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3.1. Introduction:

The 2H-WS> nanosheet needs to be synthesized for the fabrication of electronic
devices [1]. In this respect, different techniques have been reported for the preparation of
2D-TMD materials with good control over its morphology (nanosphere, nanosheet,
nanorods, flowerlike nanostructures, etc.) and electronic band structures by varying the
thickness of the TMD particle [2,3]. Top-down approaches include mostly applied
methods such as chemical or liquid exfoliation [4], mechanical exfoliation [5], and
electron or laser irradiation-based synthesis, while bottom-up approaches like CVD [6],
MBE, ALD, and hydrothermal [7] processes are commonly used to grow 2D TMD
nanomaterials.

In general, top-down synthesis methods are anticipated to be simple, cost-
effective, and scalable, making them ideal for low-cost production using less advanced
equipment [8—10]. The Scotch-tape method, which exfoliates materials mechanically by
peeling nanosheets from bulk material, is straightforward and doesn’t require a
sophisticated laboratory setup. This technique produces low yields of high-quality
crystalline flakes, with the exfoliated flakes having a non-uniform number of layers.
However, it is a slow process with limited scalability, and the resulting sheets often have
non-uniform thickness [11].

Although the CVD method offers better scalability, it faces challenges in
producing highly crystalline materials. Moreover, the high temperatures (~500 °C or
more) required for deposition limit its use on flexible substrates [12,13]. Epitaxial growth
on silicon-based substrates can produce continuous thin films with good crystalline
quality, allowing control over the thickness, size, shape, and number of layers. However,
transferring these nanosheets to the desired substrate remains difficult [14]. The
hydrothermal method, which involves the use of simple equipment, grows nanosheets at
moderate temperatures (200-300 °C) and allows for the synthesis of large quantities.
Nevertheless, achieving high-quality 2D materials with uniform thickness and size is still
a challenge [13,15]. The method is widely used because of its simplicity, but the lack of
precise control over material dimensions often results in variability in the structural and
functional properties, making it less suitable for applications that require consistency and

precision.
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Therefore, there is a need to develop an environmentally friendly method for the
controlled growth of atomic-scale, few-layered WS, nanosheets at low temperatures,
enabling their application in a wide range of electronic devices. Developing a simple,
efficient, low-cost, and eco-friendly LPE technique in aqueous solution remains a priority
to enhance the potential applications of WS, in semiconductor applications. This
approach eliminates the need for harmful chemicals or toxic gases [9,16-20]. In the LPE
process, selecting a suitable solvent and surfactant enables the production of highly
concentrated and stable suspensions. So far, Cyclohexylpyrrolidone (CHP), NMP, DMF,
Polyethylene Glycol (PEG), Hexamethylenetetramine (HMT) has proven to be the most
effective solvents for achieving high-yield exfoliation of TMD materials [8,21]. These
solvents are particularly advantageous due to their compatibility with the surface energy
of 2D materials, which facilitates effective exfoliation. Additionally, their ability to form
stable dispersions in organic solvents ensures the long-term stability and high yield of
exfoliated nanosheets. [2,11,12,14]. The widespread application of these exfoliating
agents is still limited due to their toxic and flammable nature, environmental hazardous,
etc. In addition, processing the obtained nanosheets into films and composites seems
challenging due to their high boiling points [20,22,23]. The process is also associated with
high solvent cost and prolonged sonication times, which weakens their use for cost-
effective research applications. On the other hand, DI water, ACE, and EtOH can be
employed to produce WS> nanosheets with a thickness of ~4-10 nm followed by a long-
time sonication process. [24, 25]. However, these low-boiling-point solvents often result
in low efficiency and are less effective for exfoliating nanosheets from bulk TMDs [24—
26]. Organic solvents such as Sodium Cholate (SC), Cetyltrimethylammonium Bromide
(CTAB), etc. offer advantages like compatible surface energy with 2D material, stable
dispersibility, high yield as well as the process is non-hazardous, eco-friendly in nature
[11,12,27,28]. Table. 3.1 summarizes the representative works on liquid phase exfoliation
of WS, materials using various exfoliating agents.

Surfactant-assisted LPE process is one of the most common and versatile
techniques for exfoliating WS> and other TMD materials. Surfactants are generally
categorized based on their ionicity, which is classified into three distinct types: anionic,
cationic and non-ionic [28]. Sodium Dodecyl Benzene Sulfonate (SDBS), an anionic

surfactant helps to exfoliate the WS> material in an aqueous solution and the ultrasonic
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vibration is used to separate the nanosheets from bulk WS, powder [27,29-31]. SDBS
recognized for its affordability, environmental compatibility, and exceptional
performance as a surfactant is a commercial detergent, that presents a viable approach to
achieving this goal. This study emphasizes a simple and effective LPE technique for
producing WS, nanosheets, utilizing SDBS as a stabilizing agent to achieve an
environmentally sustainable synthesis process. Spectroscopic analyses of Raman, UV-
Vis, PL, XRD, AFM, FESEM, and HRTEM were conducted to optimize surface

morphology, crystal size, crystalline nature, layer count, and flake thickness.

Table 3.1: Summary of representative works on LPE of WS, using different exfoliating

agents

Exfoliating Lateral Size Thickness Sonication Number Ref.
Agent Time of Layers No.
DMF Few hundred nanometer 6 nm 12 hr Few-layer [2]

ACE >200 nm 6nm 10 hr Few-layer
MeOH >150 nm Snm 10 hr Few-layer 4]

EtOH >120 nm Snm 10 hr Few-layer

IPA >150 nm 4nm 10 hr Few-layer
IPA ~1.2 pm 0.86-3.62 nm 1- 13 hr 1-2 [25]
DI Water <200 nm 2-3 nm 8 hr Few-layer [26]
SC 50-400 nm 30-40 nm 2 hr >10 [28]
NMP Few hundred nanometer 3 nm 3 hr Few-layer [32]
DMF 2-3 um Few nanometer 5 hr 1-5 [33]
CHP ~40 nm-1um - 2.5 hr 1-5 [34]
PEG ~200 nm ~27 nm 30 min - [35]
NH3 200 nm 2-8 nm 3 hr 45 min 2-6 [36]
(NH4)2COs 400 nm 3 nm 2 hr 2-5 [37]
SC 25-200 nm 1.6-9 nm 6 hr 2-5 [38]

CTAB 90 nm - 8 hr -

3.2. Liquid Phase Exfoliation Method of WS, Nanosheets:

The liquid phase exfoliation process flow of WS, nanosheets is pictorially
depicted in Fig. 3.1. In the LPE process, the bulk WS> powder (0.12 gm) with different
concentrations of SDBS dissolved in DI water (50 ml). The prepared solution was
sonicated using a horn probe sonic tip for 6 hr-10 hr (~124 W) with 60 secs ON and 5
secs OFF pulse state and to avoid excessive heating of the probe, an ice bath was used.

The sonicated solution was centrifuged at 3000 rpm for 30 min, which can help to separate
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the exfoliated and unexfoliated samples. Then the top of the supernatant was decanted for
further use.

Precipitate

Probe

Sonication Centrifuge

Micelle —

Micelle formation due to higher

concentration of SDBS Supernatant of the solution

WS,+SDBS+DI water

Fig. 3.1: Schematic depiction of the sequential steps of Liquid-phase exfoliation of the

WS nanosheet

Table 3.2: Experimental Parameters for SDBS-Assisted Exfoliation of WS> Nanosheets

Surfactant Type SDBS Const. WS Sonication  Sonication Centrifuge
(umol/ml) Concentration Power (W) Time (hr) Speed (rpm)
SDBS is an anionic 2.29
surfactant commonly 4.30 6,8
used as an 5.16 0.12 gm ~124 W and 3000 rpm
exfoliating agent in 6.02 10 hr
aqueous solutions. 6.88

The collected supernatant was washed with DI water to remove the adsorbed
surfactant from the exfoliated WSz nanosheets and dried at 60 °C in a hot air oven. Various
spectroscopic measurements were performed to analyse their crystalline structure,
material properties, nanosheet thickness, etc. The prepared samples are determined as S1
for bulk WS, and S2-S6 for SDBS concentrations of 2.29 umol/ml, 4.30 umol/ml, 5.16
umol/ml, 6.02 pmol/ml and 6.88 pmol/ml, respectively.
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3.3. Spectroscopy Measurements:

3.3.1. Raman Spectroscopy:

Raman spectroscopy is one of the primary methods to identify the chemical
structure, crystalline nature, and layer numbers in 2D materials. Fig. 3.2 shows the Raman
spectra excited by 514 nm and 532 nm laser at room temperature for bulk WS, and
exfoliated WS> nanosheets with different concentrations of SDBS and with varying
sonication time. In Raman spectroscopy, the WS, material is primarily identified by two

vibrational frequency peaks: the out-of-plane Agmode and in-plane E%g mode [39]. The
frequency peaks of Aigand E3, are located at ~419.8 cm™ and ~350.1 cm™, respectively,

for bulk WS, and the peak difference of these two peaks is 69.7 cm™ as shown in Fig
3.2(a). This agrees with the work reported by Huang et al. and Jeffery et al. [33, 40]. The
frequency peak characteristics of the exfoliated samples are summarized in Table 3.3.
The data in Table 3.3 indicate that after exfoliation frequency peak difference between

E%g and A1, decreases from 69.7 cm™ (S1) to 65.15 cm™ (S4: 6 hr sonication) as shown

in Fig. 3.2(b). However, when the SDBS concentration is increased beyond 6.02 pmol/ml
for sample S5, which corresponds to the critical micelle point of the surfactant, the

frequency peak difference between the E%g and Aig starts increasing, indicating

the inefficiency of the exfoliating agent. The results indicate that the surfactant
concentration plays a critical role in the exfoliation of WS, layers. Additionally,
extending the sonication time from 6 hr to 10 hr for sample S4 results in noticeable
changes in peak intensity and peak difference, as shown in Fig. 3.2(c). The reduced peak
difference and increased intensity confirm the exfoliated WS, consists of a nanosheet in
a few layers, a finding further supported by AFM analysis [36,41]. Another notable
observation is the presence of the second-order longitudinal acoustic 2LA(M) mode at
~321 cm! in all exfoliated samples, though its intensity is relatively weaker in bulk WS,.
Peak stiffening was observed for all the exfoliated samples, as evidenced by the full width

half maximum (FWHM) of the E%g and A1 modes in Raman spectra. The FWHM values
for the Eég and Ag modes are 21.55 and 15.54 for bulk WS, respectively, decreasing to

17.3 and 11.1 for sample S4. However, the FWHM values increase again for samples S5
and S6. These results are consistent with the findings of Huang et al. and Zhou et al.[33,

42]. From the Raman spectroscopic analysis, indicates that the exfoliation strength of
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WS initially increases with rising SDBS concentration, as evidenced by the decreasing
peak difference between E%g and Aig. The maximum exfoliation occurs in sample S4.

Thus, further characterization is focused on sample S4 with exfoliation times of 6 hr, 8

hr, and 10 hr.
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Fig. 3.2: (a) Raman spectroscopy of the exfoliated 6 hr WS> nanosheets was taken using
a 514 nm laser for the surfactant concentration of 2.29 pmol/ml, 4.30 umol/ml, 5.16, 6.02
and 6.88, (b) reduce the peak frequency difference (Alg—E%g) from 69.7 cm! for bulk WS
to 65.15 cm™ for 6 hr exfoliated WS, and (c) the difference of Raman spectra after
increasing the WS, exfoliation time from 6 hr to 10 hr at a surfactant concentration of

5.16 umol/ml was measured using a 532 nm laser

Table 3.3: Characteristic of the frequency peak of bulk and exfoliated WS> samples

Sample Const. of SDBS 2LA(M) Peak diff. Intensity FWHM
ID (umol/ml) (cm™) A -E3, Ratio (cm™)
(em™) EZ, A
S1 Bulk WS, 319.58 69.7 0.5659 21.5 15.5
S2 2.29 320.5 69.2 0.92 20.7 13.4
S3 4.30 323.33 67.8 0.61 18.9 12.3
S4 5.16 319.03 65.15 0.54 17.3 11.1
S5 6.02 319.27 66.1 0.54 17.6 11.4
S6 6.88 319.82 67.1 0.54 18.7 11.6
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3.3.2. UV-Vis Spectroscopy:

The absorption spectra of the WS> nanosheets as a function of wavelength were
measured using UV-Vis spectroscopy for exfoliated samples as presented in Fig 3.3. This
measurement was employed as an alternative method to unambiguously determine the
number of layers for collected nanosheets after dissolving in DI water [43]. The three-
excitation peaks observed in the absorption spectra are obtained at ~631 nm, ~526 nm
and ~463 nm which are denoted as A, B and C, respectively as depicted in Fig. 3.3(a).
The excitonic transitions corresponding to peaks A and B are situated at the K-point of
the Brillouin zone. In contrast, peak C, occurring at a shorter wavelength, is associated
with the ['-point. This peak is attributed to the density of states present between the
valence and conduction bands [43,44]. The position of peak B corresponds to a slightly
lower wavelength originating from the transitions of the split lower valance band to the
conduction band. The energy difference between peaks A and B, approximately 0.4 eV
is attributed to spin-orbit splitting in the valence band [24,32]. Moreover, the absorbance
intensity and the red-shift of the excitonic peak qualitatively indicate a decrease in the
number of layers within the nanosheet. The splitting of the valence band in multilayer
nanosheets arises from the combined influence of spin-orbit coupling and interlayer
interactions [43]. A red-shift in the absorbance peak was observed with an increase in
exfoliation time, which means a decrease in the number of layers, as confirmed by UV-
Vis as demonstrated in Fig. 3.3(b). Moreover, the absorbance spectra of 10 hr exfoliated
nanosheets after being centrifuged at various speeds are shown in Fig. 3.3(c). At lower
rpm, the peaks show higher intensity than at higher rpm. The bandgap of the 10 hr
exfoliated nanosheet, derived from the Tauc plot, can be seen in Fig. 3.3(d). The results
demonstrate the fabrication of multilayer nanosheets by LPE procedure.

The average Nanosheet Thickness (/) is approximately <10 nm in dispersion was
determined from the wavelength of A exciton (Aa) using the method outlined by Backes
et al. for WS, [31]

N=6.35x 10732 g#a/831 (3.1)
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Fig. 3.3: (a) UV-Vis spectra of WS, nanosheets at varying exfoliation times (b)
correspond UV-Vis plot as a function of energy (hv) (c¢) after centrifugation at different
speeds following 10 hr of exfoliation and (d) Tauc plots of WS. nanosheets after 10 hr

of exfoliation
3.3.3. Photoluminescence:

The photoluminescence (PL) measurements for the exfoliated WS> samples,
excited at a wavelength of 532 nm, are shown in Fig. 3.4. PL measurements reveal the
bandgap transitions of the WS, nanosheets. Emission peaks around ~657 nm,
corresponding to the UV-Vis absorbance peak 'A,' were observed for all tested samples.
The estimated bandgap corresponding to the ~657 nm emission is approximately 1.89 eV,
which aligns well with UV-Vis data [41, 45]. In bulk WS, a weak photoluminescence is
observed due to its indirect bandgap nature (1.4 eV). However, for the samples exfoliated
for 10 hr, narrow emission peaks with higher normalized intensity were observed,
indicating reduced thickness and an indirect bandgap semiconductor behaviour [45]. In

these exfoliated samples, the indirect bandgap was estimated to be ~1.89 eV, significantly
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higher than that of bulk WS, with a stronger and more intense peak. In few-layer
nanosheets, both spin-orbit coupling and interlayer hopping contribute to valence band

splitting at the K points.

i e 3 hir Exfoliated WS, b —A
(a) e § hr Exfoliated WS, ( )
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Fig. 3.4: (a) PL Spectra for 6 hr, 8§ hr and 10 hr exfoliated WS, and (b) Lorentzian

functions were used to fit the A and B peaks for 10 hr exfoliated nanosheet
3.3.4. X-Ray Diffraction Spectroscopy:

The XRD patterns of both bulk and exfoliated WS> nanosheets, as presented in
Fig. 3.5, were analyzed to examine the crystalline structure of the thin-film composed of
these nanosheets. For the WS> material, a sharp dominant peak observed at 14.5 °
corresponds to 002 plane in 20 axis indicating the presence of a large number of crystal
planes aligned parallel to the c-axis [45]. The XRD peak position of the WS> nanosheets
at the 002 plane indicates the interference pattern of the layered S-Mo-S structure with
hexagonal (2H) symmetry [46]. In the XRD spectra for bulk WS, multiple weaker
diffraction peaks were noticed which correspond to different planes of the existing
hexagonal structure of WS, and presence of impurity in the bulk WS». For the exfoliated
sample the diffraction peaks were observed at 20 plane of 14.5°, 29.1°, 44.25° and 60.02
° which are correlated to (002), (004), (006) and (008) planes of 2H WS, nanosheets [47].
The XRD pattern of the WS; is matched with the JCPDS card number 08-0237 (P63/mmc
space group, 2H-WS>). A slight decrease in the intensity of the (002) peak for the
exfoliated sample was observed and the peaks corresponding to (102), (103), (105) and
(110) planes disappeared. This indicates the absence of strong constructive interference

from the crystal plane signifying the reduction in layer number [33]. The lattice constant
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(c)is 12.1 A and the interplanar spacing (d) is ~0.6 nm for the XRD peak of 2H-WS; at
the 002 plane were calculated using Bragg's equation, which aligns well with the HRTEM

analysis.

= Bulk WS,

=6 hr Exfoliated WS,
=8 hr Exfoliated WS,
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Fig. 3.5: XRD Spectra of the bulk WS> powder and exfoliated WS> nanosheets at a

sonication time of 6 hr, 8 hr and 10 hr

3.3.5. Atomic Force Microscopy:

The representative AFM image and the corresponding height profiles of the
exfoliated WS> nanosheets as shown in Fig. 3.6. AFM measurements were performed for
the thin film of the exfoliated nanosheets on the Si substrate (1x1 cm?) and measurements
were taken with a maximum focusing area of 5 x 5 um?. The AFM image of the
nanosheets reveals that the shape of the particle is hexagonal symmetry, with sizes
spanning a few microns. In bulk form, WS> particles have a height exceeding 100 nm, as
shown in Fig. 3.6(a-b). Fig. 3.6(c—h) depicts the exfoliated WS> nanosheets prepared with
varying concentrations of SDBS at 2.29 pumol/ml, 4.30 umol/ml, and 5.16 pmol/ml.
Among these, the sample exfoliated with 5.16 pumol/ml SDBS shows the highest level of
exfoliation, achieving flake thicknesses close to 3 nm as shown in Fig. 3.6(g-h). A wider
area examination of this extensively exfoliated sample is presented in Fig. 3.6(i), while
the related histogram in Fig. 3.6(j) shows the average height distribution of the flakes.
The exfoliated nanosheets are noted to possess thicknesses usually under 10 nm, verifying

the effective exfoliation of few-layer WS; flakes from bulk WS;. The work reported by
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Park et al., Zhang et al. and Li et. al. was demonstrated the estimated thickness of mono
and bilayer WS, nanosheets to be 0.8-0.9 nm and 1.5-1.6 nm respectively [41,48,49].
Based on these data, it was demonstrated that the exfoliated nanosheets contain ~<10
layers which is consistent with the layer estimation derived using A exciton (Aa) in UV-
Vis spectra. The lateral size of the nanosheets typically ranged from a few nanometers to
micrometers. However, after exfoliation, many particles were observed to have broken
into smaller pieces, with the edges of the nanosheets losing sharpness, likely due to effect

of sonication.

Exfoliated WS,
2.29 pmol/ml

_
(=3
%~

Height [nm]

600nm
rrr

Exfoliated WS,
4.30 pmol/ml

200 300 400

Distance [nm]

B Exfoliated WS, [(1):s-

5.16 pmol/ml

T T T T :
0 100 200 300 400

Distance [nm]

(t‘) 16
14+
12

S ¥

%
Height [nm]

Height [nm]

o N & o
D L

0 100

0 100 200 300 400 200 300 400 500
Distance [nm] Distance [nm)
4000
@ :
= :
2 2
% 3000 |
S \
©

g :
S 2000 |
z :
1000

§ Ldll “‘UHUJmummmmlm ____________________________

2 0 2 4 6 8 10
Height [nm]

Fig. 3.6: AFM images and corresponding height profiles of WS, nanosheets: (a-b) bulk
WS: flake; exfoliated WS, flakes using SDBS at concentrations of (c-d) 2.29 pumol/ml;
(e-f) 4.30 pumol/ml; (g-h) 5.16 pumol/ml; and (i-j) wide area AFM image of exfoliated WS>

flake and corresponding histogram showing the average height distribution

Page | 72



Chapter 3: Synthesis of WS; Nanosheets Using Surfactant-Assisted
Exfoliation Method

3.3.6. Field Emission Scanning Electron Microscopy:

HRTEM and FESEM analysis is used to study the crystal structure and lateral size
of the exfoliated nanosheets. From the representative HRTEM and FESEM images
produced in the details of structural symmetry and the nature of exfoliated WS>
nanosheets were extracted. The FESEM image in Fig. 3.7 (a & b), shows fairly even
distribution of hexagonal flakes across the sample surface. The images reveal that the
exfoliated WS> nanosheets have a lateral size ranging from ~50 nm to ~5 pm and exhibit
a hexagonal morphology with a flat, smooth surface and no visible deformations. The
hexagonal symmetry indicates that the nanosheets are few-layered, consistent with their
2H-WS; semiconducting nature, and the particle shapes closely match the FESEM
observations. However, it is observed that prolonged sonication leads to the fragmentation

of particles, resulting in their transformation into smaller sizes.

Fig. 3.7: FESEM image of (a-c) 6 hr, (d-f) 8 hr and (g-1) 10 hr exfoliated WS nanosheets
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Fig. 3.8: (a) TEM image at lower magnification (b) High-resolution TEM image with
corresponding SEAD Pattern at 10 nm scale (c) HRTEM image for exfoliated nanosheets
and (d) illustrated the defect in the atomic lattice during the exfoliation

3.3.7. High-Resolution Transmission Electron Microscopy:

Furthermore, the High-resolution transmission electron microscopy (HRTEM)
analysis was conducted to ascertain the structural morphology, crystalline properties, and
atomic structure of the nanosheets, as depicted in Fig. 3.8. The measurement was carried
out initially to determine the particle position on the copper grid, and the image collected
is shown in Fig. 3.8(a). The Selected Area Electron Diffraction (SAED) pattern for WS,
nanosheets was obtained to analyze the crystal structure of the exfoliated nanosheets, as
shown in Fig. 3.8(b). At a higher level of magnification, the fringes were noticeable for
the nanosheets shown in Fig. 3.8(c) with a lattice spacing of ~0.62 nm taken from the
HRTEM image corresponds to the (002) lattice plane that aligns with the (002) peak of
the XRD pattern of the exfoliated hexagonal 2H-WS; nanosheets depicted in Fig. 3.4.
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The results reveal that the nanosheet layers are systematically arranged in line with the
orientation of c-axis. The diffraction patterns of the SAED exhibit clear rings that can be
linked to the reflections of specific WS> planes, such as (002), (006), (110), and (200),
showing the hexagonal symmetry of the exfoliated WS> flake. The crystal structure of
WS is determined to be a hexagonal lattice based on the (002)-diffraction peak in XRD
and HRTEM data, aligning with FESEM and AFM findings that show the presence of
few-layer nanosheets ranging in lateral dimension from nanometers to micrometers. The

results obtained align well with those presented in references [26,49].

Fig. 3.9: Illustrative representation of the liquid phase exfoliation process of WS>

nanosheets in an aqueous solvent with SDBS

The exfoliation technique can be explained by the interaction between the non-
polar benzene ring and the polar alkyl tail of the amphiphilic surfactant, which
preferentially bind to the WS> surface in water. This interaction aids in the fragmentation
of the bulk material into thin nanosheets. During the exfoliation process, the non-polar
head group of SDBS adsorbs onto the nanosheet surfaces, forming a layer of bound
charges between them. The resulting electrostatic repulsion weakens the van der Waals
forces, preventing aggregation, as shown in Fig. 3.9 [27,49]. Furthermore, the
amphiphilic surfactant, with its long alkyl chains, facilitates the formation of micelles in
the solution [51,52]. The efficiency of micelles formation is directly related to the

concentration of the surfactant in the solution and the exfoliation of nanosheet is
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dynamically dependent on the dispersion stability and variation of SDBS concentration.
Earlier few researchers reported that the concentration of the surfactant in the exfoliation
of graphene and MoS, nanosheets was related to the lateral size and thickness of the
nanosheets [27]. In this work, the correlation between the concentration of SDBS and the
exfoliation efficiency is distinctly observed and is evident from the various spectroscopic
measurement data presented here. It is observed that the exfoliation efficiency of WS»
nanosheets is dependent on the concentration of SDBS. If the concentration of SDBS is
increased, the strength of exfoliation of WS; also increases. However, beyond a certain
limit, which is defined as the critical micelle point of the surfactant (6.02 umol/ml in the
present case), weakening of the exfoliation process is observed. At this critical
concentration of the surfactant, maximum exfoliation is achieved resulting in three layers

of WS> nanosheets.
3.4. Summary:

In this work, we report on a scalable, eco-friendly and straight-forward technique
for the synthesis of a few layered WS> nanosheets using surfactant assistant liquid phase
exfoliation at room temperature. For the identification of the layer number and thickness
of the flakes, spectroscopic measurements like Raman spectroscopy, AFM and UV-Vis
spectroscopy, PL were used which mutually agreed to the formation of WS, nanosheets
comprising of few layers. In Raman spectroscopy, the second-order frequency peak
2L A(M) for exfoliated nanosheets is stronger than the bulk WS> and the frequency peak

difference between E3, and A, is reduced from 69.7 cm™ for bulk WS> to 65.15 cm™" for

exfoliated WS> nanosheet. The calculated layer number of the nanosheet is ~<10 nm was
extracted from the A-exciton peak UV- Vis spectra which can determine that the resulting
nanosheets are few-layer structures with an indirect bandgap nature of the 2H-WSo.
Additionally, the surface morphology, lateral size and crystalline nature of exfoliated WS
nanosheets were examined by AFM, SEM, HRTEM and XRD analysis. The (002)
diffraction peak from XRD and HRTEM results coincides with SEM and AFM results
revealing the formation of evenly distributed highly crystalline few layers with hexagonal
flakes WS, nanosheets with a lateral size of few-nanometre to few-micrometer. Also,
experimental findings demonstrate that the surfactant concentrations play a critical role

in the exfoliation of the nanosheet and a systematic study of the exfoliating efficiency of
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SDBS is reported here. The surfactant, SDBS has a critical micelle point of 6.02 pmol/ml,

beyond which the process of layer splitting of the WS, nanosheet weakens. Highly

exfoliated WS> nanosheets were obtained at an SDBS concentration of 5.16 pmol/mL.

These exfoliated nanosheets were subsequently used for the fabrication of FET devices,

and their electrical characterization was thoroughly examined in this thesis.
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