays,
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which are primarily composed of heavy charged particles and protons, posing a significant
challenge to device stability over a prolonged duration of time [10]. Nevertheless, strong
evidence of exceptional optical stability in WSe, monolayers, even after continuous -
radiation exposure, was reported by Elafandi ez al. [11]. Stanford et al. reported selective
introduction of defects in few-layer WSe; by tuning the material’s transport properties and

resistivity through controlled irradiation dose using a focused He" ion beam [12].

Based on these instances, this chapter explores the effects of y-irradiation on WSe;,
using doses ranging from 10 kGy to 40 kGy. The irradiated WSe> nanosystems were
subsequently dispersed in a NaCMC polymer selected as a host matrix to examine the
rheological behaviour of the WSe2/NaCMC nanocomposites. Moreover, the effects of low-
energy 15 keV helium (He?") and 15 keV carbon (C?") ion irradiation on WSe; are
investigated. The chapter also examines the modifications in the structural, vibrational and
morphological properties of layered WSe> with 60 MeV nitrogen (N°*) ions, supported by
first-principles calculations to explore the effect of clusters of defects on the electronic

band structure.

6.2 WSe: nanosystems under y-ray exposure and irradiation with 15 keV He?", 15
keV C*" and 60 MeV N5 ions

For the y-irradiation study, exfoliated WSe, samples were prepared using a co-solvent
strategy involving isopropyl alcohol (IPA) and water to effectively separate layers from
the bulk WSe> material. The exfoliated WSe> samples were then placed in a y-irradiation
chamber at UGC-DAE CSR, Kolkata, where they were exposed to y-rays using a *°Co
source similar to the WS> case. The irradiation doses marked were 0 kGy (un-irradiated),
10 kGy, 25 kGy, 30 kGy, 35 kGy, and 40 kGy. After receiving the designated y-dose, the

samples were removed from the chamber and utilized for further analysis.

Furthermore, WSe: systems were irradiated using low-energy 15 keV He** and C**
ions. These experiments were conducted at the Variable Energy Cyclotron Centre (VECC)
in Kolkata, utilising the K130 variable energy cyclotron equipped with a 6.4 GHz electron
cyclotron resonance (ECR) ion source. Bulk WSe; systems were irradiated with He?" ions,
whereas C** irradiation was performed on exfoliated forms of the materials synthesized
through liquid phase exfoliation (LPE) using 1-methyl-2-pyrrolidone (NMP) as a solvent.

For the irradiation experiments, the samples were prepared in powdered form and
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compressed into pellets using a 1.3x1.3 cm? area round teflon base. These pellets were then
mounted on a flat rectangular ladder to ensure proper alignment for the ion beam. The
experiments were conducted inside a high-vacuum target chamber at a ~10° mbar
pressure. For He?* irradiation at low energy of 15 keV, bulk WSe, systems were irradiated
at fluences of 1x10" jons/cm?, 5x10'" ions/cm? and 1x10'® ions/cm? under a normal
incidence (0°). Additionally, at a particular fluence of 5x10'° ions/cm?, bulk WSe: systems
were irradiated at an oblique angle of 55°. Similarly, WSe> systems in exfoliated form were
irradiated with 15 keV C?" ions at fluences of 1x10" ions/cm?, 3.5x10" ions/cm?, 7.5% 10"
ions/cm?, and 1x10'¢ ions/cm? under normal incidence. The beam current was monitored
and maintained using a Faraday cup integrated into the chamber. An operating voltage of
7.5 kV and a maximum current of 1.5 pA were applied to achieve the +2 charge state for

the projectile ions.

For the 60 MeV N°' ion irradiation experiment, exfoliated WSe, powder
synthesized via a liquid-phase exfoliation (LPE) using NMP as the solvent and was
subjected to swift heavy ion (SHI) exposure using the 15 UD Pelletron tandem accelerator
at the Inter-University Accelerator Centre (IUAC) in New Delhi, India. The exfoliated
WSe, powder was pressed into pellets with a teflon base, which were then mounted on a
four-faced rectangular ladder and placed inside a high-vacuum target chamber (pressure
~5 x 10" mbar). Before irradiation, the ion beam was scanned over a quartz reference to
ensure a uniform, collimated and stable beam over a size of 1x1 cm?. Subsequently, teflon-
supported few-layer WSe; samples were irradiated at normal incidence with ion fluences
of 5x10" ions/cm?, 1x10'? ions/cm?, 1x10'% ions/cm?, and 5x10'* ions/cm?. Throughout
the procedure, the beam current, typically of around 1 pnA, was regularly monitored to

maintain a stable and consistent beam on the samples.

6.3 Structural, vibrational and rheological study of y-irradiated WSe: systems

6.3.1 Structural and vibrational analysis

The powder XRD patterns of both un-irradiated and y-irradiated WSe, samples, exposed
to radiation doses ranging from 10 kGy to 40 kGy are represented in Fig. 6.1 (a). Distinct
diffraction peaks are observed at ~13.75°, 41.86°, and 56.84°, corresponding to the (002),
(006), and (008) crystallographic planes, respectively, indexed with the help of JCPDS
card no. 38-1388 [13]. These patterns confirm the hexagonal crystal structure of the WSe:
system, which belongs to the space group P63/mmc (No. 194). The most prominent peak
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Figure 6.1: (a) Powder XRD patterns, (b) Raman spectra of un-irradiated and irradiated WSe»
exposed to 10-40 kGy doses of y-rays.

at ~13.75°, associated with the (002) plane, is consistent across all samples, indicating a
favoured orientation along the c-axis direction. The lattice parameters were determined by
fitting the most intense (002) peak using the Voigt function, revealing a variation from
~12.89 A to 12.95 A with increasing y-dose. A shifting of the (002) peak toward lower 26
values suggests lattice expansion, i.e., an increase in the interlayer spacing after y-
irradiation. This expansion is likely due to the creation of a localized strain or the formation

of vacancies, most likely sulfur vacancies induced by y-ray exposure.

The Raman spectra of both un-irradiated and y-irradiated WSe, samples, exposed
to doses ranging from 10 to 40 kGy are shown in Fig. 6.1 (b). The prominent first-order
Raman modes, namely the in-plane E’;, and out-of-plane 4;, modes, originate from
vibrations involving W-Se and Se-Se atomic bonds in the WSe; system. These modes are
characterized by a distinct sharp peak merged near ~249 cm’!, having almost the same
frequency [14]. Moreover, several multi-phonon scattering peaks appear, particularly

involving the longitudinal acoustic (L4) mode, which arises owing to the second-order
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Raman processes. These second-order modes arise from the coupling of phonon modes of
nonzero momentum, where the electronic transitions are associated with excitonic states
[15]. One such combined mode, A4;,-LA, appears as a broadened peak at around 128 cm!
in the low-wavenumber region. In the high-wavenumber region, another Raman peak
appears at ~363 cm™!, attributed to the £/2,+LA4 mode. Furthermore, a defect-related peak
emerges at ~172 cm™!, identified as the LA4(M) mode.

6.3.2 Rheological response of the WSe2/NaCMC polymeric solution

The rheological analysis was carried out from the flow curves to gain an insight into the
shear flow behaviour of prepared WSe>/NaCMC nanocomposite solutions. This study was
carried out by dispersing WSe> nanosheets in NaCMC polymer solution before and after
irradiation at 10 kGy and 35 kGy of y-dose. The flow behaviour was acquired at a constant
temperature of 25 °C in a shear rate range of 1-1000 s~ ! to determine the fluid consistency
and dynamic viscosity represented in Fig. 6.2. The WS2/NaCMC nanofluids illustrate a
non-Newtonian fluid with shear-thinning behaviour (Fig. 6.2 (a)). This is a characteristic
of a pseudoplastic behaviour. The complex interaction between the fluid and the nano filler
essentially governs the non-Newtonian behaviour [16]. The shear-thinning characteristic
may be attributed to the constant shearing of NaCMC-based WSe; nanocomposites in an
aqueous suspension, which can align with the direction of flow. A decrease in viscosity
with increasing shear rate can be seen from Fig. 6.2 (b). To be mentioned, a slight drop in
the viscosity curve was observed in the 10 kGy irradiated WSe2/NaCMC nanocomposite
solutions, and then it got increased at 35 kGy as compared to the un-irradiated system.
Irradiation can facilitate the separation of van der Waals-bonded WSe: layers, allowing
them to slide more easily over each other within the polymeric matrix due to their
lubricating properties [17]. However, at a higher dose of 35 kGy, agglomeration of WSe>
may occur, leading to an increase in viscosity as discussed in the case of the y-irradiated

WS, system in Chapter 3.

Moreover, the flow curves for each sample were fitted with the Herschel-Bulkley
model, which is a modified version of the power law model. It consists of three or more
parameters to define the complex relation between shear stress and shear rate of fluids

represented by [18],

T=T1+K.y™, (6.1)
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Figure 6.2: (a) Shear stress, (b) viscosity curves, and Herschel-Bulkley fitted plots of shear stress
vs. shear rate curves of (c,d) un-irradiated WSe> and y-irradiated WSe; at (e,f)10 kGy and (g,h) 35
kGy in the range of 0-100 s! and 0-1000 s, respectively, with zero yield stress as a function of

shear rate.
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where 7 is the shear stress, 7, is the yield stress, m is the power index, y is the shear rate,
and K is a consistency index. So, when 7y has a non-zero value and m = 1, it represents the
Bingham model, whereas when 7y is close to 0 in the Herschel-Bulkley model, it becomes

equivalent to the power-law model,
T=K.y™ (6.2)

Through these fitted plots shown in Fig. 6.2 (c-h), the fluid behaviour index (m) is
estimated in the low shear rate range of 100 s™' and the moderate shear rate range of 1000
s, which specifies the nature of the fluid. In all cases, the m values were found to be
slightly below 1, i.e. 0.95-0.96, at the lower shear rate, indicating near-Newtonian
behaviour. However, as the shear rate increases to 1000 s™', the m values decline to the
range of ~0.84-0.86, signifying a transition from Newtonian to non-Newtonian (shear-
thinning) behaviour of nanofluids. The consistency index, K, estimated in the moderate
shear rate range of 1000 s, was roughly ~0.06 for both un-irradiated WSe> and the sample
irradiated at 35 kGy of y-dose, dispersed in NaCMC solution. While the 10 kGy v-
irradiated WSe2/NaCMC nanocomposite solution exhibited a slightly lower K value of
around 0.05, which displayed lower viscosity. Besides, bar graphs are plotted by
calculating the power law index m through fitted plots across different shear rate ranges to
illustrate the transition from Newtonian behaviour (m close to 1) to non-Newtonian
behaviour (m < 1) as the shear rate increases from low to moderate amounts, as shown in

the Appendix (Fig. A11).

Furthermore, the temperature-dependent viscosity measurements were performed
in the range of 5-80 °C at a constant shear rate (50 s™! with pre-shear for 180 s), with a
temperature ramp of 2 °C/min shown in Fig. 6.3(a). From the plot, the dynamic viscosity
is adequately decreased in all the cases with increasing temperature till 80 °C. A hump
observed at a critical temperature around 55-65 °C suggests structural modifications within
the WSe2/NaCMC polymeric solutions. This feature may also be associated with the glass
transition temperature of the NaCMC polymer [19, 20]. Furthermore, the bar plot shown
in Fig. 6.3 (b) illustrates the variation in apparent viscosity with increasing temperatures

of 10 °C, 25 °C, and 50 °C. Notably, the sample treated with a 10 kGy y-dose exhibits
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Figure 6.3: (a) Viscosity vs. temperature sweep plot at 5-80 °C of un-irradiated (0 kGy) and -
irradiated at 10 kGy and 35 kGy of WSe2/NaCMC nanocomposite solutions at a constant shear rate
of 50 s, (b) bar plot representing apparent viscosity at temperatures 10 °C, 25 °C, and 50 °C.
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Figure 6.4: Derivative curve of viscosity with temperature of un-irradiated (0 kGy) and y-

irradiated WSe»/NaCMC nanocomposite solutions at 10 kGy and 35 kGy.
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comparatively lower apparent viscosity across these temperatures. As previously
mentioned, a lower dose of y-rays can also act as an exfoliating agent, producing thinner
WS; layers and enhancing their dispersion within the polymer matrix, which in turn lowers
the apparent viscosity of the nanocomposites. Additionally, to have a clear visualization of
the glass transition temperature, the temperature dependence of viscosity was analyzed to
acquire the corresponding derivative curve, as shown in Fig. 6.4. The temperature at which
this derivative reaches a minimum is taken as the glass transition temperature [21]. Further,

a noticeable shift toward lower temperatures is observed at a y-dose of 35 kGy.

6.4 Effect of 15 keV He?" ion irradiation on layered WSe:
6.4.1 SRIM analysis
SRIM/TRIM calculations were carried out to determine the dominant energy loss

mechanism, ion trajectories, 3D plots of ion distribution and total displacements that took
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Figure 6.5: SRIM calculations of 15 keV He?" ion irradiation on WSe; 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 WS, system. Note that the plot window is
considered up to a depth of 1 um, as the incident ions penetrate from the left onto a target.

188



Structural, morphological and rheological properties of WSe;
Chapter 6 with emphasis on radiation induced phenomena

place due to the bombardment of 15 keV He?" ion irradiation on WSe, material (Fig. 6.5
(a-d)). The electronic energy loss (S.) and nuclear energy loss (S,) caused by the 15 keV
He?" irradiation onto the WSe; system are ~8.24 eV/A, and ~0.99 eV/A, respectively. Their
longitudinal and lateral straggling are calculated to be around 66.3 nm and 51.2 nm,
respectively. The ion trajectories of the incident ions onto the target material, 3D plots for
ion distribution range and total displacements, can be found in Fig. 6.5 (b-d). The projectile
range of He ions stands at 76.7 nm, and the relevant 3D plots reveal that the He?" irradiation

was restricted to the near-surface region of the WSe> system.

6.4.2 Crystallographic and vibrational analysis

The powder XRD patterns of pristine and 15 keV He?" ion irradiated WSe> systems at
fluences ranging from 1x10'° to 1x10'¢ ions/cm? under normal incidence and at a fluence
of 5x10'° ions/cm? under 55° oblique angle incidence are presented in Fig. 6.6(a). The

diffraction peaks appear at ~13.83°,41.94°, and 56.91°, corresponding to the (002), (006),
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Figure 6.6: (a) X-ray diffraction patterns, and (b) Raman spectra of pristine WSe; (bulk) and after
15 keV He*' ion irradiation at fluences 1x10', 5x10', and 1x10'® ions/cm? under normal

incidences, and at a fluence of 5x10'° ions/cm? under oblique angle incidence.
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Table 6.1. Lattice parameter and crystallite sizes estimation from powder-XRD analysis

of 15 keV He?" ion irradiated WSe: system.

SI. Fluences Lattice Crystallite
No. ) parameter size, d. in
(ions/cm?)
along c-axis ‘nm’

direction (A)

1 Pristine 12.82 31.3
2 1x1013 12.96 46.9
3 5x10" 12.73 45.1
4 1x10'® 12.85 16.1
5 | 5x10%(55°) 12.78 29.3

and (008) crystallographic planes, as referenced in JCPDS card no. 38-1388 [13]. The
powder XRD patterns corroborate with the hexagonal phase structure of WSe>, which
corresponds to the space group P63/mmc (no. 194). Notably, the prominent peak at around
13.83° is attributed to the unidirectional (002) plane, consistently present in all XRD
patterns. The lattice parameters along the c-axis of the hexagonal phase WSe; structure,
both pristine and irradiated with 15 keV He*" ions, along with their average crystallite sizes
(dc) determined using Scherrer’s law via Voigt curve fitting of the most intense (002)
diffraction planes, are presented in Table 6.1. The crystallite size exhibits an unusual
variation with fluence. As ion fluence increases, the WSe» structure initially undergoes
grain growth from ~31.3 nm to 46.9 nm in the He*" irradiated case, followed by a
subsequent decrease. Similar observations have been reported in nanocrystalline ceria
subjected to irradiation, as noted by P.D. Edmondson et al. [22], and V. Grover et al. [23].
These studies attribute the grain growth to defect accumulation caused by irradiation,
referring to it as a defect-stimulated grain growth mechanism. Additionally, grain
boundaries play a crucial role in limiting further grain growth. As a result, atomic
displacements, structural disorder, and defect formation due to irradiation influence both

interplanar spacings and the overall crystallinity of WSe> systems.
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The Raman spectra of pristine WSe, and WSe> irradiated with 15 keV He?" at
fluences ranging from 1x10'° to 1x10'® ions/cm? under normal incidence, as well as at a
fluence of 5x10'° ions/cm? under 55° oblique incidence, are shown in Fig. 6.6 (b). The
first-order Raman modes, including the in-plane E’5, and out-of-plane 4;; modes, arise
from vibrations between W-Se and Se-Se atoms in WSe;. These modes exhibit a distinct
sharp peak around 252 cm™ due to degeneracy [14]. A redshift of approximately 2 cm™ is
observed at higher fluences in the £5; /41, mode. Additionally, a Raman peak around ~136
cm’!, attributed to the A;,-LA combinatorial mode, becomes more pronounced with
increasing fluence. No characteristic features of He?" ions appear in the Raman spectra, as
they are immiscible and tend to nucleate into bubbles, creating voids. Consequently, no

new vibrational modes emerge in the irradiated system.

6.4.3 Inorganic fullerene (IF) like structure with He?* irradiation

The morphological characteristics of both pristine and irradiated WSe», subjected to 15
keV He*", are analysed using HR-TEM imaging, as shown in Fig. 6.7. The morphology of
pristine WSe; consists of dispersed flakes of WSe> sheets (Fig. 6.7 (a,b)). However, upon
irradiation at a critical fluence of 5x10'° ions/cm?, localised development of inorganic
fullerene (IF)-like structures begins to emerge (Fig. 6.7 (c,d)). During low-energy ion
irradiation, energy loss occurs as ions collide with atomic nuclei, triggering a secondary
collision cascade. This cascade generates a high density of defects by displacing atoms
from their lattice positions. In the case of helium ion exposure, these defects act as
nucleation sites for helium bubbles. Due to the high mobility and low solubility of helium
atoms, they migrate along grain boundaries, accumulating at trapping sites and eventually
forming bubbles [24]. The formation of helium bubbles between the layers of the WSe>
system weakens the van der Waals forces holding adjacent layers together, potentially
leading to exfoliation and the formation of thinner layers. These weakly bonded thinner
layers tend to curl due to the presence of the dangling bonds at the edges upon radiation
exposure, eventually forming closed IF-like nanostructures. These nearly spherical IF-like
structures lower the system’s surface energy, increasing stability and rendering them
thermodynamically inert [25]. Their average diameter ranges from ~30-50 nm, while the
fringe width of these structures is around 0.33 nm, corresponding to the (110) plane of the
hexagonal WSe: phase. Notably, these IF structures appear agglomerated and inseparable,

forming many aggregates. Although these structures are generally inert due to the

191



Structural, morphological and rheological properties of WSe»
with emphasis on radiation induced phenomena Chapter 6

Figure 6.7: HRTEM images of (a,b) pristine WSe;, and (c,d) after 15 keV He*" ion irradiation at a
fluence of 5x10'% ions/cm? 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).

saturation of dangling bonds, elastic strain and defects induced by surface curvature can
lead to stronger adhesion between IF-nanostructures, causing them to agglomerate [26].
Unlike conventional fullerenes formed from carbon allotropes, the IF structures in WSe»
possess closed spherical cages [27]. These IF-like nanostructures exhibit excellent self-
lubricating properties, making them highly suitable for various applications, including

polymer-based coatings [28, 29].
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6.5 Effect of 15 keV C?* ion irradiation on layered WSez nanosystems
6.5.1 SRIM analysis

SRIM/TRIM calculations reveal that the dominant energy loss mechanism of 15 keV C**

ions in the WSe; system primarily occurs through energy losses of S. and S, with values

of ~12.68 eV/A and 9.30 eV/A, respectively (Fig. 6.8 (a)). Furthermore, C>* ion irradiation

primarily affects the near-surface region of WSe», with a projectile range of around 24.5

nm. The longitudinal and lateral straggling are estimated to be ~27.0 nm and ~20.2 nm,

respectively. The ion trajectories within the target material, along with 3D plots illustrating

ion distribution range and total displacements, are presented in Fig. 6.8 (b-d).
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Figure 6.8: (a) SRIM calculations of 15 keV C** ion irradiation on exfoliated WSe; system (a)

stopping power vs. energy plot in keV regime, (b) ion trajectories along target depth vs. y-axis, (¢)

ion distribution, and (d) total displacements plots occurred in the WSe; system. Note that the plot

window is considered up to a depth of 5000 A, as incident ions penetrate from the left onto a target.
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6.5.2. Phase structure and vibrational analysis

The XRD patterns of exfoliated WS in pristine form and irradiated with 15 keV C** ions
at fluences 1x10", 3.5x10"5, 7.5x10" and 1x10'® ions/cm? at normal incidence can be
found in Fig. 6.9 (a). The diffraction patterns were acquired in the range of Bragg’s angle,
20 ~10°-70°. They exhibit 26 values positioned at ~13.84°, 41.84°, and 57.09°, coinciding
with the (002), (006), and (008) diffraction planes of the WSe> material. XRD patterns
reveal that these results align with the hexagonal phase structure of the WSe; system,
which is associated with the space group (P63/mmc, no. 194). The profound peak at around
~13.83° is associated with the unidirectional (002) plane that emerged in all the XRD
patterns. The lattice parameters along the c-axis of the WSe> hexagonal phase structure of
pristine WSe> and irradiated with 15 keV C*" ions, along with their average crystallite size

(dc), are presented in Table 6.2.
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Figure 6.9: (a) XRD patterns, and (b) Raman spectra of pristine WSe, (exfoliated) and after 15
keV C?" ion irradiation at fluences 1x10", 3.5x10'5, 7.5x10'3, and 1x10'° jons/cm? under normal

incidences.
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Table 6.2. Lattice parameter and crystallite sizes estimation from the acquired XRD

patterns of 15 keV C?" ion irradiation on exfoliated WSe.

SI. Fluence Lattice Crystallite
No. | | s parameter size, d. in
(ions/cm”) along c-axis ‘nm’
direction (A)
1 0 12.81 28.2
(Pristine)
2 1x10% 12.91 11.7
3 3.5x10% 12.81 19.7
4 7.5x10% 12.78 14.0
5 1x10'6 12.93 14.4

Raman spectra of pristine and C>" ion irradiated WSe; in the exfoliated form are
shown in Fig. 6.9 (b). In addition to the notable vibrational £, 4, modes of ion-irradiated
WSe;, the Raman spectra exhibit the emergence of the L4 mode at ~122 cm™!, specifying
the existence of defects. The intensity of this defect-induced L4 mode tends to increase
with higher ion fluences. In addition, the Raman spectra at a critical fluence of 1x10'°
ions/cm? show noticeable D and G bands appearing near 1393 cm™ and 1587 cm™,
respectively. Here, a weak D band appears owing to the presence of defects such as
vacancy, edge, etc. and is linked with the intervalley double resonant process, while the G
band corresponds to carbon-based material [30]. This can profoundly alter the electronic
properties of the host material. Furthermore, the peak at ~802 cm™ represents the
characteristic vibrational mode of the W-C bond present in the irradiated WSe> material.
Nevertheless, at a critical fluence of 1x10'° ions/cm?, the emergence of these two bands is
a signature of C implanted in the WSe, system through 15 keV C? ion irradiation at a

particular fluence.

195



Structural, morphological and rheological properties of WSe»
with emphasis on radiation induced phenomena Chapter 6

6.5.3. Morphological modification and sheet fragmentation with C** irradiation

The morphological analysis of pristine WSe> can be found in Fig. 6.10 (a). The imaging
shows sheets of WSe: having fringe width with an interlayer d-spacing value of around
~0.60 nm (Fig. 6.10 (b)). This is consistent with the (002) plane of the WSe> hexagonal
crystal structure. The irradiated WSe, systems at fluences 1x10'° ions/cm? and 1x10'¢
ions/cm? show fragmented sheets of uneven sizes with C>* ion irradiation (Fig. 6.10 (c)).
The interlayer spacing after irradiation at low fluence is calculated to be ~0.68 nm, depicted
in Fig. 6.10 (d). This also corresponds to the (002) crystallographic plane of the hexagonal
WSe: phase with little expansion compared to the pristine case. The TEM imaging at the
highest fluences, though unclear, shows some patches of C-dots. This observation is further
supported by the EDX spectra and the corresponding weight and atomic percentages of W,
S, C, and O shown in Fig. 6.11 (a, b). Particularly, the carbon signal is comparatively
stronger compared to the pristine system, suggesting the incorporation of carbon into the
WSe, system with an increase in atomic % from 38.2 % to 73.8 % as a result of C>*
irradiation. The presence of both carbon and oxygen is also considered in the pristine

system also, as these elements can appear as traces due to exposure to the environment.

(902)
= ~0.60 nm

Figure 6.10: HRTEM images of (a,b) pristine (exfoliated WSe,), and after 15 keV C*' ion
irradiation at a fluence of (c,d) 1x10' ions/cm?, (e,f) 1x10' ions/cm? at normal incidences with

lower as well as higher magnification of scale bars 20 nm and 2 nm, respectively.
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Figure 6.11: EDX spectra of (a) pristine and (b) irradiated WSe, with 15 keV C*" irradiation at a

fluence of 1x10'¢ ions/cm?.

6.6 Effect of 60 MeV N3" ion irradiation on exfoliated WSe: systems

6.6.1 SRIM calculations

SRIM calculations were performed to understand the primary mechanisms influencing the
ion path and interaction of 60 MeV N°* ions within the targeted WSe> material. The results
determine that the electronic energy loss (S.= 167.8 eV/A) is significantly greater than the
nuclear energy loss (S, = 0.11 eV/A), as shown in Fig. 6.12 (a). Additionally, the projected
range of ions is estimated where incident ions penetrate the material up to a depth of ~27.89
um, with lateral and longitudinal straggling values of around ~1.15 pm and ~1.09 pum,
respectively. A schematic illustration of the ion irradiation event on exfoliated WSe; is

provided in Fig. 6.12 (b), offering an abstract view of the ion-matter interaction.
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Figure 6.12: SRIM/TRIM calculation for 60 MeV N>' ion irradiation: (a) stopping power vs.
energy plot for N°* ions bombarded onto WSe, material, (b) schematic illustration of the SHI

irradiation on WSe, material with N°>* ion beam.

6.6.2 Structural analysis

The XRD patterns of both pristine and 60 MeV N>* ion-irradiated WSe, samples are shown
in Fig. 6.13 (a). The dominant diffraction peaks correspond to the 2H-WSe> phase,
associated with the hexagonal structure (space group P63/mmc). Notably, the post-
irradiation XRD patterns show no additional peaks, indicating that the phase purity and
crystalline structure of WSe> remain preserved even after ion exposure. No signs of
amorphization were observed, even at the highest fluence of 5x10'* ions/cm?. The
characteristic peaks appearing at 20 values of ~13.5°, 41.2°, and 56.3° are indexed to the
(002), (006), and (008) crystallographic planes, respectively, in accordance with JCPDS
card no. 38-1388 [31]. The average crystallite size (dc) was determined using single-line
Voigt fitting of the (002) diffraction peak, based on Scherrer’s equation, with the
corresponding values summarized in Table 6.3. Notably, d. exhibits an unusual trend with
increasing ion fluence. Initially, the average crystallite size increases, reaching ~44 nm at
a fluence of 1x10'? ions/cm?, suggesting particle growth. However, at a higher fluence of
1x10"3 ions/cm?, the size drops to ~27 nm. This reduction may be attributed to the
formation of irradiation-induced defects, such as edge dislocations caused by ion impacts
at grain boundaries, which can hinder particle growth [22]. Again, at the highest fluence,
the crystallite size increases to about 60 nm. This could result from structural

reorganization of the lattice atoms, resulting in recrystallization in the irradiation process.
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Figure 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 N°' ion irradiation in WSe,.

Table 6.3. Structural parameters of exfoliated WSex subjected to 60 MeV N°* irradiation.

SL. Fluence Lattice Average | FWHM | Relative | Disorder
No. | (ions/cm?) | parameter | crystallite | of (002) | change in (%)
(A) along size, d. peak the
the c-axis (nm) FWHM of
the (002)
peak

1 Pristine 13.1 34 0.23 - -
2 5x10M 13.3 34 0.24 0.01 02.2
3 1x10'2 13.3 44 0.18 0.05 22.5
4 1x10"3 13.3 27 0.30 0.07 29.8
5 5x1013 13.5 60 0.13 0.10 42.5
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Furthermore, the exfoliated pellets may hold WSe; flakes oriented in various directions,

featuring different radiation-assisted conditions for the dislodgement of host atoms.

Additionally, irradiation-induced disorder can be evaluated through the broadening
of XRD peaks. This is measured by the relative change in the full width at half maximum
(FWHM) of the (002) peak compared to the pristine case (Fig. 6.13 (b)). The extent of
lattice distortion due to irradiation and hence the disorder is estimated using equation (5.4)
mentioned in the previous chapter [32]. The analysis shows a monotonic increase in
disorderness in the lattice structure due to bombardment of N°* ions with increasing ion
fluence in the studied system. Also, an increase in the values of lattice parameters along
the c-axis direction reveals lattice expansion of the WSe; system along that particular
orientation after irradiation, as evident from Table 6.3 and Fig. 6.13 (c). The observable

lattice expansion, particularly at the highest fluence of N>* irradiation, results in a lowering

of the 20 value [23].

6.6.3 Vibrational analysis
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Figure 6.14: Raman spectra before (pristine) and after irradiation of the WSe» system at fluences
5x10'", 1x10'2, 1x10'* and 5x10"* ions/cm?, respectively, and (b) Raman modes are assigned with

an enlarged plot shown for pristine and at the highest fluence (5%10'* ions/cm?).

200



Structural, morphological and rheological properties of WSe;
Chapter 6 with emphasis on radiation induced phenomena

The Raman active optical phonon modes of pristine and 60 MeV N°* ion irradiated WSe»
are shown in Fig. 6.14 (a). The prominent, zone-centre first-order in-plane £’5, mode of
WSe; material is evident at ~247 cm™!, and the out-of-plane, 4,4 vibrational mode exists in
the vicinity [33]. The slight asymmetry in the right-hand shoulder of the noticeable E’>q
mode signifies the presence of the 4;, mode. In addition, some multi-phonon scattering
peaks, or bands, appear involving the longitudinal acoustic (LA4) mode due to the second-
order Raman process discussed in Section 6.3.1 of this chapter. In this regard, a
combinatorial 4;,-LA mode is observed at ~134 cm™ with a broadened feature in the lower
wavenumber region of the spectra. Moreover, at the higher wavenumber region, the mixed
mode arises due to the combined process at ~367 cm™ and is attributed to the E/>e+LA
mode. The weakly resolved peak at ~391 cm™ corresponds to the 3L4 mode, which is a
third-order resonant Raman mode [34—36]. Apart from this, a minute peak near ~170 cm’!
reveals structural disorder in the material represented by the LA(M) mode, which appears
as a very low-intensity peak visible at the highest fluence. The augmented vibrational
responses of the £75, and the LA modes are noticeable for the irradiated WSe> as compared

to its pristine counterpart, shown in Fig. 6.14 (b).

6.6.4 Morphological analysis

AFM and TEM analyses were executed to further investigate the changes in the
morphology and microstructures of the irradiated WSe> at higher fluences. The surface
morphology, along with its respective 3D topography, representing sheets of the WSe»
material for pristine and 60 MeV N°' irradiated WSe, systems at a fluence of 5x10'3
ions/cm?, can be found in Fig. 6.15 (a-d). The irradiated specimen characterizes rougher
surfaces by the presence of agglomerated stacks of sheets of 2D surfaces, offering a root
mean square (RMS) roughness value of ~146.1 nm. This is nearly 1.5 times increase in
surface roughness due to irradiation as compared to the pristine case, which stands at a

roughness value of ~95.4 nm.

Through TEM imaging, surface modification could be observed after irradiation,
along with sheet-like morphologies of the pristine WSe> material (Fig. 6.16 (a-d)). In
addition, voids and damaged regions marked in red are quite apparent after SHI impact at
a higher fluence. The fast Fourier transform (FFT) patterns obtained from the marked
regions of yellow dashed squares in Fig. 6.16 (c,d) are shown as insets. The region

containing voids exhibits a diffuse halo ring in the FFT pattern (Fig. 6.16 (c)), indicative
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(a) (b)

776.07 nm

Figure 6.15: AFM images of 2D surface scans of (a) pristine (exfoliated WSe,) and after irradiation

for fluences (b) 5x10'3 ions/cm?, and (¢, d) corresponding 3D topographies are shown.

of structural defects or disorder induced by irradiation. In contrast, the FFT patterns from
the fringe regions, as shown in Fig. 6.16 (d), display distinct diffraction spots. Furthermore,
the interlayer d-spacing values were estimated from the observable lattice fringes and
found to be ~0.60 nm for pristine WSe», increasing to about 0.64 nm after irradiation with
60 MeV N°* ions. This expansion is attributed to structural disorder induced by ion
irradiation, which is also supported by the observed shift toward lower 26 values in
theXRD patterns with increasing ion fluence (Fig. 6.16 (b, d)). In particular, these
interlayer spacings correspond to the (002) crystallographic planes of WS>, as discussed in
Section 6.6.2. Additionally, the SAED pattern in Fig. 6.16 (e) offers diffused rings with
continuous bright spots in the case of the pristine system. In contrast, the distinct bright
spots reveal that the crystallinity of the WSe, material has improved after radiation

exposure at a fluence 1x10'? ions/cm? (Fig. 6.16 (f)).
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Figure 6.16: HR-TEM imaging of (a,b) pristine WSe, (c,d) at fluence 1x10' ions/cm? at lower as
well as higher magnification along with FFT patterns of marked regions shown as an insets, (e,f)
SAED pattern of pristine WSe, and 60 MeV N°*ion irradiation in WSe, material. Note that the

scale bars shown are 50 nm and 10 nm, respectively.

6.6.5 Computational details

In the context of SHI irradiation, where high-energy particles collide with the target
material, the likelihood of forming clusters of point defects (particularly, chalcogen
vacancies) increases substantially [37]. So, a computational study was performed by
considering a cluster of defects or vacancies in the WSe> system. To model the system, a
4x4 supercell of the WSe> monolayer was employed, consisting of 16 W and 32 Se atoms
lying across the x-y plane (Fig. 6.17 (a)). To create a vacancy cluster, a W atom along with
two associated Se atoms was removed from the supercell. These two Se atoms were
originally bonded to the removed W atom (Fig. 6.17 (b)). To ensure minimal interaction
between layers in the perpendicular direction, a spacing of 15 A was introduced along the
z-axis of the system. Due to constraints arising from the number of atoms in a supercell
and the need to preserve a consistent defect concentration throughout the computational
study, the monolayer configuration of WSe> was chosen. The computations were executed

using first-principles methodology and density functional theory, employing a plane-wave
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Figure 6.17: Optimized structure of 4X4 supercell of (a) pristine WSe», (b) WSe, 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).

basis set within the QUANTUM ESPRESSO framework [38—41]. Norm-conserving scalar
relativistic (NC-SR) pseudopotentials were applied, with a dense Monkhorst k-grid of
5%x5x%1 for self-consistent field calculations and 10x10Xx1 for non-self-consistent field
calculations. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional,
incorporating the generalized gradient approximation (GGA), was consistently utilized
[42]. Parameters such as the kinetic energy cutoff and charge density cutoff were set at 680
eV and 4081 eV, respectively. Structural relaxation was allowed until a force convergence
threshold of 107 Ry/Bohr was met. The convergence criteria for the self-consistent

calculations were uniformly set at 10" Ry for all modelled structures.

6.6.6 Electronic properties of defect clusters
In reference to the formation of a vacancy cluster, the energy required in the formation of

a W or a Se vacancy in the WSe lattice is calculated using the following formula [43],
Evr = Ep — Ep + Uwyse (6.3)

here, Ep represents the total ground state energies of the WSe, monolayer with a W or Se
vacancy; and Ep denotes the total ground state energy of pristine WSe. The term pyy/se 18
the chemical potential of the removed W or Se atom. The calculated formation energy for
a W and Se vacancy are found to be ~5.3 eV and ~2.63 eV, respectively. This finding
aligns well with previous results for WSe, monolayers [44]. Notably, these formation
energies suggest that the energy required to eliminate a W atom could easily remove two

Se atoms from the WSe: surface. In addition, Yang ef al., in their investigation of various
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vacancy types in WSe», also demonstrated that the formation energy for two Se atoms (5.39

eV) is nearly equal to that of a single W atom vacancy (5.35 eV) [44].

To examine the influences of SHI irradiation on the electronic structure of layered
WSe;, a monolayer of the few-layer system was considered featuring a combination of two
selenium (Se) vacancies in proximity to the W vacancy. The ratio of 2:1 for Se and W
vacancies is chosen, taking their respective formation energies into account. In its
monolayer form, WSe> has been reported to exhibit a direct band gap at the K point in the
Brillouin zone (BZ) [45]. However, Wei-Ting ef al. demonstrated that under unstrained
conditions, the WSe> monolayer actually features an indirect band gap, with its valence
band maxima (VBM) at the K-point and the conduction band minima (CBM) at the Q point
along the K-I" direction. The computational analysis reveals that the indirect band gap of
the material is situated at the K-Q point of the BZ and is 1.48 eV (Fig. 6.18 (a) and 6.18
(c)). The direct band gap of the material is 1.61 eV at the K-point of the BZ. This finding
is in agreement with the report by Wei-Ting et al. [46]. Consistent with the earlier reports,
the optimized lattice parameters and the average W-Se bond length of the WSe> unit cell
are found to be 3.32 A and 2.55 A, respectively [47, 48]. However, the introduction of a
vacancy cluster in the supercell causes a contraction in the average bond length of W-Se
near the defect site, shrinking it to 2.45 A. These spatial modifications give rise to
numerous localized defect states within the forbidden gap of the monolayer, thereby
inducing a transitional shift in its electronic structure. The defect state lying right above
the Fermi level has its conduction band minima at the /-point, and the band right below
the Fermi level has its valence band maxima lying at the K-point. Owing to these defect
states within the forbidden gap, the band gap of the monolayer, having a cluster of vacancy
defects, decreases to ~0.37 eV along the K-I" direction in the BZ (Fig. 6.18 (b)). The
monolayer with the vacancy cluster has a competing direct band gap at the K-point of ~0.39
eV. These defect states manifest in both the conduction and valence bands, as depicted in
Fig. 6.18 (b) and Fig. 6.18 (d). The defect states on both sides of the Fermi level are
ascribed to the Se 4p and W 5d orbitals (Fig. 6.18 (d)). The symmetric nature of spin up
and spin down states in Fig. 6.18 (b) and Fig. 6.18 (d) indicates that the vacancy cluster
would induce zero magnetic moments in the monolayer and thus, retain the non-magnetic

nature of its pristine counterpart.
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Figure 6.18: Electronic band structure and projected density of states (PDOS) of (a,c) pristine
WSe:, and (b,d) WSe: 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.

6.7 Concluding remarks

In conclusion, the ion irradiation technique plays a crucial role in tailoring the properties
of materials. This chapter explores the effect of y-irradiation, 15 keV He*", 15 keV C**
ions, and high-energy 60 MeV N°" ions on the WSe, system. The phase structure and
crystallinity of WSe: remain intact even at higher ion fluences after irradiation impact.
Notably, the y-irradiated WSe, was incorporated into a NaCMC polymeric solution to
study its rheological properties, particularly in a 1 wt.% nanocomposite solution. The flow
curves of these WSe>/NaCMC nanocomposites follow a non-Newtonian behaviour with a
shear-thinning trend, characterized by a power-law index (m) between 0.84 and 0.86 in a
shear rate range of 0-1000 s™. For He** ion irradiation, at a fluence of 5x10'> ions/cm?
under normal incidence (0°), closely packed spherical inorganic fullerene (IF)-like

structures are observed in WSe>. In the case of 15 keV C*' ion exposure, Raman
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spectroscopy reveals the appearance of D and G bands, indicating carbon atom
implantation into the WSe, system. Meanwhile, irradiation with 60 MeV N°* ions led to a
substantial increase in surface roughness, with AFM analysis showing a post-irradiation
RMS roughness of ~146 nm at the highest fluence. TEM images further confirm
morphological changes, displaying layered sheets interspersed with voids. First-principles
calculations based on vacancy clusters in WSe: are studied, demonstrating the tunable
bandgap, highlighting the potential for controlled electronic property modifications. This
tunability opens up intriguing possibilities for engineering new functionalities in future

device applications.
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