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5.1. Introduction

The remarkable physical and chemical properties of two-dimensional (2D) transition metal
dichalcogenides (TMDCs) make them highly adorable for scientific investigation,
particularly due to their immense potential for point defect formation and structural
adaptability [1,2]. The intrinsic properties of TMDC systems can be tailored by
intentionally introducing defects such as vacancies or impurities at substitutional and
interstitial sites [3,4]. Recently, TMDCs have drawn significant attention because of their
tunable electronic and optoelectronic properties enabled by defect engineering [5]. Among
these, WS, a key member of the TMDC family, exhibit outstanding electronic, optical,

and mechanical properties.

Ion beam irradiation is a highly promising physical technique for nanostructuring
and modification of materials due to its exceptional control, purity and preciseness [6]. It
can help alter surface microstructure, morphology, and, most notably, the electronic
properties of the targeted material. The ion implantation process involves a multi-
collisional process between incident ions and the target material, where the relative
influence of two primary energy loss mechanisms, namely, electronic stopping (Se) and
nuclear stopping (S,) are affected by factors such as projectile mass, atomic number, ion
velocity, and the nature of the target atoms. These factors play a crucial role in the
modification and defect manifestation of the material [7,8]. A key benefit of an ion
implantation process is its ability to modify surface properties without subjecting materials
to excessive electronic energy loss. During the process, implanted ions transfer energy to
either the target atoms or the electronic subsystem before coming to rest within the
material, eventually following a Gaussian distribution profile [9,10]. To tailor the near-
surface properties of TMDCs, a low-energy, low-mass ion beam was selected, enabling
controlled modification through ion implantation. In this approach, low-energy ion
irradiation dominated by nuclear energy loss via elastic collisions frequently generates
nanoscale point defects and induces localized stress within the material. These ion-matter
interactions lead to significant alterations in the near-surface region, such as compositional
changes, the formation of point defects, and notable micro-morphological transformations
[11,12]. Most importantly, the nature and extent of these modifications depend on the type
of ion used for implantation. Additionally, the relative concentration of interstitial and
vacancy defects near the surface is influenced by the implantation energy, further affecting

the structure of the material and functional properties [13].
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Radiation-assisted modifications in geometry, crystal structure, chemical
composition, and patterning can occur due to the strong interaction between energetic ions
and the target material, as well as the associated energy loss mechanisms. In recent years,
keV ion beam irradiation has been widely considered for doping and surface patterning of
2D materials with a high degree of precision and reproducibility. By adjusting the type and
concentration of structural defects or disorders, ion beam irradiation is considered to be a
powerful technique for implantation based defect engineering and tuning of band gaps in

2D materials [14].

Moreover, numerous experiments conducted at large-scale accelerator facilities
have significantly advanced the understanding of swift heavy ions (SHI) interaction with
target materials. SHI irradiation is also widely employed as a technique for structuring
materials at the micro- and nanoscale [15]. The formation of ion tracks during irradiation
can substantially alter the properties of a material. These ion tracks are observed in various
solids, including certain metals and semiconductors, as well as in all types of insulators,
such as polymers and inorganic materials. For patterning of materials, ion fluences in the
range of 10 to 10! ions/cm? are sufficient and can be readily achieved using a typical

beam current of a few nA, or less [16].

Considering these aspects, this chapter reports the effects of low-energy 15 keV
Helium (He), Carbon (C) ions with a charge state of +2 and Uranium (U) projectile ions
with +28 charge state in the target of the WS, system. The structural, vibrational and
morphological evidence of both 15 keV He*", 15 keV C*" and 0.85 GeV U**" ions are
investigated and compared. These findings are crucial for manifesting the properties of
WS, material and its implementation under different radiative conditions. The irradiation-
led morphological, surface constructs, vibrational modes, and compositional features of
the WS: specimens are discussed in subsequent sections. The altered structural,
morphological, and electronic properties of the layered WS> before and after irradiation
are also discussed, along with the first principles calculations on the role of defects and
electronic band structure. Furthermore, the excitonic properties of WS, are explored after

exposed to GeV irradiation.
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5.2 Irradiation effect of WSz system with 15 keV He?", 15 keV C?* and 0.85 GeV U**
ions

Bulk and exfoliated WS, systems were irradiated using low-energy 15 keV He*" and C**
ions and high-energy 0.85 GeV U?*" ions. The low-energy experiments were conducted in
the Variable Energy Cyclotron Centre (VECC) at Kolkata utilising the K130 variable
energy cyclotron equipped with a 6.4 GHz electron cyclotron resonance (ECR) ion source.
Bulk WS, system were irradiated with 15 keV He?" ions, whereas 15 keV C>* irradiation
was performed on exfoliated forms of WS». For the irradiation experiments, the samples
were prepared in powdered form and 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
WS, system were irradiated at fluences of 1x10' ions/cm?, 5x10'° ions/cm? and 1x10'®
ions/cm? under normal incidence (0°). The schematic representation of projectile ions
bombarded on the target at normal and oblique angle incidence is presented in the Appendix
(Fig. AS5). Furthermore, the WS> system was irradiated at an oblique angle of 55° with a
mid-fluence of 510! ions/cm?. On the other hand, WS> systems in exfoliated form were
irradiated with 15 keV C?* ions at fluences of 1x10"3 ions/cm?, 3.5x10' ions/cm?, 7.5%10"
ions/cm?, and 1x10'®ions/cm? under normal incidence. The following relation between the
irradiation time (¢), the ion fluence (¢), and the ion beam current (i) has been used during

the irradiation experiment,

£ = QXA xnxq} (51)

i

where, 4 is the area of the pellet, » is the charge state, and ¢ is the electronic charge. 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 was applied

to achieve the +2 charge state for the projectile ions.

For the 0.85 GeV U?*" ion irradiation experiment, bulk and exfoliated WS, pellets
were considered. The preparation of the samples employed for this work is based on a
UMAT irradiation experiment, which was performed at the beamline X0 at the GSI
Helmholtzzentrum fiir Schwerionenforschung, Darmstadt (Germany) in the frame of

FAIR-Phase. Teflon-supported pellets, consisting of bulk and few-layer WS>, were
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exposed to uranium (U) ions at fluences, 1x10° ions/cm?, 1x10'° ions/cm?, and 1x10'!
ions/cm? at normal incidence. To prevent any small fragments of the samples from falling
into the irradiation chamber, all samples were shielded with a 10 um-thick aluminium (Al)
foil. This foil effectively reduced the specific energy of the U?** jons with a mass of 238.08
amu from an initial 1.14 GeV to 0.85 GeV. Given the sample dimensions (~1.3x1.3 cm?),
the selected ion fluences were carefully chosen to minimize the overlapping of tracks and

prevent melting or excessive damage.

5.3 Effect of 15 keV He?" ion irradiation in few layer WS:
5.3.1 SRIM-TRIM simulations

The SRIM® (Stopping and Range of Ions in Matter) [17] calculations that use the Monte
Carlo simulation approach were performed to predict the transport of ions into the target
matter. The parameters used in the TRIM calculations are described in Appendix A8. The
three-dimensional (3D) plots as regards the distribution of ions and total displacements
that occurred due to the bombardment of 15 keV He?" ions onto the WS, material at 0° and
55° incident angles, respectively, can be found in Appendix (Fig. A6). To be specific, the
ions can penetrate to a depth of 82.9 nm in normal incidence and 66.3 nm in oblique angle
incidence. As the ions traverse a target material, the number of collisions required to bring
1ons to rest within the medium varies for each ion, and accordingly, there will be a variation
in the penetration depth, referred to as straggling. The corresponding lateral straggling is
around ~39.9 nm and ~35.7 nm in the cases of normal and oblique angle incidence,
respectively. The number of atoms displaced and the vacancies generated for each ion,
resulting from energy transfer as the ions moved through the target material, are shown in
the Appendix (Fig. A6). The trajectories of He?" ions penetrating the target material, the
ion concentration versus depth profiles, and the vacancy plots for W and S atoms generated
by primary knock-on collisions of He*" ions in the WS, system for different fluences and
considering both normal (0°) and oblique (55°) angles of incidences are presented in Fig.
5.1. Under normal incidence, greater displacements and more vacancies were produced
compared to the oblique angle case. This is due to collisions between lattice atoms, which
cause a larger area to be affected or damaged when the ion beam strikes at a normal
incidence. In this regard, the peak maxima of vacancies generated arise at a depth of ~70

nm. Conversely, the peak maxima are closer to the surface, around 20 nm for an oblique
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Figure 5.1: Ion implantation results from SRIM/TRIM simulations for 15 keV He?" ions in WS,
(a) ion trajectories, (b) He concentration vs. depth, (c,d) vacancies vs. depth, for 15 keV He?" ions

for normal (0°) incidence and for 55° incident angle, respectively.

angle incidence. In other words, the angle of incidence can have a profound effect on

structural reordering and defect healing events.

5.3.2 Structural and surface compositional features

5.3.2.1 X-ray diffraction analysis

The powder diffraction patterns of bulk WS; in the pristine form and irradiated with 15
keV He?" ions at fluences 1x10'3, 5x10'5, 1x10'° jons/cm? at normal incidence (0°), and
5x10' jons/cm? at oblique angle incidence (55°) can be found in Fig. 5.2. The diffraction
patterns were attained in the range of Bragg’s angle, 26 ~10°-70°. The diffraction pattern
of pristine WS> (bulk) offers peak maxima at 26 values ~14.54°, 29.12°, 44.2°, and 60.15°,
which corresponded to (002), (004), (006), and (008) crystallographic planes, respectively.
The assigned peaks in all the cases belong to the hexagonal crystal structure of WS, and

match with the space group P63/mmc (Space group no. 194) according to the JCPDS file
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no. 08-237 [18]. The prominent (002) peak located at 26~14.54° indicates the most
favoured direction along the c-axis of the WS; crystallites. In addition, the lattice
parameters were calculated from the acquired XRD patterns of the pristine and 15 keV
He?" irradiated WS, by employing the relevant formula of the hexagonal structure (Table
5.1). Moreover, the average crystallite sizes (d.) were estimated using the most prominent

(002) peak that appeared in WS, systems following Scherrer’s law [19],

091

de = T Cos 6’ (5-2)
and the micro-strain is given by the equation,
e=, (5.3)

where A = 1.543 A and I"is the full width at half maxima (FWHM) of the distinctive (002)
peak fitted by single line peak fitting obtained in degrees and converted to radians. A
reduction in the FWHM is observed for the irradiated samples as a consequence of the

coalescence growth of crystallites with an increase in ion fluence [20].
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Figure 5.2: X-ray diffraction patterns of pristine (bulk WS,) and 15 keV He?" irradiated WS,
systems at fluences 1x10'5, 5x10'5, 1x10'® jons/cm? at normal incidence (0°), and 5x10'3 ions/cm?

at oblique angle incidence (55°).
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Table 5.1. Structural parameters of pristine and irradiated samples of bulk WS,.

SI. Sample Lattice FWHM Average Micro
No. parameter (A) (radian) crystallite strain,
along the c-axis size, e x103
d.(nm)
1 Pristine 12.18 0.0056 24.95 1.39
2 11013 (0%) 11.87 0.0028 50.46 0.69
3 5x10'(0%) 12.04 0.0035 40.39 0.86
4 1x10'6(0) 11.87 0.0027 51.96 0.67
5 | 5x101(55°) 12.00 0.0036 38.82 0.89

5.3.2.2 Raman spectra analysis

Raman spectroscopy is a versatile, non-invasive and widely used technique to determine
the level of exfoliation, the introduction of defects and impurities in 2D materials. Raman
spectra of pristine WS, (bulk), and 15 keV He?" irradiated WS, at fluences of 1x10'3,
5x101, 1x10'% ions/cm? under normal incidence (0°), and 5x10'° ions/cm? at oblique angle
incidence (55°) are shown in Fig. 5.3 (a). The acquired Raman spectra reveal first-order
optical phonon modes with Raman peaks at ~348 cm’, 418 cm™, and 168 cm’,
corresponding to E'g, A1g, and LA(M) modes. The He** irradiation onto WS; results in
adequate exfoliation of the layers by virtue of an increase in the vibrational intensity of the
in-plane E’5, mode compared to the out-of-plane 4;; mode. The He?" irradiation forming
He bubbles accumulates at the trapping sites, and diffusion of these helium bubbles in
between the layered sheets of WS, structures stacked together via weak van der Waal
bonding leads to cracks as discussed in section 5.3.3.2. The formation of vacancies or
interstitials, caused by the removal of sulfur atoms or the breaking of tungsten-sulfur (W-
S) bonds through low-energy irradiation, leads to significant changes in Raman mode
intensities. Additionally, the Raman peak observed at ~168 cm™ corresponds to the
longitudinal acoustic (LA) branch of the Brillouin zone, associated with zone-edge phonon
modes. The appearance of this mode in the Raman spectra indicates the presence of defects
or structural disorders, particularly under higher doses of helium ions. This L4 (M) mode

is attributed to Raman scattering induced by structural disorder at the M-point of the
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Brillouin zone, where the momentum is ¢ # 0 [21]. Furthermore, a column bar plot for a
range of fluences illustrates the upsurge in the intensity ratios of £/5; to 4, modes (Fig.
5.3 (b)). Besides, a drop in the intensities of £/, and 4;, Raman modes could be observed,
caused by the ablation of material as the ions bombard layered WS, at oblique angle
incidence (55°). The separate plot of the pristine and He?" irradiated WS; at a fluence of
1x10'® ions/cm? are displayed in Fig. 5.3 (c) to show the variation in the intensities of the

Raman modes and the newly emerged LA(M) mode associated with defects.
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Figure 5.3: Raman spectra of WS, (a) before (pristine, bulk) and after 15 keV He?* irradiation at
fluences 1x10'%, 5x10'%, 1x10'¢ ions/cm? for normal incidence (0°) and also for an incident angle
of 55° for the mid-fluence, (b) Column bar plot of intensity ratios of £’ to 4;; modes attained
from the Raman spectra displayed in Fig. 5.3 (a), (here, * denotes intensity ratio at oblique angle
incidence and ** represent normal incidence which corresponds to specific ion fluence of 5x10"
ions/cm?), (¢) Zoomed view plot of pristine WS, and at the highest fluence of 1x10'® ions/cm?

illustrating the variation in the intensities of the Raman modes after He*" irradiation.
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5.3.2.3 Core-level spectra analysis

The X-ray photoelectron spectroscopy (XPS) was utilized to analyze the surface chemical
compositions and elemental information of the bulk and 15 keV He?" ion irradiated WS>
at a fluence of (5x10'° ions/cm?), displayed in Fig. 5.4. The survey scans of WS, system
before and after irradiation can be found in Fig. 5.4 (a,b). The W 4f core level spectra of
the WS, system were deconvoluted through multi-peak Gaussian fitting, revealing W 4£7,»
and W 4fs), states of tungsten corresponding to two distinct peaks positioned at ~31.0 eV
and 33.0 eV, respectively [22]. In addition, a peak arises at ~33.8 eV, attributable to the
development of WOs3, belonging to a higher oxidation state (+6) of W. The relatively weak
peak of the W™ oxidation state corresponding to the W 4f;» of WO; suggests the
adsorption of oxygen (O2) molecules at the vacancy sites of WS: layers. The lack of a WO;
peak in the XRD results (Fig. 5.4) supports that the W*® peak is due to adsorbed oxygen
[23]. Moreover, the W 5p3; state of tungsten is observed as a broad peak around ~36.5 eV.
In contrast, two distinct peaks at ~160.5 eV and ~161.6 eV correspond to the sulfur states,

S 2p3 and S 2p1p, as illustrated in Fig. 5.4 (c,d).

The XPS spectra indicate a significant shift towards higher binding energies for
both W and S after 15 keV He?" irradiation at a fluence of 5x10'° ions/cm? (Fig. 5.4 (e, 1)).
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Figure 5.4: XPS survey scan of (a) pristine, (b) irradiated sample with fluence 5x10'3 ions/cm?;
spectra of (¢) W 4f-core level of the pristine case, (d) W 4f-core level of irradiated specimen, (e) S

2p-core level of pristine case, (f) S 2p-core level of irradiated specimen.
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For example, the irradiated WS, sample exhibits tungsten states W 4f7, and W 4fsp
positioned at ~33.3 eV and ~35.5 eV, respectively, along with the W 5p3» state at around
38.9 eV. These peak positions, corresponding to their respective binding energies, suggest
the W*" valence state of tungsten, which aligns with the phase-pure structure of WS,
reported in earlier studies [24]. To be mentioned, the oxidized state of tungsten could not
be traced after He?" ion irradiation. Furthermore, the peaks of the irradiated WS, system
tend to shift towards a higher binding energy of the S element as compared to the pristine
WS,. They are located at ~162.8 eV and ~164.0 eV and attributed to S 2p3» and S 2p12
states of divalent sulfide ions and specify the 2H phase of the semiconductor. The peaks
detected at ~167.4 eV for the bulk and the one at ~169.8 eV for the irradiated case might
have arisen owing to the presence of a (+6) S state of oxidized sulfur. The presence of O
ls and C s can be due to oxygen and carbon adsorbed into the material’s surfaces during
the processing stage, which leads to a lowering of intensity with irradiation. Nevertheless,
a noticeable shift in the W and S-core level spectral features would indicate considerable

charge transfer in the system after ion irradiation [25].

5.3.3 Morphological and surface topographical analysis

5.3.3.1 Exfoliation and slipping of layers through bubble formation

High-resolution transmission electron microscopy (HRTEM) images were obtained to
analyse the morphological variations in the WS> system after irradiation with 15 keV He?**
ions at a fluence of 5x10' ions/cm?. The He?" irradiation was carried out at normal
incidence (6 = 0°) and oblique incidence (6 = 55°), as shown in Fig. 5.5 and 5.6. The
pristine WS, appears as layered sheets arranged in stacks (Fig. 5.5 (a,b)). While after
irradiation at a fluence of 5x10'> ions/cm? at normal incidence, various morphological
features are observed. The WS, system displays deformed as well as nice, exfoliated
rectangular sheets. Additionally, the partial formation of localized inorganic fullerene (IF)-
like structures with polyhedral morphologies is observed after helium ion exposure (Fig.
5.6 (a,b)). These IF-like WS, structures exhibit sharp corners and edges due to the
pronounced bending of the layered facets. Unlike carbon-based Buckminster fullerenes,
such as Ceo, C70, or Cs4, which have hollow cores formed by the buckling of hexagonal
networks, [F-like WS, structures may not necessarily adopt the same hollow cage-like

configuration [26]. It is assumed that the layered WS> nanosheets, composed of only a few
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Figure 5.5. HR-TEM images of the (a,b) pristine (bulk WS,), (¢) lower magnified image of
crumpled sheets, (d) higher magnified image of multi-sheets, (¢) lower magnified image of slipping
of sheets, and (f) higher magnified image of several sheets. The FFT images are shown as insets in
the bottom left corner of the zoomed images shown in the top-right corners, after irradiation at a
fluence of 5x10' ions/cm? at normal angle incidence (0°) and at an oblique angle incidence (55°),

respectively.

layers, may develop curvature or fold into IF-like structures due to internal stress gradients.
This transformation could be facilitated by the abundance of dangling bonds and active
functional sites at the edges of the sheet, which may interact with structural defects induced
by irradiation, such as sulfur vacancies or edge dislocations. These interactions are likely
to promote the curling of the sheets, contributing to their thermodynamic stability [27].
Thus, the difference in the origin of an [F-like structure in the present case, concerning the
conventional fullerene, lies in local defect sites and vacancies created in the basal plane of
the WS> system. Along with partial IF-like morphological evidence, several displaced and

disrupted sheets with kinks were observed under the normal incidence of ions (Fig. 5.6

(©)).

In contrast, under oblique incidence, sliding or slipping of the layered sheets is
observed (Fig. 5.5 (e) and 5.6 (d)). The fast Fourier transform (FFT) images, provided as
insets in Fig. 5.5 (d, f), reveal hexagonal patterns, which is a characteristic of the irradiated
WS; structure. With the oblique angle incidence of 15 keV He?* ions, the development of

helium bubbles and its collapse within the van der Waal bonded WS; layers caused

124



keV and GeV irradiation induced modification of WS,: Excitonic
Chapter 5 features and computational perspectives

noticeable exfoliation and sliding of sheets/layers to varying degrees, resembling slipped
playing cards (Fig. 5.6 (d-g)). As the sheets gradually separate from the stack, smooth,
rectangular-shaped structures become visible (Fig. 5.6 (d)). The schematic illustration of
He*" irradiation on the WS; system, both at normal and oblique angle incidences, can be
found in Fig. 5.7. The TEM images of these systems at normal and oblique angle
incidences resulted in an interlayer spacing of ~0.35 nm of the WS, layers, indicating no
expansion or contraction of the crystal planes (Fig. 5.6 (c,f)). The selective area electron

diffraction (SAED) pattern of the irradiated system, obtained at a normal incidence angle,

= NWHABNON®O
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Figure 5.6: HR-TEM images of irradiated WS, at a fluence of 510" ions/cm?, (a) inorganic
fullerene-like structure with bend edges after irradiation at normal angle incidence (0°); note that
higher magnified image of irradiated system is shown as an inset in the bottom left corner (scale
bar: 20 nm), (b,c,e,f) higher magnified imaging (scale bar: 10 nm) with SAED pattern shown as an
inset in Fig. 5.6(b,e) at 0° and 55° incident angle, respectively, (d) Sliding of exfoliated sheets after
irradiation at an oblique angle incidence (55°), (g) displayed playing cards that resemble slipped
layers or sheets (Source:https://i.etsystatic.com/31648153/r/11/032b02/3289436322/i1 794xN.328

9436322 s2n2.jpg), (h) a bar graph depicting edge angles of the slipped rectangular sheets.
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Figure 5.7: Schematic representation of the effect of 15 keV He?" ion irradiation through bubble

formation on the WS, system, resulting in an inorganic fullerene (IF)-like structure and slipped

sheets under normal (0°) and oblique angle incidence (55°), respectively. (Published on the back

cover page of Physica Status Solidi (b), 260 (6), 2200598)

reveals the hexagonal pattern of WS», indexed to the (006) crystal plane (Fig. 5.6 (b)).

However, at an oblique incidence angle of 55°, distinct diffraction spots emerge,

confirming the monocrystalline nature of the WS> nanosheets, which are oriented along
the (110) and (100) planes of 2H-WS, (Fig. 5.6 (e)). Additionally, measurements of the

edge angles of various rectangular sheets in the stack varied in the range of ~80°-140°. A
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series of bars representing these measured angles under different conditions is shown in

Fig. 5.6 (h).

5.3.3.2 2D surface scans, 3D topography and its height profiles

Atomic force microscopy (AFM) imaging was conducted to examine the surface
morphology of both pristine and 15 keV He?" irradiated WS> systems, as shown in Fig.
5.8. The surface morphology, texture and the corresponding 3D topography were derived

D “- N W A e e Nae
S D WOt PR KPUR WP

o5 10 ¥ 20 28 30
X [um)]

20 28 30

-
b

o5 10
X [pm)

B 500

o8 10 18 20 28 30
X [
S00nm v o o v \
T os 10 15 20 28 30
X [pom]

Figure 5.8: AFM images of 2D surface scans, 3D topology and height profiles, respectively of (a-
¢) pristine (bulk WS,) and irradiated with fluence of (d-f) 1x10" at normal incidence (0°), (g-i)
5%10'5 ions/cm? at 55° incident angle, (j-1) 1x10'® ions/cm? at normal incidence (0°).
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Table 5.2. RMS roughness measured for pristine WS, (bulk) and 15 keV He?" irradiated
WS, system from the acquired AFM images are tabulated. (Sample at Sl. No. 4

corresponds to irradiation at a tilting angle of 55°.

Fluence RMS
Sl
No Energy roughness
. (ions/cm?) (nm)
1 Pristine 1.81 £ 0.13

2 15 keV 1x10" (0%) 0.36 £ 0.03

He?" ion —
3 1x10 (0 | 0.87 + 0.09

4 5x101° (557 | 0.48 + 0.07

using WSxM 5.0 (Nanotec, Inc.) software [28], from 2D surface scans taken at specific
locations (Fig. 5.8 (a,d,g,j)). Notably, the hillocks observed in pristine WS, tend to
diminish in height, resulting in corrugated surface structures upon both normal and oblique
angle incidence, as illustrated in Fig. 5.8 (b,e,h,k). The root-mean-squared (RMS) rough-
ness determined by analysing the AFM images is presented in Table 5.2. Compared to bulk
WS,, the RMS roughness decreases upon irradiation, though it is significantly influenced
by the angle of incidence (normal or oblique), with values ranging from ~0.36 to 0.87 nm
[29,30]. Thus, the irradiation-induced displacement of tungsten (W) and sulfur (S) atoms,

generating point defects such as vacancies, interstitials, results in these types of structures.

Moreover, the diffusion of helium plays a crucial role in bubble formation and
growth, primarily governed by the ratio of helium production to atomic displacement rates.
The accumulation of helium at adequate concentrations (doses) within the target material
is often accompanied by displacement damage and temperature effects [31]. These defects
may subsequently form various complexes, known as Hen Vi clusters, while He** ions can
utilize vacancies or voids as trapping sites [32]. These sites exhibit low electron density
due to the implantation process. As these defects nucleate within the lattice, they lead to
the formation of vacancy clusters and helium-infused nanovoids, which are nearly
spherical structures containing hollow regions at the nanometer scale. Over a certain

period, these nanovoids aggregate to form bubbles through the co-precipitation of helium
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ions and vacancies, leading to an increase in internal pressure. The bubbles then transform
into platelets, undergo elastic interactions, and eventually merge to form micro-cracks.
These cracks expand due to stress accumulation. Chemically inert helium ions become
charge-neutral and diffuse through the lattice, promoting localized nucleation within the
projectile range. As a result, bubble formation weakens van der Waals forces, giving rise
to exfoliated and corrugated surfaces. With an increase in irradiation dose, defect and
vacancy concentrations rise significantly. At a critical dose of 1x10'¢ ions/cm? under
normal incidence, nanovoids may form beneath the surface. These helium bubbles,
embedded within the solid, serve as stable sites for impurity retention. Thus, atomic
displacements, associated vacancies, self-interstitial atoms, and defect clusters all
influence helium diffusion under He?" irradiation. In contrast, no such globular structures
are observed in angle-dependent cases, likely due to the reduced number of defects formed,

as substantiated by SRIM calculations (Fig. 5.1 (c,d)).

5.4 Effect of 15 keV C?*' ion irradiation in nanoscale WS:: Experimental and
theoretical perspectives

5.4.1 SRIM/TRIM calculations

SRIM calculations were performed for 15 keV C?" ions to understand the dominant energy
loss mechanisms in the WS, system. A +2 charge state was considered during the ion
irradiation experiment to achieve the desired beam energy of 15 keV. Although referred to
as C*" ions to distinguish the incident ions from the target atoms, the ions become
neutralized upon entering the target by capturing electrons and form atomic C [33]. From
SRIM calculations, the energy vs. stopping power graph was plotted to examine the
interaction of C ions with the target matter. Whereas electronic energy loss (Se) is ~13.39
eV/A, nuclear energy loss (Sn) is ~11.30 eV/A, thereby offering an energy loss ratio of
1.18 and favouring competitive events (Fig. 5.9 (a)). With a lateral and longitudinal
straggling of ~18.2 nm and ~24.1 nm, respectively, and the projected range of ions ~25.6
nm, it is apparent that ions would impinge on the surface of the target as the overall
thickness of the specimen is larger than the calculated projected range. While electronic
energy loss proceeds via inelastic collisions of C ions with the electronic sub-system of the
host atoms (WS, layer), both S, and S. contribute largely to the slowing down of projectile

ions.
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Figure 5.9: SRIM/TRIM calculation with 15 keV C>" ion irradiation, (a) shows the stopping power
vs. energy plot to determine the primary cause of energy loss into the target material, i.e., WS,,
after Carbon (C) irradiation, (b) C concentration vs. target depth, (c) target density distribution vs.

target depth, and (d) vacancy concentration vs. depth.

Collision cascades under energetic ion irradiation were studied using TRIM
calculations, which consider every recoil atom until its energy lowers below the
displacement energy of any target atom. The primary knock-on atom (PKA) generated in
the WS, target due to energetic incident ions induces displacement atoms through cascade
collision. In the process of target atom displacement, vacancy, and interstitial atoms are
generated. These damage events and the density distribution plots were computed for C
ions in the WS, target using TRIM calculations. The parameters used in the TRIM
calculations are described in Appendix A8. The C concentration vs. target depth shows the
impacted region or the target depth of the material influenced by ions into the sample
surface. The depth of influence was up to ~80 nm. The density distribution and vacancy
formation were observed to be maximum for S at the highest fluence (1x10'® ions/cm?)

affecting the near-surface region, i.e., ~20 nm (Fig. 5.9 (b-d)). The 3D plots of target
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displacements and recoil distribution taking place due to the bombardment of incident C

ions into the WS> target are shown in the Appendix (Fig. A7).

5.4.2 Phase structure and vibrational analysis

5.4.2.1 X-ray diffraction study

The XRD diffraction patterns of pristine and 15 keV C?*ion irradiated exfoliated WS, were
acquired in the range of Bragg’s diffraction angle, 26~10°-80° (Fig. 5.10 (a)). The
diffractograms of WS, exhibited peaks located at ~14.49°, 29.26°, 44.29°, and 60.21° and
are attributed to (002), (004), (006), and (008) crystallographic planes, respectively
indexed with JCPDS card no. 08-237 [18]. Additionally, poorly resolved peaks appeared
at ~33.66°, 39.50°, and 49.78°, which corresponded to (101), (103), and (105) diffraction
planes of the material after irradiation and above the fluence of 3.5x10'° ions/cm?. The
intense (002) plane that emerged in all the XRD patterns corresponds to the hexagonal
phase structure of WS> and is assigned to P63/mmc (Space group no. 194). However, the
peak intensity of the (002) plane was suppressed at 3.5x10' ions/cm?. The lattice
parameters along the c-axis of the WS> hexagonal crystal structure and the average
crystallite size (d.) were calculated by Voigt curve fitting of the most intense peak
corresponding to the (002) plane of pristine WS> and irradiated systems via Scherrer’s law,
using equation 5.2, which can be found in Table 5.3. Additionally, XRD peak broadening
resulting from irradiation can be analyzed to measure the degradation in crystallinity.
Irradiation affects the lattice structure and long-range order of the material. Its impact on
crystallite size, particularly in the presence of competing S. and S,, can also be evaluated
through changes in the XRD peak broadening. Thus, the irradiation-induced disorder (%)
is quantified by measuring the relative change in the FWHM of the (002) peak compared

to the pristine sample. It is estimated using the following equation [34],

FWHl\/[(ooz)_irradiated - FWHM(OOZ)_pristine

disorder = \ 54

FWHM (902)_pristine

where FWHM002) pristine and FWHM(002) irradiated are the FWHM of the (002) diffraction

peak for the pristine and irradiated samples.

Upon irradiation, some low-intense peaks have appeared at 26 ~30.76°, 35.20°, and

72.98° and were predicted to fit the respective crystallographic planes (001), (100), and
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Figure 5.10: (a) XRD patterns, and (b) resolved plot of pristine (exfoliated WS,) and irradiated
WS; at fluences 1x10'5, 3.5x10", 7.5%10'%, and 1x10'¢ions/cm?, (¢) plot for phase content of WS>

and WC after C*" irradiation with varying fluences.

(111) of WC by JCPDS card no. 72-0097 (Fig. 5.10 (b)) [35]. The observed peaks are
slightly shifted towards the lower 26 value from the standard data. These results specify
partial phase transformation to tungsten carbide (WC), which would form locally upon a
combinatorial effect of the formation of chalcogen vacancies and insertion of C ions in the
host lattice of WS,. Additionally, irradiation can create adequate vacancies, and their
uneven distribution could induce microstrain within the crystal lattice, thereby offering a
significant impact on the characteristics of these carbides. The localized WC belongs to P-
6m2 (Space group no. 187), bearing a hexagonal phase. The lattice parameters for the WC
phase oriented along the ‘a’ and ‘b’ axes are calculated to be ~2.95 A and ~2.77 A along
the ‘¢’ axis. These deviate little from the lattice constants calculated from the standard file,
where a = b =2.91 A and ¢ = 2.84 A. There is a negligible variation in the a or b-axis
direction, while a slight shift of 0.07 A in the c-axis direction can be observed when

comparing our obtained results with the standard one. Thus, the coexistence of the WC-
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Table 5.3. Structural parameters of pristine and 15 keV C?* irradiated WS; exfoliated

systems.
Sample Lattice
Crystallite .
SL (fluence parameter | FWHM () . ) Disorder
Energy size (d.) in
No. in (A) along the | in degree (%)
nm
ions/cm?) c-axis
1 Pristine 12.22 0.34+0.01 23.37 -
2 1x10% 12.26 0.26+0.00 30.43 233
15 keV
3 3.5x10" 12.26 0.24+0.01 33.01 293
C*" ion
4 7.5x10% 12.26 0.42+0.01 19.33 20.9
5 1x10'® 12.39 0.22+0.01 36.92 36.6

Table 5.4. Phase content of WS, and WC upon 15 keV C** ion irradiation.

Sample
WS2 WC
Sl (fluence
Energy content content
No. in %)
(%) 0
ions/cm?) ’
1 Pristine 100 0
2 1x10" 97 3
15 keV
3 3.5x10" 79 21
C*"ion
4 7.5x10% 86 14
5 1x10'® 89 11

WS; phase is observed above a critical fluence of low-energy 15 keV C?" irradiation.
Similar results have been reported in other systems. Bhowmick et al. reported the
bombardment of silicon with 14 keV N>" ions at a grazing incidence angle of 70°, using
an ion fluence of 1x10'® ions/cm? [36]. Subsequently, 5 keV C* ions were implanted at a
fluence of 1x10'7 ions/cm? on selective sites of pyramidal nano-templates, resulting in
carbon dots (CDs) that were predominantly amorphous, along with silicon carbide (SiC)
and graphitic nitrogen (CN) [36]. The same group also observed SiC formation on Si
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surfaces under 10 keV C* bombardment at an ion fluence of 2x10'7 ions/cm? [37]. In
another study, carbon ion irradiation of Ti at fluences of 1.2x10!7 - 3.6x10'” C*/cm? and
energies of 30-180 keV led to the formation of TiC [38]. In addition, the phase analysis
was carried out by using advanced software, and the phase content of WS> and WC is
presented in (Fig. 5.10 (c)) and Table 5.4. Additionally, the peak intensity of WC content
drops above a specific fluence of 3.5x10'3 ions/cm?. This might be due to the probable
formation of clusters of C atoms with higher fluences discussed later through TEM

imaging (Fig. 5.16 (c)).
5.4.2.2 Raman spectra analysis

The Raman spectra of pristine and 15 keV C*"ion irradiated exfoliated WS, can be found
in Fig. 5.11 (a). The first-order, zone-centre optical phonon modes are noticeable at ~352
cm™! and 421 ecm’!, belonging to the in-plane vibration between tungsten (W) and sulfur
(S) atoms, denoted by the E’5, (I') mode and out-of-plane vibration among the S atoms
between the successive layers are labelled as A4;; (/) mode of the 2H-WS, system,
respectively. The shoulder peak at ~324 cm™ would represent the 2LA4 (M)-E?2, (I') mixed
mode, while LA is a longitudinal acoustic mode in the low-frequency region of the Raman
spectrum. Also, the combinatorial peak at ~583 cm! signifies the 4;¢ (K)+ LA (K) mixed
mode [39]. Likewise, the emergence of a peak near ~170 cm™ characterizes the LA (M)
acoustic mode, which was absent before radiation exposure [40]. This LA(M) mode arises
due to a double resonance process, signifying the presence of defect states, resulting in
additional pathways for phonons in the scattering process. Besides, these defects are
indicative of disorder, or lattice deformation caused by dopants, or vacancies [41].
Moreover, D and G bands were seen to have emerged with humps between 1400-1600 cm”
!, resulting from the implantation of C in WS, generating an immiscible WS»-WC structure
(Fig. 5.11 (a)). The figure clearly shows the emergence of the D- and G-bands at an ion
fluence of above 1x10'° ions/cm?. However, the intensity of the D and G bands displays
site-specific variations, independent of the chosen ion fluences. These results confirm the
presence of WC content and substantiate the phase analysis of WC derived from the XRD
analysis shown in Fig. 5.10 (c). Furthermore, the bands associated with WC stretching
modes were positioned at around 696 cm™ and 807 cm! in the case of highest fluence, i.e.,
1x10'¢ ions/cm? (Fig. 5.11 (b)) [42]. The dangling bond to be realized at the chalcogen

vacancy site is expected to facilitate the bonding of W-C. As previously mentioned, the
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Figure 5.11: (a) Raman spectra of pristine (exfoliated WS,) and after irradiation for fluences
1x10%, 3.5x10%, 7.5x10", and 1x10'¢ions/cm?, (b) plot for pristine WS, and after irradiation at
fluence 1x10' ions/cm? to show the presence of bands related to W-C, (c) Intensity ratios vs.

fluence plot acquired from the Raman spectra.

defect density can be estimated from the intensity ratios of the L4 mode to the first-order
E'5, and A;; Raman active peaks. The normalized intensity ratios for £/25t0 A1, LA to E' g
and LA to A modes, respectively, are plotted against fluences and shown in Fig. 5.11 (c).
The plot with intensity ratios of LA(M) to first-order phonon modes predicts an optimal
disorder in the system irradiated at a fluence of 3.5x10'° ions/cm?. But the intensity ratio
dropped at a particular fluence of 7.5x10' ions/cm?. We speculate that, taking advantage
of competitive S, and S, values, C will replace the sites of S atoms locally and would bond
with W, forming isolated WC. A clear indication of D and G bands can also be found at
fluence, 7.5x10'° ions/cm?. Nevertheless, there is an upsurge in the intensity ratio at the
highest fluence of 1x10'® ions/cm?. In addition, the E',/4;, ratio attains a maximal value
at the lowest fluence. However, as we moved towards higher fluences, it progressively
declined due to the abrupt removal of W or S atoms caused by ion bombardment, with S

vacancies being more noticeable.
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5.4.3 Elemental composition and morphological study

5.4.3.1 Energy dispersive X-Ray spectra and elemental mapping analysis

The EDX spectra of the pristine and the irradiated specimens after 15 keV C*" irradiation
are shown in Fig. 5.12 (a-d), along with the weight % as well as the atomic % of tungsten
(W), sulfur (S) and carbon (C) elements, respectively. The elemental mapping of pristine
and C?* irradiated WS: (a fluence of 7.5x10'5 ions/cm?) are shown in Fig. 5.13 and Fig.
5.14 (a-d), respectively. The elemental mapping of the pristine sample, as shown in Fig.
5.13 (a-d), reveals the presence of W, S, and a small amount of C. The trace amount of
carbon is likely due to contamination from the environment or the use of carbon tape for
casting samples on the grid. After irradiation at an ion fluence of 7.5x10' ions/cm?, the
elemental mapping shows a noticeable increase in carbon content, along with the persistent
detection of W and S atoms (Fig. 5.14 (b-d)). The presence of tungsten (W) and sulfur (S)
peaks with a strong signal along with a weak signal of C in the lower energy spectrum can
also be found from the EDX spectra for 15 keV C?" irradiated WS, system at the highest
fluence (Fig. 5.14 (e)). At high fluence, i.e., 1x10'® ions/cm?, the percentage of carbon

incorporated in WS, at the projectile range was maximum and estimated to be 52.28 % at
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Figure 5.12: EDX spectra of (a) pristine, and irradiated WS, with 15 keV C*" irradiation at fluences
(b) 1x10' (¢) 3.5x10", and (d) 7.5x10" ions/cm?, respectively.
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Figure 5.13: Elemental mapping of un-irradiated (pristine) WS, (a) SEM image, (b) Carbon (C),
(c) tungsten (W), and (d) sulfur (S) elements are shown.
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Figure 5.14: Elemental mapping of 15 keV C?" after irradiation at fluence 7.5x10'5 ions/cm? (a)
SEM image, and elemental mapping corresponding to (b) tungsten (W), (¢) sulphur (S), and (d)
carbon (C) elements; (¢) EDX spectrum of irradiated WS, at the highest fluence of 1x10'® ions/cm?,
() content of S/W, C/S, C/W, C/(W+S) ratio vs. fluence showing the incorporation of C and sulphur

deficiency in the material after ion irradiation.
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a designated site. The mapping was done for this fluence as it would create maximum S
vacancies [43], as revealed from the SRIM plot (Fig. 5.9 (d)). Subsequently, the S/W, C/S,
C/W and C/(W+S) ratios were calculated and plotted in Fig. 5.14 (f). While C/W maintains
a relatively steady pattern, C/S and C/(W+S) showed an increasing trend with an increase
in C** ion flux. We speculate that the intrusion of C into the WS, lattice would occur
against the disruption of W-S bonds, thereby creating chalcogen vacancies. Removal of S
vacancies, substantiated by C ions, can be responsible for the development of the
immiscible WC phase locally. Given the lattice parameter of WC is much shorter than that
of the 2ZH-WS; phase, this would contract the lattice at the site of phase transformation.

5.4.3.2 Morphological analysis

AFM imaging illustrates the surface morphology of pristine and 15 keV C?*irradiated WS
systems (Fig. 5.15 (a-f)). The 2D surface scans at selected locations and 3D topographies
of the systems under study were used to analyze surface topology and texture parameters.
Surface topography is characterised by irregularly packed heterogeneous features, lumped

and clustered with fragmented sheets, resulting in significant variations in height with

_698.44 nm

Figure 5.15: AFM images of 2D surface scans of (a) pristine (exfoliated WS,) and after irradiation
for fluence (¢) 1x10'%, and (e) 1x10'® ions/cm?; (b,d,f) are the corresponding 3D topography,

respectively.
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irradiation. The RMS roughness varied from ~32.3 nm in the case of the pristine system
(before irradiation) to ~67.6 nm and ~81.9 nm at fluences of 1x10'° and 1x10'¢ ions/cm?,
respectively. The irregular holes, ditches, and trenches witnessed in the micrographs are
supposed to augment the RMS roughness. Thus, differences in surface roughness from the
pristine case can be attributed to the variations in the material surface after irradiation at a
given fluence. Furthermore, the sputtering effect due to irradiation must be considered,

which results in de-atomization and distortion in the target material.

TEM analysis was carried out to investigate the morphological changes of the
irradiated WS> at higher fluences ranging from 3.5x10'° to 1x10'¢ ions/cm?, shown in Fig.
5.16 and Fig. 5.17 (a-d). The morphology displays layered sheets of WS, (Fig. 5.16 (a))
with d-spacing values ~0.59 nm and ~0.28 nm belonging to (002) and (100) planes,
respectively, in the case of pristine WS> (Fig. 5.16 (b)). However, TEM imaging at the
highest fluence depicts incorporation of C-dots through implantation with 15 keV C?* ion

irradiation. The average diameters of C-dots formed varied from ~2 nm to 7 nm (Fig. 5.16

Figure 5.16: HR-TEM images of (a,b) pristine WS, (¢,d) 15 keV C*"irradiated WS; at a fluence
of 1x10'ions/cm?, with the scale bars 10 nm and 2 nm for (a,c) and (b,d) cases, respectively. (e,f)
SAED patterns of the pristine and irradiated cases. Note the central ring in (f) is attributed to the
(002) plane of the graphitic C-dot.
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~0.56 nm

—\—

~0.24 nm

~0.24nm

Figure 5.17: HR-TEM images of 15 keV C?"irradiated WS; at a fluence of (a-c) 3.5x10' ions/cm?,

and (d-f) 7.5x10" ions/cm?®. Note: Scale bars are 10 nm and 2 nm, respectively.
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(c)). At a fluence of 1x10' ions/cm?, the lattice fringe observed was due to the developed
C-dots. This fringe was estimated to have a d-spacing of ~0.38 nm, matching the d-spacing
value of the (002) plane of graphitic C-dots that would typically occur after the C** ion
impact (Fig. 5.16 (d)) [44,45]. The SAED analysis of both pristine and irradiated samples
at the highest fluence offers bright spots with circular patterns illustrating polycrystalline
arrangements of the crystals (Fig. 5.16 (e,f)). The planes (101), (006), and (112) indexed
in the SAED pattern of the pristine specimen belong to the WS, crystal structure. Whereas
the newly emerged (002) plane is attributed to the formation of graphitic C-dots, as
indicated by the SAED pattern observed at an ion fluence of 1x10'® ions/cm?, as shown in

Fig. 5.16 (f) [46].

The TEM analysis for mid-fluences reveals interplanar spacings corresponding to
localized WC and C-dots due to C ion irradiation, along with the noticeable (002) plane of
the WS> system. At a mid-fluence of 3.5x10'° ions/cm?, an interplanar spacing of ~0.35
nm is identified, corresponding to the (002) plane of the C-dot formation, which emerged
due to C** ion bombardment (Fig. 5.17 (b,c)). Moreover, at an ion fluence of 7.5 x 10°
ions/cm?, the interplanar spacing of around 0.24 nm corresponds to the (100) plane,
indicating WC formation, as depicted in Fig. 5.17 (e,f). Furthermore, a d-spacing value of

~0.56 nm is also observed, associated with the (002) plane of the pristine WS, structure.

5.4.4 Computational study of C-incorporated WS: systems

5.4.4.1. Computational details

The spin-polarized calculations were carried out using density functional theory (DFT)
based on plane-wave pseudopotential, as implemented in the PWSCF code of the Quantum
Espresso software package. To deal with the exchange-correlation functional, the
generalized gradient approximation with Perdew-Burke-Ernzerhof parameterization
(GGA-PBE) was utilized. The wavefunction kinetic energy cutoff (ecutwfc) and charge
density cutoff (ecutrho) have been adjusted to 50 Ry/680 eV and 300 Ry/4082 eV,
respectively. Furthermore, throughout the computations, the scalar-relativistic Optimized
Norm-Conserving Vanderbilt Pseudopotential (ONCVPSP) represents the electron-ion
interaction. A 3x3x1 supercell of WS> with a doped C atom and a S vacancy is modelled
for the nudged elastic band (NEB) calculation. Prior to the calculation of migration
energies, the initial and final images were completely optimized to the ground state energy

level. The images for intermediate stages can be found in the Appendix in Fig. AS8.

141



keV and GeV irradiation induced modification of WS»: Excitonic
features and computational perspectives Chapter 5

To model the bilayer WS; system, 2X2Xx1 super cell comprising 8 metal atoms and
16 chalcogen atoms was taken into consideration. To study the defected bilayer, C atoms
as dopants were introduced, replacing the S atoms. Chalcogen vacancies (V) were
introduced by simply removing the S atoms from the layer. Using the Monkhorst Pack
method, the reciprocal space of the first Brillouin Zone (BZ) was partitioned into a 5X5X 1
mesh of k-points. Relaxation of cell parameters and atomic locations is permitted until an
energy convergence of 10 Ry and a force convergence of 10* Ry/Bohr is achieved. To

obtain the electronic properties, a dense k-grid of 10x10Xx1 was taken into consideration.

5.4.4.2 Migration barrier energy

Low-energy ion irradiation techniques inevitably lead to the formation of point defects,
particularly vacancies, in 2D materials [47]. Among these, chalcogen vacancies, especially
sulfur (S) vacancies in WSy, are of particular interest due to their relatively lower threshold
formation energy [48]. Additionally, the presence of the LA (M) mode in the Raman spectra
of exfoliated WS suggests the formation of substantial point defects, primarily S
vacancies, as a result of ion irradiation. To further understand this phenomenon, a first-
principles study was conducted to calculate the vacancy formation energy for sulfur in
WS,, which was found to be ~6.08 eV, consistent with previously reported values [49]. In

contrast, the formation energy required to create a tungsten (W) vacancy was significantly
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Figure 5.18: Migration barrier of sulfur and carbon in WS,. The purple, yellow and black balls
indicate tungsten (W), sulfur (S), and carbon (C) atoms, respectively and red dotted balls depict

sulfur vacancy.
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higher by 14.47 eV. Due to the remarkably low vacancy formation energy of S, it was
believed that WS> is highly susceptible to ensuring S vacancies under ion irradiation.
Furthermore, the creation of chalcogen vacancies due to incident projectile ions,
particularly through irradiation, is well established. During ion irradiation, where carbon
(C) ions serve as projectile and S atoms are displaced from the WS, lattice, there is a high
probability that nearby vacant sites may be occupied by both C and S atoms. This makes
it essential to investigate the migration barriers of both sulfur and implanted carbon atoms,
as their diffusion behaviour plays a crucial role in the irradiation process. To study this, a
3x3 supercell of a WS> monolayer was considered, featuring a doped C atom and S

vacancy. The activation energy for vacancy migration was found to be around 0.44 eV for

Figure 5.19: Schematic representation of migration of C atoms towards vacant S sites.
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C and 3.07 eV for S (Fig. 5.18). Due to its lowered migration barrier, implanted C atoms
are more likely to diffuse into the WS lattice, potentially leading to the localized formation
of the WC phase. The schematic in Fig. 5.19 illustrates the migration of C atoms toward S

vacancy sites in WS> layers.

5.4.4.3 Structural and electronic properties

Subsequently, the modification of the electronic band gap with different concentrations of
dopants (C) and vacancies (S) has been studied. In this regard, a 2X2 supercell of the
bilayer WS> system was taken considering these point defects independently, including
their co-existence (Fig. 5.20 (a-h)). The electronic nature and the defect percentage of these
systems are listed in Table 5.5. In contrast to monolayer WS, the bilayer one is an indirect
band gap material, with its valence band maxima (VBM) and conduction band minima
(CBM) lying at the /-point and K-point of the Brillouin zone (BZ), respectively [50,51].
In agreement with the reports, its indirect band gap is calculated to be ~1.46 ¢V, and the

1CV, ICV, 2C-Vis 3C-V,q

Figure 5.20: Optimized geometrical structures of (a) bilayer WS, (b) one C atom substituting S
atom, (c) one S vacancy, (d) one C doped along with one S vacancy, (¢) one C doped along with
two S vacancies, (f) two C doped along with two S vacancies, (g) two C doped along with one S
vacancy, and (h) three C doped along with one S vacancy. The red arrow in the bottom right points
towards the x-direction, the green arrow towards the y-direction, and the blue one corresponds to

the z-direction.
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direct gap at K point has a band energy difference of ~1.76 eV (Fig. 5.21 (a,d)) [52].
Typically, the W-S bond length is ~2.42 A [53]. In the WS; (1C) system with one doped
C and without having a vacancy, the C atom moves closer to the metal atom with a bond
length of 2.03 A (Fig. 5.20 (b)). The shrinking of the W-C bond length is due to the smaller
atomic radii of the C atom as compared to S (also note the lattice parameter of WC
(a=b=2.94 A), which is less than that of WS, (a=b=3.19 A). From the band structure, the
lowest conduction band in the system drops to 0.013 eV above the Fermi level, reducing
the electronic band gap to ~0.27 eV at the K-point of the BZ (Fig. 5.21 (b)). This defect
band is highly localised at the W (d), S (p), and C (s, p) orbitals (Fig. 5.21 (e)). When a
single vacancy is added into the system, the S atoms settle vertically opposite (along the z-
direction) to the vacant site, shifting near the middle metal atomic layer, occupying the
available free space in the structure (Fig. 5.20 (c)). The W-S bond length near the vacant
site is ~2.38 A. The defect state in the conduction band in this case also has its band minima
at the K-point but ~0.21 eV away from the Fermi level as compared to the WS> (1C) system
(Fig. 5.21 (¢)). This defect state is mostly contributed by the W (d), and S (p) orbitals (Fig.
5.21 (f)). The WS, (Vis) system with one sulfur vacancy retains the indirect electronic
nature of its pristine counterpart with a band gap of ~0.68 eV lying along the /-K direction.
The direct band gap (~0.97 eV) of this system lies at the K-point. Thus, the presence of a
C atom can bring a profound change to the electronic structure of the bilayer WS2, whereas
the presence of S vacancies can alter the energy difference between the VB and CB without
causing much change to the band alignment along the high symmetric path (/-M-K-I').
Even with the substitution of vacant sites by C ions in the system, some sites would remain

unoccupied in the host lattice.

Considering the simultaneous existence of both C atoms and S vacancies, five
additional bilayer WS> systems were modelled with varying defect densities. The systems
are (i) one doped C atom with one S vacancy (1C-V7;s), (i1) one doped C atom with two S
vacancies (1C-V2s), (ii1) two doped C atoms with two S vacancy (2C-V2s), (iv) two doped
C atoms with one S vacancies (2C-Vs), (v) three doped C atoms with one S vacancy (3C-
Vis). The very first system with the coexistence of defects in this study (1C-V7s) shows a
transformation of the semiconducting nature of bilayer WS> to a semi-metallic one (Fig.
5.20 (d) and Fig. 5.22 (a,f)). Like pristine WS, the VBM of WS, (1C-V;s) remains at the
I-point but raises to the vicinity of the Fermi level. The CBM in this system undergoes

significant changes as it moves from the K-point to the M-point and crosses the Fermi level
145



keV and GeV irradiation induced modification of WS,: Excitonic

features and computational perspectives

K r-20-10 0 10 20 r ™ K
DOS (olectronsieV)

Chapter 5

(@) —me

Energy (E-£)

L 4 8 L e 4 6 e a

L
r-20-10 0 10 20
DOS (electronsieV)

(d) . (o), e Wy -
—_—Wp — —W ]
10 i i J‘/\ ; 10 r‘\ ’/\\ ::;
< = [ P~ ,r“ N [ l\‘ —S_p
% 5 Z: s\ / \ ,“\\ 3 //'\‘\\.\/
Q N ~
5 o g, A \: S
"3 o 1" N7
| = B [} | T
a a
o o

FANV

@

-4 -3 -2 -y o 1 2 3 4 -4 -3 -2 - ° 1 2 3 4 -4 -3 -2 o | o 1 2 3 4
Energy (eV) Energy (eV) Energy (eV)

Figure 5.21: Electronic band structure of (a) bilayer WS, (b) single C doped WS, (1C), (¢) single
S vacancy WS, (Vs), along with their respective (d,e,f) PDOS plots.

Table 5.5. Nature of the band gap engineering and electronic state due to the combinatorial

defects in the host WS».

SIL. Structural | Doped S Band gap Nature Defect %
No. | configuration C vacancy | ogeoeo
(direct)
1 Bilayer --- --- 1.46 (1.76) Indirect 0
eV semiconductor
2 1C 1 - 0.39 (0.27) Direct 4.1
eV semiconductor
3 Vis - 1 0.68 (0.97) Indirect 4.1
eV semiconductor
4 1C-Vis 1 1 —— Semi-metallic 8.33
5 1C-Vas 1 2 0.66 (0.39) Direct 12.5
eV semiconductor
6 2C-Vis 2 1 -— Semi-metallic 12.5
7 2C-Vss 2 2 0.05eV Semi-metallic 16.67
8 3C-Vis 3 1 0.07 eV Semi-metallic 16.67
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shown from (a-e), respectively.
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(shown in Fig. 5.22 (f)). This simultaneous presence of an equal number of C dopant and
S vacancy makes the material an electronically gapless semimetal. Next, the structure WS;
(1C-V2s) was investigated by increasing the number of S vacancies by one from the
previous structure to check the sustainability of the semi-metallic nature of 1C-V;s (Fig.
5.20 (e)). With a greater number of S vacancies in co-existence with C as a dopant atom,
the bilayer system becomes a direct semiconductor at the K-point with a bandgap of ~0.39
eV, losing the semi-metallic nature of 1C-V;s (Fig. 5.22 (b,g)). Subsequently, we examine
the electronic structure by adding one more C atom to WS; (1C-V2s). As the number of C
dopants and S vacancies becomes equivalent, the 2C-V>gsystem behaves almost as a semi-
metallic material with a near-zero band gap of ~0.05 eV at the vicinity of the Fermi level
(Fig. 5.22 (c,h)). Analogous to the band structure of 1C-V2s, the VBM of 2C-V>s remains
at the K-point. However, the inclusion of the C atom shifts the CBM to the M-point from
the K-point. To verify this semi-metallic nature, two more structures of bilayer WS, were
studied with two doped C and one S vacancy (2C-V;s) and three doped C atoms with one
S vacancy (3C-Vs) (Fig. 5.20 (g,h)). For 2C-V;s, the VBM is found at the K-point and the
CBM is at the M-point (Fig. 5.22 (d,1)). The Fermi level in this case crosses both the lowest
conduction band and the highest valence band, creating a perfect gapless semimetal. As

we increase the C dopant in 3C-V;s, the CBM sees a shift away from the M-point towards

(@)

Figure 5.23: PDOS of (a) 1C-Vys, (b) 1C-V2s, (¢) 2C-Vas, (d) 2C-Vis, and (e) 3C-Vis WS, systems.
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the 7-point but retains its semi-metallic nature with a low yet finite band gap of ~0.07 eV
(Fig. 5.22 e,j)). Thus, it is evident that the material becomes electronically semi-metallic

when half or more of the S vacant sites in WS> are substituted by the C atoms.

The origin of the defect states in the band structures can be understood through the
projected density of states (PDOS) plots shown in Fig. 5.21 (d-f) and Fig. 5.23. As
discussed earlier, the introduction of dopants and vacancies modifies the structural
properties of the materials, such as bond lengths and angles, which subsequently influence
the orbital interactions within the systems. Consequently, the defect states in all the
systems predominantly arise from the net contributions of the outermost orbitals of the
elements W (5d), S (3p), and C (2p). These altered orbital interactions adjust the band
states in the CB and VB near the Fermi level, transforming the systems from

semiconducting to semi-metallic ones.

5.5 Impact of 0.85 GeV U?%*ions on bulk and exfoliated WS: systems

5.5.1 SRIM analysis

SRIM calculations were performed in the GeV regime to analyse the stopping power vs.
energy plot, ion trajectories from the depth vs. y-axis plot, uranium (U?*") concentration,
and vacancy distribution plots (Fig. 5.24). An energy vs. stopping power plot was
generated to study the association between U?** ions and the WS, (target) material. The
results indicate that the dominant energy loss mechanism is electronic stopping (S.),
calculated to be approximately 50.78x10% eV/A, while nuclear energy loss (S,) remains
significantly lower, and is around 14.67 eV/A (Fig. 5.24 (a)). Furthermore, the projected
range of the incident ion beam is estimated to be approximately 26.4 pm, with longitudinal
and lateral straggling values of about 1.12 pm and 1.34 pm, respectively. The ion
trajectories of U?*" ions impacting the WS, target are depicted in Fig. 5.24 (b). The U?**
concentration vs. target depth plot illustrates the affected region of the material, showing
an impact depth of up to approximately 26.8 um (Fig. 5.24 (c)). Notably, vacancy
formation was most significant for sulfur (S) at the highest fluence (1x10'! ions/cm?) with

a target depth of about 26.4 um (Fig. 5.24 (d)).
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Figure 5.24: SRIM/TRIM simulations of 0.85 GeV U ions in WS,, (a) stopping power vs. energy
plot, (b) depth vs. y-axis plot, (c,d) uranium (U) and vacancy concentration plots for varied

fluences.

5.5.2 Structural and vibrational analysis

The powder X-ray diffraction (XRD) patterns of bulk and exfoliated WS, systems exposed
to 0.85 GeV U?* ions with fluences ranging from 1x10°-1x10'! ions/cm? were obtained
using a CuK, operating diffractometer source. The diffraction peaks were obtained in the
Bragg’s diffraction angles (26) ranging from ~10°-65°. The diffraction peaks in all the bulk
and exfoliated cases are positioned at 26 ~14.6°, 29.2°, 44.1° and 59.8° are (002), (004),
(006), and (008), respectively, and were indexed to the hexagonal crystal structure of the
WS, system depicted in Fig. 5.25 [54,55]. The most intense peak in the XRD patterns
corresponds to the (002) plane and is oriented along the c-axis direction of the phase
structure. There is a noticeable change in the lattice parameters and average crystallite size
for the 0.85 GeV U?*" ion irradiated WS, systems (Table 5.6). The expansion and

compression in the lattice parameters and anomalous variations in the calculated average
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Figure 5.25: Powder XRD patterns of bulk and exfoliated WS, systems indexed to the hexagonal

crystal structure of space group P63/mmc.

Table 5.6. Structural parameters obtained from powder-XRD analysis of bulk and
exfoliated systems, subjected to 0.85 GeV U?*" ions.

Lattice parameter .
e e L. Crystallite size, d.
Sample along c-axis direction e,
SL. R in ‘nm
No (fluence in A)
) (ions/cm?) bulk exfoliated | bulk | exfoliated
WS:2 WS2 WS2 WS:2
1 Pristine (0) 12.49 12.14 41.1 25.4
Irradiated
2 12.58 12.55 33.2 31.1
(1x10%)
Irradiated
12. 12.14 43.6 36.8
3 (1x101%) 90
Irradiated
4 12.31 12.72 38.8 29.7
(1x10'h 3 /
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Figure 5.26: (a) Raman spectra of bulk and exfoliated WS, systems irradiated with 0.85 GeV U?**
ions, (b) decrease in intensity of Raman modes with ion fluences, (c) E’>,-to-4, intensity ratio of

Raman modes with varied fluences.

crystallite sizes result from the creation and annealing of defects at high temperatures due

to SHI irradiation.

Raman spectra of 0.85 GeV U?** ion irradiated bulk and exfoliated WS: systems
with varied fluences ranging from 1x10° - 1x10'! ions/cm? are shown in the stacked plot
in Fig. 5.26 (a). The first-order optical phonon modes of WS> systems are denoted by in-
plane (E’25) and out-of-plane (4;¢) modes arising at ~350 cm™ and ~418 cm™ [55,56]. A
minute peak appears around 321 cm’!, belonging to the 2LA4-E7>, higher-order mode [57].
The intensity of Raman modes against the ion fluences was plotted for both bulk and
exfoliated WS, systems (Fig. 5.26 (b)). The plot indicates a decrease in the intensity of
vibrations between the W and S atoms with an increase in ion fluence. This signifies
irradiation-induced point defect creation, such as the removal of sulfur atoms from the WS>

structure in each case. It indicates that a higher number of vacancies are created at higher
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ion fluences, and is more prevalent in exfoliated systems. The intensity ratio of E/55-t0-A ¢
Raman modes was also calculated for each system (Fig. 5.26 (c)). The ratio significantly
increases till 1x10'° jons/cm? for bulk systems, where separation of layers is predicted with
high-energy 0.85 GeV irradiation. This can be predicted by the decrease in the intensity of
the out-of-plane vibrational mode, while in-plane vibrational intensity comparably

increases, giving a higher E5, -to-A g ratio.
5.5.3 Core level spectra and elemental compositional analysis

The surface elemental composition and bonding states of bulk and exfoliated WS> systems
irradiated with 0.85 GeV U?*"ions were investigated using XPS, as shown in Fig. 5.27 and
Fig. 5.28. The XPS core-level spectra for both pristine and irradiated bulk WS, at a fluence
of 1x10!" jons/cm? are shown in Fig. 5.27 (a-d), and the survey scans are provided in
Appendix (Fig. A9). The fitted W 4f core-level spectra for the pristine system display W
4f72 and W 4fs); states, corresponding to peaks at approximately 32.3 eV and 34.4 eV,
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Figure 5.27: (a,b) W 4f-core level spectra, (c,d) S 2p-core level of pristine (bulk WS,) and 0.85
GeV U ions at fluence 1x10'! ions/cm?, respectively.
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Figure 5.28: (a,b) W 4f-core level spectra, (c,d) S 2p-core level of pristine (exfoliated WS,) and

0.85 GeV U*"ions at fluence 1x10'! ions/cm?, respectively.

respectively. Additionally, a broad peak near 37.9 eV represents the W 5p3,» state, as shown
in Fig. 5.27 (a) [58]. These peaks indicate the W*" oxidation state characteristic of the 2H-
WS, phase. A small shoulder peak that represents the W-O bond and the W oxidation
state also emerges at about 35.2 eV. Furthermore, the fitted S 2p core-level spectra reveal
peaks at approximately 161.9 eV and 163.1 eV, attributed to the S 2p3» and S 2p1,> states
of divalent sulfide ions (S%), as shown in Fig. 5.27 (c) [59,60]. A peak near 168.5 eV
indicates the presence of SO4> in the system due to the formation of the S-O bond. While
no significant shift in binding energy is observed after irradiation at a fluence of 1x10'!
ions/cm?, a decrease in peak intensity suggests alterations in the atomic composition of the

hexagonal WS structure (Fig. 5.27 (b,d)).

The elemental composition of exfoliated WS> systems was also analysed using

XPS core-level spectra before and after irradiation at a fluence of 1x10'! ions/cm? (Fig.

5.28 (a-d)). Similar to bulk WS, the fitted W 4f core-level spectra of pristine WS, revealed
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W 417, and W 4fs) states, corresponding to peaks at approximately 32.6 eV and 34.7 eV,
respectively. Additionally, a broad peak associated with the W 5ps/» state was observed
near 38.2 eV, as shown in Fig. 5.28 (a). A small shoulder peak, indicating the W-O bond
and the W% oxidation state, appeared at around 35.2 eV. The fitted S 2p core-level spectra
showed peaks at approximately 162.2 eV and 163.4 eV, corresponding to the S 2p3,» and
S 2p1, states of divalent sulfide ions (S*), as illustrated in Fig. 5.28 (c). Furthermore, a
broad feature near 168.5 eV was attributed to the existence of SO4>. After irradiation at
the highest fluence, the W 4f7» and W 4fs,, states shifted slightly toward lower binding
energies by ~0.6 eV and ~0.5 eV, respectively. Similarly, the S 2p3» and S 2p1,» states
shifted by ~0.4 eV and ~0.5 eV towards lower binding energies. These shifts in the W 4f
and S 2p spectra, and also a reduction in the intensities of the peaks, indicate a sulfur
deficiency, suggesting a reduced WSz« phase in the irradiated WS: system [61]. Moreover,
new peaks emerged in both the W 4f'and S 2p core-level spectra of the exfoliated system
after irradiation at a fluence of 1x10'! ions/cm?. Specifically, a peak appeared at ~29.74
eV in the W 4f core-level spectra, while peaks at ~159.3 eV and ~160.7 eV were observed
in the S 2p core-level spectra. The development of these new peaks also indicates sulfur
deficiency caused by SHI irradiation, consistent with the formation of WS species, where
x is less than 2 [62]. This is observed only in the exfoliated systems, possibly due to a
greater accumulation of defects in the material after irradiation compared to the bulk

samples.

5.5.4 Morphological analysis

HR-TEM images of bulk and exfoliated WS, system after irradiation with 0.85 GeV U?%*
ions at a fluence of 1x10'!" ions/cm? are shown in Fig 5.29. The planar view of the HR-
TEM image reveals the formation of latent tracks of a closely spherical shape in WS,
systems after irradiation with U?*" ions. These tracks are mostly distinct and do not appear
to overlap. The morphological analysis characterizes layered surface features and
disordered zones within the track regions, embedded within the WS; system. The estimated
average diameter of the latent tracks is found to be ~6-7 nm in both bulk and exfoliated
WS; cases, shown as insets in Fig. 5.29 (b, d). Due to the development of latent tracks, the
crystal structure becomes disordered within the track core, while the surrounding lattice
retains the regular crystalline form of WS». The formation of these ion tracks was known

to depend on the ion path length and the energy of the incident ion. Typically, a single
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Figure 5.29: HR-TEM images of (a, b) bulk WS,, and (c,d) exfoliated WS irradiated with 0.85

GeV U?*" ions at a fluence of 1x10'! ions/cm?.

heavy ion in the energy range of several hundred MeV to a few GeV creates a continuous
ion trajectory led amorphized track, a few nanometers in width and extending over several
micrometers in depth [63]. According to the thermal spike model, as the high-energy ion
penetrates the material, it transfers its energy primarily to the electronic system and to the
lattice atoms. This rapid energy transfer results in a localized temperature spike along the
ion trajectory, sufficient to induce melting or amorphization of the material along the ion
path [64,65]. The transient molten phase formed due to this intense electronic energy
deposition experiences internal pressure, arising from the density difference between the
molten and solid (material) phases. This pressure drives the molten material toward the top
and bottom surfaces, forming hillocks. These hillocks adopt a spherical shape, as we can
see from the HR-TEM images, as the potential energy and the surface area of the sphere

are lowest. Upon rapid quenching, which occurs over a timescale of about 10 to 100 ps,
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the transient structural modifications result in the formation of latent tracks revealed from

the TEM images within the WS, system [66,67].

5.5.5 Low-temperature photoluminescence (PL) study

Temperature-dependent steady-state photoluminescence (PL) spectra were recorded at an
excitation energy of 2.25 eV (Aex = 550 nm) for exfoliated WS: before irradiation (pristine)
and also for bulk and exfoliated WS, systems, irradiated with 0.85 GeV U ions at a
fluence of 1x10'! jons/cm?, along with their respective deconvoluted spectra at ~300 K are
shown in Fig. 5.30 (a-f). A near-resonant excitation condition, comparable to the bandgap
of the layered materials, was employed to enhance photon emission efficiency. The PL
spectra were acquired over a broad temperature range, from room temperature (300 K)
down to 10 K. The PL spectra of bulk WS; can be followed from already published articles
[68,69]. After irradiation, in the bulk WS, system, a peak emerges at ~1.93 eV,
corresponding to direct exciton (X) emission arising from band-to-band transitions at the
K-point in the BZ (Fig. 5.30 (¢)) [70]. Additionally, a broad spectral shoulder around ~1.85
eV is observed, which is found below the direct exciton peak, identified as defect-related
emission (D-peak). Indirect exciton (I) peaks also appear near 1.68 eV. The indirect
excitons originate from transitions between different valleys at the conduction band

minimum (CBM) and valence band maximum (VBM) in the Brillouin zone [71].

The PL spectra of exfoliated WS> before irradiation (pristine case) show a
prominent evolution of the defect emission peak near ~1.81 eV below 120 K through the
noticeable splitting of the PL peak, as provided in Fig. 5.30 (a). For the exfoliated WS>
samples irradiated at 1x10'! ions/cm?, the direct exciton (X) and defect (D) emissions
experience blueshift to ~2.03 eV and ~1.91 eV, respectively, from the bulk counterpart due
to the reduced number of layers processed through liquid phase exfoliation (LPE) [72].
Further, the indirect exciton is observed at ~1.61 eV. The defect-related emission, which
arises with an emission energy lower than the direct exciton emission, originates from
exciton states bound to isolated defects or vacancies, such as sulfur vacancies, which
become more abundant in the WS> system, particularly after irradiation. These defects act
as carrier trapping centres and create multiple trap energy levels within the bandgap of the
WS> system, enabling various optical transitions that involve either defect states, or a
combination of defect states with the conduction or valence bands [73]. This defect-bound

exciton emission becomes dominant below 240 K in exfoliated samples, and redshifts by
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Figure 5.30: Temperature-dependent PL spectra of (a) pristine (exfoliated WS;) without

irradiation, and (c) bulk WS, and (e) exfoliated WS, after irradiation at a highest fluence of 1x10'!

ions/cm?, respectively varied from 10 K to 300 K, (b,d,f) deconvoluted plots shown for PL spectra

of each at 300 K.
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approximately 0.05 eV as the temperature cools down to 10 K. The evolution of peaks can
be visualized upon deconvolution of the spectra recorded at some specific temperatures of
10 K, 90 K and 160 K, as shown in the Appendix (Fig. A10). The temperature dependence
of PL intensity is generally stated through the relation [74]:

_ loXKyrqd(T)
I(T) N krad(T)+ knonrad(T)’ (55)

where [ is the maximum PL intensity at very low temperature, and kwd(T) and Anonrad(T)
are the temperature-dependent radiative and nonradiative recombination rates. The
nonradiative recombination rates denoted by knonrad involve the rates of defect trapping,
krelax and electron relaxation within the conduction and valence bands [74,75]. Moreover,
the PL intensity plots specify a decrease in intensity as the temperature increases from 10
K to 300 K. This reduction can be attributed to stronger electron-phonon interactions at
higher temperatures, which promote thermally activated non-radiative recombination
processes. This causes a reduction in PL emission intensity, leading to a fall in quantum
efficiency as the temperature rises. As the temperature increases, the direct exciton
emission dominates, while the emission from defect trap states decreases above
approximately 240 K, as visible from Fig. 5.30 (e) [76]. Consequently, emissions related
to trap states in semiconducting materials exhibit temperature-dependent localization
behaviour, being strongly localized at low temperatures and diminishing at higher
temperatures, even before reaching room temperature (300 K). Therefore, the appearance
of defect-related emissions facilitates non-radiative carrier transfer to defect states, leading

to a reduction in the intensity of near-band-edge direct exciton emission.

Following the study reported by Sharma et al., which presented a low-temperature
PL investigation of WS> nanostructures, a linear temperature dependence was observed in
the range of 293-363 K when the variation in emission intensity with temperature was

fitted using the proposed equation [77]:
Iy = I, [1+ a(T —Ty)], (5.6)

where Iy and I7 are the emission intensities at low temperature (7)) set as a reference, and
at absolute temperature 7, respectively, and « is the first-order temperature coefficient.
Following equation 5.6, the temperature dependence of PL emission intensity plots

acquired for exfoliated WS, (pristine), and both bulk and exfoliated WS, systems after
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irradiation at a fluence of 1x10'! ions/cm? are plotted as shown in Fig. 5.31, considering
10 K (79) as the reference temperature. Initially, it was assumed that emission intensity
varies linearly with temperature. The linear fit to the plots based on equation (5.6) was
found to adequately describe the defect-bound emissions in all cases (Fig. 5.31 (b,d,f)), as
well as the direct exciton emission in irradiated bulk WS», as depicted in Fig. 5.31 (c). The
first-order temperature coefficients, a, derived from the linear fits to the defect emission
intensities of exfoliated WS,, both pristine and irradiated at a fluence of 1x10'! ions/cm?,
were found to be negative, with values of 2.2x107 K™! and 3.0x10 K, respectively. For
the irradiated bulk WS, system, the obtained negative a values for direct exciton and
defect-bound emissions are 3.0x10 K and 2.5x10° K!, respectively. However, this
linear assumption may not be sufficiently accurate for displaying the direct exciton
emission curve in pristine and irradiated exfoliated WS,, particularly because the
temperature dependence of PL intensity in these cases displays non-linear behaviour. To
better represent this feature, a phenomenological approach was adopted by extending
equation (5.6) into an empirical relation that incorporates higher-order temperature terms

(up to third order). This relation is expressed as:
Ir = Ir, [ag + ay(T = To)' + (T = Tp)* + a3(T — Tp)?], (5.7)

This corresponds to a third-order polynomial function, which can also be written in the
form:

L= 33 g an(T = To)" (5.8)

ITO

From the fitted plots, the coefficients a, as, a2, and a; were extracted and found to be ~1,
-6x10° K!, 4.08x10° K2, -0.95x107 K3 for the pristine system and about 1, -5x107 K,
4.72x10° K2, -1.26x1077 K= for the irradiated exfoliated WS,. The fitted temperature
coefficient values of all the samples are presented in Table 5.7. The temperature-dependent
trend of the PL intensity for direct exciton emission reveals an initial decrease as the
temperature rises from 10 K to around 80 K. This is followed by a gradual increase in
intensity up to approximately 200 K. Beyond this point, a sharp decline is observed, which
is notably more pronounced in the exfoliated sample, as shown in Fig. 5.31 (a,e). The
observed variations in the PL intensity trend suggest the involvement of multiple

competing processes that influence the emission behaviour within the temperature range
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of 10 K to 300 K. As the temperature increases from 10 K, the PL intensity initially
decreases due to thermal quenching, likely caused by enhanced defect-mediated non-
radiative recombination at low temperatures. In this regime, defect-bound exciton emission
becomes prominent, originating from the interaction between direct excitons and defects

introduced through irradiation or exfoliation in the exfoliated systems [78]. Further, as the
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Figure 5.31: Intensity variation plots of direct exciton and defect-bound emission of (a,b)
exfoliated WS, without irradiation (pristine), (c,d) bulk WS,, and (e,f) exfoliated WS, after

irradiation at a fluence of 1x10'! ions/cm? as a function of temperature.
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temperature increases, an increase in the PL emission intensity at an intermediate range of

~80 K to 200 K was observed, which might be caused by the thermal activation of defect-

bound excitons into free excitons and the release of electrons from deep-level trap states

[79]. This effect appears to be more pronounced in the exfoliated system after irradiation,

where a higher concentration of defects is expected. While at higher temperature regions

of ~200-300 K, the activation of non-radiative recombination centers and the escape of

Table 5.7. Temperature coefficients (a) values for PL emission of direct and defect-bound

exciton energies.

—
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Figure 5.32: Integrated PL intensities of (a) direct exciton (X) emission, (b) defect (D) bound

emission, and (c¢) total emission of exfoliated WS, (pristine) and after irradiation of bulk and

exfoliated WS, system at a fluence of 1x10!! ions/cm? as a function of temperature.
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Figure 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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Figure 5.34: Schematic illustrating direct and defect-assisted transitions at (a) room temperature

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

carriers from the surface and defect states, as well as dissociation of excitons, can occur,
leading to thermal quenching of the PL intensity [80]. Also, the possibility of a steady
transition from normal scattering of phonons to Umklapp events, which demand

association of non-conserved momenta, cannot be discarded.

The integrated PL intensities of the direct exciton transition, defect-bound
emission, and total emission for pristine exfoliated WS, as well as for bulk and exfoliated
WS, systems irradiated at a fluence of 1x10!! ions/cm?, as a function of temperature, are
shown in Fig. 5.32 (a-c). The schematic diagram in Fig. 5.33 illustrates the probable

emission transitions in the WS» system, including direct exciton emission, defect-related
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emission, and the combined effect of both processes. Notably, temperature-dependent
quenching is evident in the integrated intensities of the emission peaks, with a more rapid
decrease observed in the irradiated bulk WS, system. The exciton emission in the
exfoliated WS, exhibits a 1.6-fold reduction in intensity after irradiation, as shown in Fig.
5.32 (a). However, at elevated temperatures near 300 K, the irradiated and pristine
exfoliated systems display comparable emission intensities. In contrast, defect-bound
emission exhibits a significant enhancement, 4.6 times stronger at 10 K post-irradiation,
due to the generation of a higher defect density. At 300 K, this enhancement remains but
is reduced to approximately 1.6 times compared to the pristine sample (Fig. 5.32 (b)). The
enhancement in defect-related emission at 10 K, where the thermal energy is ~0.86 meV,
compared to room temperature (~25.8 meV) at ~300 K, is illustrated in the schematic
diagram shown in Fig. 5.34. Comparing the irradiated bulk system with the exfoliated
counterpart, a significant enhancement in the integrated exciton emission intensity is
observed, showing nearly an 11-fold increase at 10 K and a 2.6-fold increase at 300 K. In
contrast, the defect-mediated emission exhibits a modest rise, with intensities
approximately ~1.3 times higher at low temperatures and about 2.5 times higher at 300 K.
The overall integrated PL intensity exhibits a similar temperature-dependent behaviour
(linear to slightly sublinear) across all cases (Fig. 5.32 (c)). Moreover, the intensity ratio
plots of indirect (I) to defect (D) emission and defect (D) to direct (X) emission,
respectively, as shown in Fig. 5.35 (a, b). The I/D ratio is highest in pristine exfoliated
WS, and decreases with temperature, indicating that phonon-assisted transitions are
prominent in pristine material but are suppressed after irradiation due to defects induced
in the system. In contrast, defect-related emission becomes dominant over direct band-
edge emission at lower temperatures, particularly around 10 K, in the irradiated exfoliated
WS, samples. However, as the temperature increases to 300 K, this ratio drops, and direct
excitonic emission dominates near room temperature. Additionally, the relative quantum
yield (QY) was plotted for both pristine and irradiated bulk and exfoliated WS», as shown
in Fig. 5.35 (¢). In bulk WS,, a sharp decrease in QY is observed with increasing
temperature from 10 K to 300 K after irradiation. While exfoliated WS exhibits an
anomalous decline in QY with temperature, with a significant reduction near room
temperature (~300 K) after irradiation, signifying enhanced nonradiative recombination
due to irradiation-induced defects. At low temperatures, the defect-bound PL peak

becomes more pronounced because most excited-state electrons are captured by trap states
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Figure 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 WS, as
well as bulk and exfoliated WS, irradiated at a fluence of 1x10'! ions/cm?, as a function of

temperature.

and decay radiatively. Due to the limited thermal energy available, only a small fraction of
electrons can get to the bright state via direct exciton transitions. As a result, defect-related
emission is dominant, while direct exciton emission remains weak at low temperatures. As
the temperature rises to 300 K, the excited electrons acquire sufficient thermal energy to
escape from defect-related trap states. This can be attributed to the increased kinetic energy
of the excitons, making them less prone to being captured. Additionally, the exciton and
defect emission intensities in both bulk and exfoliated systems can vary from one flake to
another, depending on the nature and density of vacancies introduced during or after
exfoliation, and due to radiation exposure, as well as variations in the local two-
dimensional electron gas concentration. Therefore, the occurrence of radiative
recombination is influenced by various factors such as defect density, the presence of non-

radiative transitions, electron-phonon interactions, and exciton dissociation in a material.

5.5.6 Photoluminescence decay measurements

Luminescence decay occurs through ultrafast recombination emission decay dynamics,
popularly known as time-resolved process. The decay dynamics of both bulk and
exfoliated pristine WS, and after irradiation at a fluence of 1x10'! ions/cm? are examined
using time-resolved photoluminescence (TRPL) profiles, as illustrated in Fig. 5.36 (a, b),
to further comprehend the inner dynamics of exciton emission, which generates the PL
emission. The TRPL decay profiles provide insights into the radiative recombination of

carriers, along with competing non-radiative recombination processes that affect the
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overall decay profiles. The obtained TRPL profiles were fitted with a tri-exponential

function,

Ble_t/fl + Bze_t/fz + Bge_t/TS, (5.9

where 7; is the decay lifetime and B; is the relative amplitude components. The average
lifetime (74,) components of excitons that appeared in steady-state PL emission were

calculated using the following formula [81],

_ BIT12+ BzT22+ BST32
Toy = (5.10)

B1T1+ B2T2+ B3T3

The fitting parameters for the TRPL decay profiles of both pristine and irradiated WS>
systems, at the highest fluence, are summarized in Table 5.8 using a triexponential decay
function. The tri-exponential behaviour indicates that the multiple relaxation mechanisms

are involved in the overall decay process.

The exciton lifetime increases from 3.64 ns in bulk WS, to 3.81 ns in exfoliated
WS before irradiation, which can be primarily attributed to defect states introduced during
the exfoliation process, such as sulfur vacancies and edge states. These defects create
localized states that trap excitons, allowing them to recombine and generate PL emission
through localized exciton recombination. Such trapping contributes to the longer lifetime
observed for these excitons. The decay components further support this, with the longer
lifetime component (z3) increasing from 4.001 ns in bulk to 4.371 ns in exfoliated WSo,
reflecting excitons trapped in deeper or localized states and signifying the role of trap-
assisted recombination. Moreover, in bulk WS,, the fast decay parameter (z;) decreases
from 0.13 ns to 0.11 ns, the intermediate decay parameter (z2) drops from 0.92 ns to 0.21
ns, and the slow decay parameter (z3) decreases from 4.0 ns to 2.8 ns with 0.85 GeV U?**
irradiation. In the exfoliated system, 7; remains comparable before and after irradiation,
while 7> decreases from 0.69 ns to 0.25 ns, and z3reduces from 4.4 ns to 3.3 ns. In fact, both
slow and fast components become faster. This means re-trapping of carriers is less likely
as compared to de-trapping of carriers, enabling them to participate in the recombination
emission events. The calculated decay constants, the shorter, middle and longer lifetimes
components, display a complex decay dynamic process that are ascribed to defect-bound
exciton transition due to trap-assisted localized states, carrier-phonon scattering, band-

edge direct exciton transition, etc. [82].
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The average lifetimes (z4v) of excitons decrease by 32% from 3.64 ns to 2.49 ns for
the bulk system and from 3.81 ns to 3.01 ns, resulting in a 21% decrease for the exfoliated
system after GeV irradiation impact (Table 5.8). This reduction in lifetimes is attributed to
the presence of a non-radiative relaxation channel for neutral excitons to recombine. The
presence of defects in the system induces trap states within the band gap, which act as

recombination centers for carriers near the valence bands. These trap states primarily arise
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Figure 5.36: TRPL profiles of pristine WS, and irradiated WS, with 0.85 GeV U***ions at fluence
1x10" ions/cm? for (a) bulk, and (b) exfoliated systems, respectively. The solid lines fit a tri-

exponential function.

Table 5.8. Lifetime decay parameters and quantum yield estimated from the TR-PL

process.

SI. | Samples T1 B1 T2 B2 T3 B3 Tav QY

No.

0 (fluence (ns) (%) (ns) (%) (ms) | ) | (ms) | (%)
in
ions/cm?)

I | Bulk WS> | 0.132 | 58.53 | 0.916 | 845 | 4.001 |33.02 | 3.64 | 91.0
(Pristine)

2 | Bulk WS> | 0.108 | 63.88 | 0.206 | 12.55 | 2.822 | 23.57 | 2.49 88.2
(1x10'h

3 | Exfoliated | 0.108 | 69.78 | 0.687 | 10.14 | 4371 | 20.08 | 3.81 87.2
WS,
(Pristine)

4 | Exfoliated | 0.106 | 46.45 | 0.252 | 19.26 | 3.257 | 34.29 | 3.01 92.4
WS,
(1x10'h
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Figure 5.37: A schematic illustration of a possible carrier relaxation process witnessed in

the defect-induced WS, system.

due to the creation of sulfur vacancies, introduced largely through irradiation. This
nonradiative recombination process is due to the multiphonon emission assisted by
electron-phonon coupling, where electron-phonon coupling facilitates carrier transition
between the localized defect state and the delocalized state. Thus, the shortened exciton
recombination lifetime results in suppressed exciton emission due to a significant reduction
in the Coulomb interactions between electrons and holes [83,84]. The schematic in Fig.
5.37 illustrates the carrier relaxation processes of defects induced in the WS; system. In
semiconducting material, intraband relaxation typically takes place via a series of carrier-
carrier and carrier-phonon scattering processes. Subsequently, energy dissipation occurs
via a non-radiative trapping process. In this phase, charge carriers and excitons are
captured by defect-induced trap states, leading to a significant reduction in their lifetimes.
These trapping events, often facilitated by single- or multi-phonon interactions, dominate
the non-radiative relaxation pathways under photoexcitation. Point defects, such as sulfur
vacancies, serve as highly effective trapping centers for photoexcited species, like carriers
and excitons in WS,. The relatively short lifetimes in the decay dynamics as compared to
the pristine cases indicate that non-radiative mechanisms are more prominent than
radiative ones in governing carrier relaxation. Additionally, the presence of trap states
accelerates the relaxation dynamics of the charge carriers [85,86]. Moreover, the quantum
yield (QY) corresponding to the average lifetime can be calculated using the equation [87],
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QY = /&, (5.11)
Tavg

where 7, is the radiative lifetime, and 7., is the average lifetime obtained from TR-PL
decay dynamics. Using this relation, the QY (%) values were calculated for both bulk and
exfoliated WS,, before and after irradiation, shown in Table 5.8. The results indicate that
bulk WS, exhibits a reduced QY of 88.2% after irradiation, accompanied by a shorter
average lifetime, suggesting dominant non-radiative recombination events due to defect
formation and manifestation. In contrast, exfoliated WS> offers an augment in QY of
92.4% after irradiation, even with a decline in average lifetime. This implies that the
introduced defect states in the exfoliated system serve as effective radiative centers,
enhancing radiative recombination pathways and thus increasing the overall emission

efficiency.

5.6 Concluding remarks

In conclusion, in the ion irradiation technique, ion beam, energy, fluence, etc., play a key
role in manifesting the properties of a material. This study investigates the effects of low-
energy (15 keV) He?*, C?" ions and 0.85 GeV U?*" irradiation on the WS, system, at varied
fluences. The results indicate that the phase structure and crystallinity of WS> remain intact
even at higher fluences for all the ion types. For He?" ion irradiation, the study examines
the self-trapping, nucleation, and diffusion of He bubbles within the layered structures as
fluence increases. Interestingly, at a fluence of 5x10'® ions/cm? under normal incidence
(0°), inorganic fullerene (IF)-like structures emerge locally with polyhedral morphologies.
While under oblique angle incidence (55°), the WS, system exhibits site-specific

exfoliation and slipping of sheets.

On the other hand, 15 keV C?' ion irradiation leads to the formation of an
immiscible, localized WC phase within the WS; sheets. Raman spectra reveal the presence
of D and G bands in irradiated WS> systems, indicating the incorporation of C atoms into
these systems. To complement the experimental findings, first-principles calculations were
executed. These calculations demonstrate that incorporating C through ion implantation
can effectively tune the electronic bandgap of WS,. With varying defect densities of C
dopants and S vacancies, semiconducting WS: can transition into a gapless semi-metallic
material. Furthermore, the activation energies of S and C atoms suggest that C dopants

preferentially occupy vacant S sites, increasing carbon content with irradiation.
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In the case of GeV irradiated WS> system, XPS analysis of the W 4fand S 2p core-
level spectra confirms the presence of W*" and S* oxidation states corresponding to the
2H-WS, hexagonal phase. Additionally, new peaks associated with WSy states emerge,
highlighting sulfur deficiency, which is more pronounced in the exfoliated samples. The
morphological analysis of U irradiated bulk and exfoliated WS> reveals the formation of
ion tracks with a track diameter of ~6-7 nm. Temperature-dependent steady-state PL
measurements reveal that the PL emission intensity of direct excitons exhibits a nonlinear
temperature dependence, except in the case of irradiated bulk WS,. In contrast, the defect-
related emission displays a linear temperature trend, with a first-order temperature
coefficient of -3.0x10 K! after irradiation. Furthermore, integrated PL intensity plots
exhibit a 4.6-fold increase in the defect emission intensity after irradiation in exfoliated
WS,, as the temperature cools down to 10 K. The TRPL decay profiles show reduced
exciton lifetime from 3.64 ns to 2.49 ns in the bulk system and 3.81 ns to 3.01 ns in the
exfoliated case, suggesting the presence of non-radiative transitions caused by defect states
arising from sulfur vacancies. Thus, ion irradiation can effectively tailor the structural,
morphological and excitonic features of the material through defect creation, offering

potential advantages for device applications.
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