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e) Comparison of both experimental and theoretical calculated 

contrast values as a function of layer numbers. 
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Figure 3.7 a) and b) Schematic of transverse and vertical electric field 

configuration. c) AFM topography image of MoS2 flake along with 

optical image shown as an inset. d) The AFM height profile of MoS2 

flake extracted from the dotted red line, as shown in figure 1c. 
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Figure 3.8 a-h) AFM topography image of the MoS2 flake along with their height 
profile obtained at different marked zones in topography image, 

distributed over the whole flake. 
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Figure 3.9 a) and b) Schematic of the device configuration along with their 

equivalent schematic models to calculate the applied electric field in 

the transverse and vertical direction via two gate configuration. 
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Figure 3.10 a) Variation in phonon vibrational modes (in-plane E1
2g and out-of-

plane A1g) of MoS2 with applied positive transverse electric field 

ranging from 0 to 0.0094 MV/cm.  b) The effect of the positive 

vertical electric field (ranging from 0 to 0.40 MV/cm) on phonon 

(E1
2g and A1g) vibrational modes of MoS2. 
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Figure 3.11 a) Variation in Raman vibrational modes (in-plane E1
2g and out-of-

plane A1g) of MoS2 with reverse transverse electric field ranging from 

0 to -0. 0094 MV/cm.  b) The effect of reverse vertical electric field 
ranging from 0 to -0.40 MV/cm on phonon vibrational modes (E1

2g 

and A1g) of MoS2. 
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Figure 3.12 Comparison of Raman characteristics of MoS2 before applying the 

electric field (0V) during the applied electric field (0.40 MV/cm) and 

after withdrawing the electric field. 
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Figure 3.13 a) and b) shows the Raman shift in E1
2g and A1g mode as a function of 

the applied electric field in both transverse and vertical directions. 
91 

Figure 3.14 a)-b) Modulation in Raman peak frequencies E1
2g and A1g as a 

function of the applied transverse and vertical electric field. 
92 
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Figure 3.15 a) Strain-induced in both E1
2g and A1g mode in response to the applied 

transverse electric field b) Comparison of strain-induced in E1
2g mode 

due to the applied electric field in transverse and vertical directions. 
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Figure 3.16  Changes in the relative dielectric permittivity along the in-plane (xx) 

and out-of-plane (zz) direction of MoS2 as a function of the transverse 

electric field. 
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Figure 3.17 a) Theoretically simulated Raman peak frequency variation in 

response to the applied electric field along the lateral direction of 
MoS2, where figure inset shows low strength of electric field response 

on the Raman peak frequency. b) Evolution in bond length as a 

function of the applied transverse electric field. Inset depicts the 

modulation in bond length at low strength of the electric field. 
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Figure 3.18 a) shows the changes in the bond angle under the application of lower 

(inset) and higher transverse electric field. b) Variation in the S-S 

vertical distance with respect to high and low (inset) strength of the 

electric field in the transverse direction. 
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Figure 3.19 a) Field-induced effective charge density difference, Δρ = ρ(Eext) - 
ρ(Eext = 0) and electrostatic potential, ΔV = V(Eext) - V(Eext = 0) 

distribution between MoS2 layers for different values of Eext (0-90 

MV/cm ). The inset in figure a) represents the E-field induced change 
density difference isosurface when E-field is 60 MV/cm with respect 

to the 0 MV/m. b) Evolution in the electronic band structure of MoS2 

with transverse E-field varied from 0 to 80 MV/cm.   
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Figure 3.20 a) Electron and hole conductivity as a function of chemical potential 

at different values of applied transverse electric field calculated at 
room temperature 300K. b) Variation in electronic band gap with 

varying transverse electric field using DFT calculations. 
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Figure 3.21 a) PL spectra of the same MoS2 channel at varying transverse electric 

field from 0 to 0.0047 MV/cm. b) PL spectra of MoS2 flake by 
varying the transverse electric field through side gate configuration 

from 0.0047 MV/cm to 0.0082 MV/cm. c) Energy (Eg) variations 

with respect to applied transverse E. field. 
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Chapter 4: Controlled nanostructuring on MoS2 via low power-focused laser irradiation 

and exploring its electrical properties 

Figure 4.1 (a) Nano-mesh fabricated on MoS2 flake by focused laser with 

exposure time ~ 5 sec for each point. b) and c) AFM topography of 

MoS2-nanostructure with a minimum feature size of ~ 300 nm  (d) 
SEM image of nanoribbons, fabricated on MoS2 flake by moving the 

focused laser spot with exposure time ~1 sec for each point, with an 

average separation of ribbons is ~ 300 nm and average ribbon width 

of ~ 430 nm. 
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Figure 4.2 a) AFM images of the trenches created due to the variation of laser 
power (only partial part) (b) shows the variation of void depth and 

number of etched layers with respect to the power of the laser, which 

is obtained from the AFM images of figure a). (c) The AFM image of 
an array of voids on MoS2 flakes with the variation exposure time 
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from 1 sec to 60 sec, showing the variation in the width of the voids. 

(d) Corresponds the plot for variation of void width with an exposure 

time of the laser. 

Figure 4.3 (a) AFM image of an array of fashioned hexagonal void on MoS2   

flake. (b) The high magnified AFM topography of single hexagonal 

void, marked with a dotted box in figure a, where the low contrast 

triangular void is highlighted with dotted lines. (c) The 3-D 
interpretation of the AFM image of a single hexagonal void 

corresponds to the figure. 2b. d) shows the explicit version of Crystal 

orientations of the MoS2 flake, obtained from the hexagonal void. 

114 

Figure 4.4 (a) Top view of MoS2 nano-sheet simulated by first-principles DFT 
showing the geometry of the possible void. (b) The plot shows the 

required energy to create hexagonal voids of different sizes in the 

MoS2 monolayer nano-sheet. 
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Figure 4.5 (a) and (b) Optical images before and after void formation due to 

focused laser irradiation. (c) Corresponding AFM image of the flake 

after void formation. Black circles show the location of the voids.   
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Figure 4.6 (a) Illustrate Raman spectra of MoS2  flake in real-time scan mode by 

varying the power of laser with a fixed exposure time of laser ~ 10 

sec. (b) The change in the peak position of the two vibration modes 

of MoS2 with respect to the power of the laser. 

117 

Figure 4.7 (a) Raman spectra of MoS2 for exposure time varying from 10 sec-

100 sec at a fixed laser power (5.75 mW), which is lower than igniting 

power (6.95 mW) for void formation. (d) Photoluminescence spectra 

of MoS2 flake at different power of the laser. 
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Figure 4.8 (a) The Raman spectra of MoS2 for different laser power (higher than 
igniting power i.e. 6.95 mW) having fixed exposure time ~1 sec. (b) 

Plots for a shift in peak position and (c) variation of FWHM for laser 

power varying from 8 mW- 75.5 mW. 

120 

Figure 4.9 AFM topography and height profile of diamond and star-shaped 
MoS2 nanostructures, patterned by laser irradiation technique. (a) & 

(c) The topography image of the diamond and star shaped pattern, 

respectively. (b) & (d) The height profiles of the pointed regions with 

red arrow shown in (a) and (c), respectively. 

123 

Figure 4.10 a) Schematic of performed experiment along with EFM phase images 
of a diamond shaped MoS2 nanostructure at a lift height of 50nm at 

varying tip bias voltage.  EFM phase image for  of 0 V, shows the 
variation in phase shift at patterned area due to the floating ground of 

sample in EFM configuration. EFM phase image are taken for applied 

tip bias  of   and  respectively, which shows the 

enhancement in the contrast of the phase. 

125 

Figure 4.11 a-b EFM phase images and phase profiles of diamond shaped 

nanostructure at lift height of 100 nm and 150 nm. a) and b) EFM 
phase images of a diamond-shaped nanostructure on MoS2  flake at  

varying at lift height 100 nm and 150 nm. c) and d)  Phase profile 
with respect to lateral distance of the diamond-shaped nanostructure 

at 100 nm and 150 nm. 
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Figure 4.12 EFM phase images and phase profiles of star shaped nanostructure at 

lift height of 100 nm and 150 nm. a) and b) EFM phase images of a 

star-shaped nanostructure on MoS2  flake at  varying  at lift height 

of 100 nm and 150 nm. c) and d)  Phase shift  profile with respect to 

lateral distance of the star-shaped nanostructure at 100 nm and 150 

nm. 
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Figure 4.13 a-b) Plots of corresponding average Φ on the patterned area as a 

function of applied . The parabolic response is observed in both 

lift height which follows  α V2 relation.   
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Figure 4.14 Phase profile with respect to lift height of the diamond shaped 
nanostructure. a) Experimental average data points of Φ vs lift height 

at   b) Plot of FEA based simulated data of Φ with 
variation of lift height. Both results show identical response with the 

variation of lift height. The Φ decreases linearly with increasing the 

lift height showing capacitive interaction between tip and the sample. 
c) Simulated phase profile as a function of local electric field. d) The 

relation of local Electric field with . 
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Chapter 5: Ultrasensitive SERS sensing platform having localized hotspots on 

nanostructured monolayer MoS2 

Figure 5.1 a) AFM topography of monolayer MoS2 flake (indicated by dotted 

outline) and its corresponding height profile (inset) shows the 
thickness of the flake as ~ 0.8 nm. (b) Raman spectra of a pristine 

monolayer MoS2 flake, depicting the difference between its two 

characteristics modes, i.e., E1
2g and A1g (inset panel) with a red dotted 

line. (c) PL spectra of pristine monolayer MoS2 (flake shown in the 
inset) is fitted with Lorentzian function showing a peak at ~ 682 nm 

(green dotted line). 
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Figure 5.2 a) Raman mapping of an array of patterns (of various shapes and 

sizes), created on a monolayer MoS2 flake by the laser irradiation 
technique. b) Magnified Raman mapping image of a single triangular 

and star-shaped pattern on a monolayer MoS2 flake. 

146 

Figure 5.3 a) Absorption spectra of as-prepared AuNPs shows the characteristics 

peak of Au indicated by the black dotted line at ~ 522 nm. (b-c) Low 

magnification TEM image shows spherical shaped AuNPs; the size 
distribution is depicted in the corresponding histogram plot, where a 

total of 17 particles are measured to obtain the average (mean) size 

and standard deviation of the particles (inset panel). (d-e) HRTEM 
image of a single AuNP and its auto-correlated lattice fringe image 

acquired from the selected area of figure 2d (shown by the dotted red 

box) reveals a lattice spacing of 0.22 nm (top inset panel), which is 

consistent with the Au (111) plane.   

147 

Figure 5.4 a) Schematic graphics demonstrate the nanopatterning of monolayer 
MoS2 by laser irradiation, followed by AuNPs deposition for creating 

localized hotspots along the artificially created edges of the 

nanostructure. (b-c) AFM topography image of the MoS2 sheet before 
and after the decoration of AuNPs on the SiO2/Si substrate, showing 
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the distribution of AuNPs on the 2D MoS2 flake.   (d) Magnified view 

of the AuNPs-decorated artificial edge of the MoS2 sheet, where 

white dotted lines indicate the outlines of the laser-etched edges. 

Figure 5.5 DFT study of the binding of AuNPs to various MoS2 edge structures 

and surfaces. Relaxed structures corresponding to the energies listed 

in Table 1. Mo atoms are depicted as purple spheres, S as yellow 

spheres, and Au as orange spheres. (a) Pristine monolayer MoS2. Au-
adsorbed on (b) pristine AC, (c) pristine S-ZZ, and (d) pristine Mo-

ZZ, (e) AC with VS, (f) AC with VS2, (g) AC with VMo, (h) S-ZZ with 

VS, (i) S-ZZ with VS2, (j) Mo-ZZ with VMo, (k) surface hole, and (l) 
surface Mo. In (e-j), VS, VS2, and VMo are indicated by red dashed, red 

solid, and solid blue circles, respectively. 
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Figure 5.6  (m, n) Schematic representations of the electrode and scattering 

regions of an (m) AC- and (n) ZZ-edged pristine MoS2 nanoribbon. 
152 

Figure 5.7 DFT study of transmission coefficients of various Au/MoS2 edge 

structures. Transmission coefficients are denoted by the solid colored 
lines for Au atoms adsorbed on the following MoS2 nanoribbon 

edges:  (a) pristine AC, (b) pristine S-ZZ, (c) pristine Mo-ZZ, (d) AC 

with VS, (e) AC with VS2, (f) AC with VMo, (g) S-ZZ with VS, (h) S-
ZZ with VS2, (i) Mo-ZZ with VMo. The dotted lines represent the 

transmission coefficients of corresponding pristine edges (AC or ZZ) 

without Au. 
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Figure 5.8 Rhodamine B (RhB) Raman signature from a typical laser-etched 

MoS2 surface decorated with AuNPs. (a) Raman peaks of RhB dye 
(denoted black dotted line) along with characteristic signals of MoS2 

(red and green dotted line) and Si (yellow dotted line), acquired at the 

edge of the nanostructure (white marked circle in inset panel). 
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Figure 5.9 a-h) Raman mapping images of a star-shaped feature at signature 
peaks of MoS2 (b-c), Si (d), and RhB (e-i), depicting the formation of 

localized hotspots along the artificial edges of the star-shaped 

nanostructure. 
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Figure 5.10 Raman mapping of star-shaped nanostructure on monolayer MoS2 

flake. a)-b) Two different nanostructure sites depict that hotspots are 
not created at the pristine natural edges at the boundaries of the flake 

due to inferior deposition of AuNPs, which are highlighted with 

dotted contours in both images. However, hotspots are clearly 
observable along the artificially created edges of the stars-shaped 

nanostructure. 
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Figure 5.11 Raman mapping of star-shaped nanostructure with and without 

incorporation of AuNPs. a) Shows the formation of hotspots along the 
artificially created edges of both nanostructures when AuNPs are 

introduced on the sample before detecting the analyte b) without 

adding AuNP on both nanostructures represents very bright region at 

the center and faint bright lines along the edges of nanostructure. 
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Figure 5.12 a-b) Raman mapping for Rhodamine B on laser-cut MoS2 over a 1 
week period under ambient conditions. c) Raman mapping of 

Rhodamine B on laser-cut MoS2, where the arrows indicate the 

demarcation between the monolayer (lower) and few-layer (upper) 

regions of the MoS2 flake. 
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Figure 5.13 High-sensitivity detection of RhB at hotspots. (a) The comparative 

plot of Raman spectra collected from different zones of the 
nanostructure, where different zones are marked with white dotted 

circles numbered 1 to 7 in the inset mapping image, showing the 

variation in the intensity of RhB signals. The calculated enhancement 

factor (top inset panel) for an intense peak at 1650 cm-1 (marked with 
a star symbol in Raman spectra panel) depicts the drastic 

enhancement of Raman signal at zones having hotspots (circled with 

red dotted line).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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Figure 5.14 Raman spectra of RhB collected from different hotspot zones, which 
are marked in the inset panel with white circles, for flakes A (a), B 

(b), and C (c). (d) The enhancement factor calculated for the RhB 

peak at ~1650 cm-1 for 16 different hotspot zones in flakes A, B, and 

C. 
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Figure 5.15 a) Atomic force microscopy topography imaging of various shapes 
patterned on   a MoS2 flake via low-power laser etching. b) Raman 

mapping for Rhodamine B peak at 1650 cm-1 on laser-cut MoS2 sheets 

with a triangular shape. 

163 

Figure 5.16 (a) Raman spectra of RhB with varying concentration of the 
molecules, where inset panel shows Raman signal at lower 

concentrations from 10 pM to 1 nM. (b) Intensity variation plot for 

the peak at ~ 1650 cm-1 as a function of the molecular concentration 

in log scale. 
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Chapter 6: Engineering catalytically active edges of MoS2 for nitrogen fixation 

Figure 6.1 Characterization of MoS2 flake before and after AuNP deposition a) 

AFM topography of pristine MoS2 flake and its corresponding height 
profile is shown in the inset. b) Raman characteristics of MoS2, E

1
2g 

mode associates with in-plane vibration and A1g with out-of-plane. 

175 

Figure 6.2 a) Schematic representation of the executed experiment for the 

electrochemical deposition of AuNPs on the laser-crafted MoS2 

nanoribbons. 

176 

Figure 6.3 a) Raman mapping and AFM topography of crafted nanoribbons on 
MoS2 flake before deposition. b) High magnification AFM 

topography of the marked area in the inset, which shows crafted 

nanoribbons before AuNPs deposition. c) Raman map after 
electrochemical deposition of AuNPs depicts prominent 

accumulation of AuNPs along the crafted nanoribbons and pristine 

edge of MoS2. d) AFM topography of crafted nanoribbons after 
AuNPs deposition. e) Low magnification TEM image of the AuNPs 

decorated along the pristine edge of MoS2 flake. f) High 

magnification TEM image of pristine edge, shows the deposition of 

AuNPs. g) –i) represents the AFM image of patterned nanostructure 

of various geometry after the deposition. 
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Figure 6.4 Elemental composition of the modified surface of patterned MoS2 

flakes after AuNPs deposition via EDX technique. (a) Shows the 

selected edge of the flake for undergoing elemental analysis. 
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Individual elemental composition of (b) Mo, (c) S, and (d) Au and the 

overall distribution can be seen in (e). 

Figure 6.5 AFM topography of the selected patterned flakes of MoS2/ITO before 
and after deposition in 0.1 M of experimental electrolytes, (a) KCl, 

(b) Na2SO4, and (c) PBS. 

179 

Figure 6.6 Potentiostatic deposition of AuNPs on patterned MoS2/ITO glass 

electrode via optimization of deposition potential. AFM topography 

of the modified surface after deposition at (a) 0.6 V, (b) 0.7 V, and (c) 
0.8 V. (d) Comparative cyclic voltammograms of the electrode after 

AuNPs deposition, as compared to the blank patterned MoS2/ITO 

surface. (e) A calibration plot showing the reduction peak current of 
the deposited AuNP at 0.7 V is maximum, indicating the optimal 

electrodeposition potential is 0.7 V. 
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Figure 6.7 AFM analysis of the modified surface before (a) and after 10 sec-

180sec (b-h) of AuNPs deposition on patterned MoS2/ITO surface. 
181 

Figure 6.8 (a) Comparative cyclic voltammograms of the electrode after AuNPs 

deposition, as compared to the blank patterned MoS2/ITO surface. (b) 
A calibration plot showing the reduction peak current of the deposited 

AuNPs at 0.7 V is maximum, indicating the optimal electrodeposition 

potential is 0.7 V. 

181 

Figure 6.9 Electrochemical impedance analysis of the AuNP-MoS2/ITO 
patterned electrode with deposition time; (a) Nyquist plot, (b) Bode 

plot. 
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Figure 6.10 Electrochemical NRR of Au-NR/MoS2 in acidic medium a) 

Schematic representation of the performed experiment. b) LSV 

curves in 0.1 M HCl electrolyte saturated with Ar (pink) and N2 (blue) 
c) Time-dependent current density curves of Au-NR/MoS2 for NRR 

at different potentials for 2hrs. 

183 

Figure 6.11 (a) UV-vis absorption spectra of known concentrations of NH4Cl 

stained with indophenol indicator after 2hrs incubation time (b) 
Calibration curve for calculating NH3 concentration in the 

experiments (c) Series of NH4Cl solutions of known concentration 

stained with indophenol indicator. 

184 

Figure 6.12 (a) UV-vis absorption spectra of known concentrations of N2H4 

stained with coloring reagent (p-C9H11NO, HCl, and C2H5OH) after 
15 mins incubation time (b) Calibration curve for calculating N2H4 

concentration in the experiments (c) Series of N2H4 solutions of 

known concentration stained with coloring reagent. 

185 

Figure 6.13  a) UV-vis absorption spectra of the electrolyte (0.1 M HCl) stained 
with indophenol indicator at different potentials after 2hrs from the 

completion of electrocatalysis of Au-NR/MoS2 b) Average NH3 yield 

rates and Faradaic efficiencies of Au-NR/MoS2 at different potentials 

in 0.1 M HCl 
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Figure 6.14 UV-vis absorption spectra of the electrolyte (0.1M HCl) stained with 
indophenol indicator for controlled samples like Bare ITO, only 

MoS2, patterned MoS2 and Au-NR/MoS2 after 2hrs incubation time 

from the completion of electrocatalysis at -0.1 V. 
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Figure 6.15 (a) UV-vis absorption spectra of the electrolytes stained with coloring 

reagent (p-C9H11NO, HCl, and C2H5OH) after 15 mins incubation 
after NRR on Au-patterned MoS2 and different controlled samples (b) 

UV-vis absorption spectra of the electrolytes stained with coloring 

reagent (p-C9H11NO, HCl, and C2H5OH) after 15 mins incubation 

after NRR on Au-patterned MoS2 at different potentials in N2 and Ar 

saturated environments. 
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Figure 6.16 Average NH3 yield rates and Faradaic efficiencies of Bare ITO, only 

MoS2, patterned MoS2 and Au-NR/MoS2 at -0.1V in 0.1M HCl. 
188 

Figure 6.17 NRR performance map of various catalysts with performance of our 

Au-NR/MoS2. 
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ABSTRACT 

Over the past decades, micro/nanostructures have engrossed a tremendous interest 

owing to its exceptional features and functional capabilities for extensive development 

possibilities in the field of nanotechnology. In recent years, the emergence of 2D 

layered materials has attracted immense research and industrial interest due to their 

promising layered dependent optical and electronic properties, which opens an 

unprecedented prospect of next-generation miniaturized and atomic-scale thin 

nanoelectronic, spintronics, memory devices, bio and chemical sensors platform, etc.  

Nanostructures of 2D layered materials exhibit an immense scientific value 

perspective of extending and improving the next generation miniaturized 

multifunctional devices based on 2D-layered materials. Molybdenum Disulfide 

(MoS2) is emerging as a most promising candidate in all 2D layered materials and can 

be a potential candidate for exploring its nanostructures owing its exotic physical 

properties such as layered dependent band transition from indirect to direct, valley 

hall effect, excitonic properties, strong spin-orbit coupling, valley-selective circular 

dichroism, and stacking sequence-dependent properties. Nanostructuring on MoS2, 

i.e., nanoribbons, nanomesh, etc., may open a new prospect of applications in the field 

of optoelectronic devices, sensing and catalysis due to their unexplored promising 

optical and electronic properties over the regular 2D configuration. The creation of 

these complicated nanostructures can be achieved by using standard nanopatterning 

techniques such as lithography, printing, etc. However, these conventional techniques 

involve affluent multistep processes to optimize scalability, form factors, and 

accuracy in the feature size, which hampers the controlled and rapid prototyping of 

preferred nanostructures and poses challenges in this perspective. 

In this thesis, we have addressed this key issue, notably the controlled 

micro/nanostructuring of MoS2, using a reliable and simple approach to investigate 

the induced functionalities and exploring its potential applications.  However, the 

identification of layer numbers with accurate thickness is a key prerequisite before 

carrying out the micro/nanostructuring of MoS2. Firstly, we have presented a 

comprehensive and precise technique for thickness (layer number) determination of 

2D flakes by spectroscopic mapping of white light reflection from the flake instead of 

following the conventional crude way of optical image analysis through RGB filters. 

This process provides information about the spectral dependency of the optical 
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contrast in the full visible range. It defines the spectral range of filters to be selected 

for optimized contrast imaging and provides an optical mean for accurate thickness 

measurements. 

Further, we have discussed the crucial role of selectivity of effective electric field 

direction for tailoring the optical and electronic properties of 2D MoS2 flake on 

account of its effectiveness to perturb the low dimension lattice structure. The 

direction-dependent electric field-induced modulation in the phonon characteristics 

and electronic band structure of MoS2 has been systematically investigated based on 

field responsive Raman and photoluminescence measurements. The atomistic insights 

obtained from DFT calculations have been correlated with the experimental 

observations to elucidate the underlying mechanism. The applied transverse electric 

field is found to be significantly more efficacious than the electric field applied 

vertically in altering the phonon signatures and bandgap in MoS2, where the 

electrostrictive response is found to arise from the field-induced alteration in metal-

chalcogen interatomic bonds. 

We have demonstrated a simple one-step approach to create nanostructures (such as 

nanoribbons and nanomesh) on MoS2 flake of desired geometries and location by 

using 532 nm low power-focused laser of a Raman Confocal Microscope.  We have 

discussed the controlling parameters for precise nanostructuring along with a detailed 

description of the void shape and its correlation with the crystal orientation of the 

plane of flake. The minimum feature size of the nonpatterns achieved in this technique 

is   ̴ 300 nm, which is close to the diffraction limit of the laser used (532 nm). Using 

AFM, Raman spectroscopy and DFT modeling, an in-depth investigation has been 

carried out to understand the nature and mechanism of the void formation. The study 

shows that void always takes hexagonal or triangular shape, and the periphery of 

hexagonal void lies on S atoms, whereas, for the triangular void, it lies on Mo atoms 

of the MoS2 crystal. This approach is more advantageous than prior reported 

techniques in terms of its single one-step process, easy to use, no cleanroom facilities 

requirement, accuracy, and controllability over designing. 

We have demonstrated the unperturbed capacitive behavior of MoS2 nanostructure 

using Electrostatic force microscope (EFM). The comprehensive study on MoS2 

nanostructures at varying tip bias voltage and lift height depicts the prominent change 
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in phase shift at the patterned area rather than the contrast flip in-phase image of the 

patterned nanostructure due to the absence of free surface charges. Such phase 

changes at patterned nanostructure signify the capacitive interaction between tip and 

nanostructures at varying tip bias voltage and lift height, irrespective of their shape 

and size. Such capacitive response of MoS2 nanostructures offers periodic modulation 

of capacitance on 2D MoS2 flake for potential application in capacitive devices. 

We have explored various applications of MoS2 nanostructure, fabricated by simple 

low power-focused laser irradiation techniques. Optimized geometry of these 

nanostructures, along with selective deposition of gold nanoparticles (AuNP), 

demonstrates ultrasensitive Surface-Enhanced Raman Scattering (SERS) with 

localized hotspots. Detailed Raman analysis shows that AuNP decorated MoS2 

nanostructure creates hotspots at the edges of the nanostructure, where enhanced 

Raman signal of Rhodamine B is detected. Density functional theory (DFT) 

calculations have been conducted to comprehend the superior deposition of AuNPs 

and the formation of hotspots along the artificial edges. We have demonstrated the 

ultrasensitive detection of RhB with SERS enhancement (~104) at the hotspots for 

RhB concentrations as low as ~10-10 M. The AuNP decorated MoS2 nanostructure-

based SERS platform opens a new avenue to the controllable hotspots formation of 

desired geometry and location with high detection capability. 

The formation of the artificial edges on MoS2 flake via low power-focused laser 

irradiation facilitates the active catalytic sites along the edges of the nanostructures 

for the electrochemical deposition of gold nanoparticles (AuNPs).  We have 

demonstrated a comprehensive investigation of catalytic activities favorable for 

electrochemical deposition of AuNPs on created artificial edges of MoS2 and tested 

its efficiency for electrochemical reduction of dinitrogen into ammonia under ambient 

conditions. The freshly engineered active sites on MoS2 flake are exposed in gold 

chloride solution at different deposition time and potential to optimize the key factors 

for the superior deposition of Au. The preferentially deposited AuNPs on MoS2 is 

being used as electrocatalyst for nitrogen fixation, which exhibits a high ammonia 

yield of 21.6×10-8 mol s-1 cm-2 with faradaic efficiency of 4.37% at low over potential 

of -0.1 V as compared to prior reports. By this facile and proficient approach, active 

catalytic sites can be customized to desired geometry and quantity on MoS2 flake, 

which paves a new perspective of engineering catalytic active sites to design potent 
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electrocatalysts for enhancing the sensitivity in electrocatalytic reaction based on 

MoS2. 

In summary, this thesis demonstrates a simple, rapid, and reliable approach to 

fabricate the nanostructures on MoS2 in a controlled manner of desired shape and size 

using a low power-focused laser etching process along with their practical 

applications. Our findings offer a comprehensive platform to explore wide range 

applications of MoS2 based nanostructures in the field of surface plasmon resonance 

sensing, FET based bio-chemical sensing, opto-electronic, photonics and so on. 
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“There’s Plenty of Room at the Bottom” 
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1.1 Nanostructures in nature 

The famous lecture called “there’s Plenty of Room at the Bottom” by Richard Feynman, 

Noble Laureate in Physics, stirred the new frontier in the research area of fabrication of 

micro/nanostructuring in 1959.1 Over the past years, many existing ordered 

micro/nanostructuring in nature and their intriguing physical properties have been 

explored by researchers to understand their features, as shown in the figure 1.1. 2,3,4 

 

Figure 1.1 Examples of natural micro/nanostructuring structures existing in nature along 

with their implementation in today’s technology. a) Shows moth’s eye (top) having 

nanostructure surface (middle) and its implementation in antireflective applications. b) 

Legs of water strider having pillar type structure (center) and artificially designed for 

self-cleaning and anti-fogging application (last) c) Butterfly’ wing with the structural 

colored surface (middle) having applications in many fields of vision. d) Shark’s surfaces 

have mechanical/aerodynamic properties. e) Adhesive properties from the surface of 

Gecko’s feet. 2 

 

For an instance, the subwavelength structuring on the surface of the moth’s eyes plays a 

role in eradicating the reflections of visible light. It provides the antireflective ability, as 

shown in the figure 1.1a.2 Artificially, these structures are engineered for potential 

applications in new informational displays systems in automobiles.  The concept of super-

hydrophobicity stimulated from the microstructure, such as nano-papilla morphologies on 

lotus leave and needle-shaped seta on water strider legs (figure 1.1b).3,4 Super-

hydrophobicity is a phenomenon where water cannot wet the surface it rests on, i.e., non-

wetting effect. Such an effect is observed on these natural biologic surfaces, where water 

droplets form a spherical shape and hence minimize the contact surface area. This idea is 

a) b) c) d) e)
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used for self-cleaning, anti-fogging, applications in day to day life. 5,6 The structural 

colored surfaces, originating from optical processes (diffraction and interference) in 

butterfly wings has attracted considerable interest in many fields such as displays, 

cosmetics, and textile industries (figure 1.1c).7,8,9 There are other natural examples of 

micro/nanostructuring, i.e. bionic skin of sharks and sticky microstructures of Gecko’s 

feet, which have widely inspired scientific feternity for micro/nanostructuring materials 

and films to induce novel functionalities.10-15  

 

1.2 Nanostructures in nanotechnology  

 

Figure 1.2 Applications of artificial micro/nanostructuring. a) Patterned 3-inch silicon 

wafer with pillar array of the hexagonal lattice with different period 500 nm (SEM image 

A), 900nm ( SEM image B) and 700 nm (SEM image C) showing color contrast variation 

due to different period of pillar arrays. The scale bars are 1 𝜇𝑚. b) Non-linear hologram 

made of nanopatterned tungsten disulfide (WS2) monolayer. c) Showing 3D herringbone 

nanopatterned microfluidic chip for detection of cancer (circulating exosomes). 35,26,34 

Artificial micro/nanostructuring has found ample efficacy in the field of nanoscience and 

technology owing to its unique dimensions, features, and physical properties as compared 

to bulk counterparts (figure 1.2).16 Artificial structuring at micro/nanoscale tends to 

modify or induced novel functionalities in the materials; hence, it has attracted significant 

attention in the scientific community towards wide-ranging development prospects in 

almost every field of research. Artificially nanostructuring has already shown numerous 

applications in the field of optics, photonics, biochemical sensing, optoelectronics, 
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micro/nanofluidics, surface plasmon resonance, biomedical, and so on. 17-20 For instance, 

nanocrystal copper shows five times more hardness as compared to its bulk materials. 21 

In the field of bioscience, the artificial nanostructuring facilities to mimic biological 

environments. 22,23 The interaction of light with nanostructures has offered a new 

panorama in the field of photonics and optics, such as photonic crystals, optical antennas, 

anti-reflecting coatings, diffraction gratings, Surface Enhanced Raman Scattering (SERS) 

substrates. 24-30 Nanostructuring plays a crucial role in optoelectronic applications, offers 

spatially controlled and structural modulation. The 3D micro/nanopatterning has been 

constructed to improve the mechanical strength of materials.31 It has provided a new 

insight into the field of micro/nanofluidic devices to bring out promising properties via 

manipulating fluid in micro/nano channels. 32-35 Few such examples of nanostructuring are 

shown in figure 1.2, where figure 1.2a shows the optical interference on patterned array 

of pillar hexagonal structures on different period.  Figure 1.2b shows the optical 

applications of nanopatterning, representing non- linear hologram made of patterned 

transition metal dichalcogenide (TMD). Figure 1.2c shows biosensors fabrication via 

patterning on microfluidic chip for cancer detection. 

  

1.3 Advantages of nanostructures  

Nanostructures have gained incredible interest due to alterations occurrences in their 

physical properties from their bulk counterpart.38-55 Hence, nanostructures are essential 

for fundamental science and practical applications. Over the past years, the most 

commonly studied nanostructures are metallic nanoparticles, carbon-based 

nanostructures, quantum dots and biological nanostructures.38-42 The formation of 

nanostructures enhances the reaction activities due to an increase in surface to volume 

ratio. The surface to volume ratio increases going from bulk to nanostructures due to 

reduction in the size of particles, which is useful as catalysis and surface absorption for 

various industrial applications. The strong confinement of electrons takes place in 

nanostructures as compared to their bulk forms, which causes changes in electronic 

structure, transport properties.39-40 Figure 1.3a shows the changes in dimensions of 

materials, confinement, and density of states in different nanostructures and bulk. The 

atomic orbitals of the constituent atoms, lattice constant, and symmetry of the materials 

decide the electronic band structure of materials. In general, the electrons in conduction 

band are delocalized in infinite periodic potentials. However in case of nanostructures of 

different dimensions (2D, 1D and 0D), confinement of electrons along particular 
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dimensions can take place. For an instance, in the nanowire, electrons are confined in two 

directions and free to move in one dimension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 a) Table representing the comparison of bulk materials and nanostructures b) 

Schematic representation of electron confinement or delocalization from atom to bulk.c) 

Localized surface plasmon on the metal nanoparticle surface. The + sign represents the 

low densities while – sign for high densities. 37 

 

Figure 1.3b represents the electrons confinement evolving from atomic structure to bulk. 

With nanostructuring, the number of energy states or crystal orbitals can also get change 

due to electron confinement as represented in figure 1.3b. In the bulk state, the energy 

states are available in large numbers in the valence and conduction bands and distribution 

of those energy states is continuous within the bands. However, the energy distribution of 

those states do not remain in continuous form; instead shows discreteness in energy bands 

for nanostructures of different dimensions. To understand the electronic band structures 

of the nanostructures in reduced sizes, ‘particle in a box’ (1D, 2D, 3D) models are 

considered for quantum wells, wires, and quantum dots, respectively. The 0D 

nanoparticles show discrete energy levels, where each level can accommodate a finite 

number of electrons according to Pauli’s exclusion principle and degeneracy of energy 

states.  The modification in electronic structure also provide the accessibility to tune the 

optical processes such as light absorption and emission. Hence the quantum confinement 

effect in the nanostructures provides tunability in optoelectronic properties such as 

photoconductivity, transistors, photoemission, and photovoltaic and so on, which has led 

c) 

b) 

a) 
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to many commercial applications such as LED, solid-state lasers, and photodetectors. 

Metallic nanostructures show the high capability to couple with electromagnetic radiation, 

which leads collective electron oscillations at specific metal-dielectric interfaces, called 

surface plasmon modes. The surface plasmon modes raise the following features 1) 

extensive field enhancement and 2) extremely tight spatial confinement of light energy.  

The enhanced light-matter interaction is advantageous to many applications in chemical 

and bio-detection with optical techniques, photodetectors, and solar cells. The metal 

nanoparticle surfaces exhibit localized surface plasmons, which are much smaller than the 

wavelength of excitation and strongly confined electrons oscillations that cannot 

propagate (figure 1.3c). The localized surface plasmons strongly depend on the shape, 

size, and dielectric functions of both metal and dielectric surroundings. The plasmonic of 

metallic nanostructures has prominent applications in surface enhanced Raman 

spectroscopy.  

 

1.4 Methods of nanostructuring 

 

Figure 1.4 Representing the top down and bottom up approaches to create 

micro/nanostructures and their characteristics lengths scales.37 
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Nanostructuring are executed via two approaches i.e. top-down and bottom-up, as shown 

in figure 1.4. The surface nanostructures are often created by the advanced lithography 

techniques, which involve material etching (removal) and material deposition (metals, 

oxides, etc.), generally known as top-down fabrication of nanostructures. 56-61 

Alternatively, the nanostructured materials are mainly achieved by chemical synthesis, 

where the assembly of atoms or molecules leads the material formation with one, two, or 

three dimensions at the nanoscale. Further, these nanostructured materials can be 

accumulated into larger super lattices. This approach of creating nanostructures and 

nanomaterials from the assembly of atoms and molecules is referred to as the bottom-up 

technique.  

 

1.4.1 Top down approach  

In the top-down technique, the nanostructures of desired geometry in the nm scale can be 

crafted using lithography techniques, where the type of exposure (electron beam 

lithography or photolithography) and photoresist type are  chosen as per as the feature 

size of the patterns. Lithography imitates the structures/patterns using positive and 

negative masks into underlying substrates and it is a hybrid approach in which etching is 

top-down, and the growth of nano layers is bottom-up.  

 

1.4.1.1 Photolithography  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5 Schematic representing the photolithography process using both negative and 

positive resist.65 
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Photolithography is a standard and widely used technique in modern microelectronic 

fabrication, which works on the principle of imaging a structure printed in a lithographic 

mask onto a deposited resist (light-sensitive) on a substrate. In this method, the optical 

light of UV –light source is used for the etching process; due to which this technique is 

also referred to as optical or UV lithography.  Since 1960, this technique is commercially 

used in semiconductor industries for the production of patterned circuits and devices. This 

process involves the following steps (shown in figure 1.5): the first deposition of 

photoresist on the substrate, then the substrate is exposed to UV radiation, which modifies 

the molecular structure of the photoresist while placing the mask of the pattern. After 

exposure, the photoresist etching process is carried out by immersing the patterned 

substrate in a developer solution. The role of developing solution is to dissolve away the 

areas of the photoresist exposed to light. The figure 1.5 shows the steps of the 

photolithography process, where UV light is illuminated through a patterned mask onto 

the coated photoresist substrate to create the desire patterns on the photoresist deposited 

substrate. 63 The photoresist is the key factor in the lithography process.  There are two 

types of resist, i.e., positive and negative, which are used to pattern a nanostructure on the 

substrate. In the case of positive photoresist, the exposed area of the materials becomes 

soft and remove after the development process, whereas areas exposed to the light become 

hard and remain behind after the development in case of using negative photoresist (see 

figure 1.5). 64 Photolithography can be executed into two modes, i.e., projection mode and 

contact mode. In the case of projection mode, the pattern structures are projected on the 

surface of photoresist, where UV wavelength as a light source is used to expose the pattern 

on the deposited photoresist. In this technique, designs are transferred on a substrate by 

optical means. The resolution of the nanostructures are limited by the Abbe-Rayleigh 

criterion: dmin= 0.61
λ

NA
, where dmin is the minimal size of a structure illuminated with a 

point light source with wavelength λ, and NA is the numerical aperture of the objective. 

65-67 Hence, high numerical apertures and short wavelengths are used for small structures. 

In contact mode of photolithography, the shadows of photomask patterns are directly cast 

on a coated photoresist layer that is in contact with or in close proximity to the photomask. 

The primary issue in this method is the contact between the photomask and photoresist, 

which causes defects and potential contamination and damage to the photomask.  A facile 

approach by combining photolithographic and molecular- assembly has been developed 

by Falconner et al. to attain functional micropatterns for applications in biosciences. 68 

Zhang et al. have fabricated nanoscale patterns on inorganic substrates using 

photolithography, where patterns are functionalized with the hydroxyl group to bind the 
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DNA structure. 69 The photolithography approach has been developed using phase 

transited lysozyme as the resist to form protein patterns.  Luo et al. demonstrated the 

fabrication of sub-wavelength periodic structure on resist layer with metallic photonic 

crystal slabs to enhance the surface plasmon characteristics. 70 The major impediment of 

this technique is the resolution limit of the structures. Extensive efforts have been made 

in the past three decades in order to overcome the resolution limit and attain high-

resolution structures at the nanoscale. It includes the altering of the exposure sources from 

UV light to Ar fluoride and fluorine laser (wavelength of 193 and 157 nm). 

 

1.4.1.2 Electron beam lithography 

 

Figure 1.6 a) Schematic for patterning the resist. b) Shows the patterning transfer process 

by etching and lift-off process.73 

Currently, the most preferred technique is electron beam lithography for product 

development, in which a focused beam of electrons or ions is used to directly pattern the 

surface covered with the resist (electron sensitive).71-73 On comparing with 

photolithography, e-beam is utilized here instead of a visible UV light source in this 

lithography process. Similar to UV light, the exposure of electron beam changes the 

chemical characteristics or the solubility of the resist, which enables the removal of either 

exposed or unexposed areas of resist (figure 1.6a).  Further, metal deposition is done to 

attain final patterned structures.  In e-beam lithography process, the pattern can be 

transferred via two ways i.e. by etching or lift off as shown in figure 1.6b. The use of an 

electron beam as an exposure source offers the patterning capability at the nanoscale and 

spatial resolution up to several nanometers. This technique has resolved the problem of 

resolution limit caused by using a light source in the photolithography process. However, 

low throughput, multistep procedure, and complexity of instrumentation are the 

limitations of this technique. Here, some examples of using this technique for various 

applications purposes are presented. For an instance, the preparation of some patterned 

a) b)
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biological surfaces has been demonstrated, in which the functionalized poly-ethylene 

glycol (PEG) film was etched into patterns to cross-link it with silicon substrate by e-

beam for protein patterning. 74,75 The fabrication of field emitter arrays based on CNTs 

grown on a silicon p-n junction has been reported by Tanaka et al. 76 This technique is 

beneficial for developing biochips, photonics devices, biological handling devices at µm 

and nm scale. The multi-processing steps, along with requisite conditions such as vacuum, 

photoresist in the available techniques, are a significant hindrance for forming the desired 

shape and size of nanostructures. 

 

1.4.2 Bottom-Up approach  

The bottom-up approach is mainly used for the fabrication of bulk nanostructures. The 

bottom-up techniques involve intermolecular interaction such as hydrophobic interaction, 

columbic interaction at a nanometric scale to build fundamental units into larger 

assemblies. 77-81 It consists of growth assembly, chemical synthesis, self-assembly of 

materials into nanostructures with various orders such as organic macromolecule, 

nanoparticles, and nanotubes. This technique is used to attain high yield of nanostructures 

via self-assembly of atoms or molecules or nanoparticles. Over the past decade, several 

methods are being developed for realizing well-controlled and simple approach to attain 

the desirable micro/nanostructuring using this technique. There are various ways to 

achieve the nanostructures or nanomaterials in bottom up approach, among them 

molecular self-assembly and nanoparticles assembly routes are widely used. 

 

1.4.2.1 Molecular self-assembly 

In this method, molecules are assembled in a defined arrangement by intermolecular 

interaction, which usually involves the non-covalent interactions such as coulombic 

attraction/ repulsion, Vander Waals forces, hydrogen bonding, etc. 82-84 The formation of 

vesicles, micelles, and Langmuir monolayers by surfactant molecules are the common 

examples of this method. The self-assembly of lipids to form membranes, assembly of 

proteins to form quaternary structures, the formation of double-helical DNA via hydrogen 

bonding of individual strands are the examples in living biological systems. 85-88 However, 

due to the complexity of the driving forces for the spontaneous assembly of molecules, it 

is difficult to precisely control the nanostructures in this method. Figure 1.7 shows the 

example of molecular self-assembly of DNA structure. 
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Figure 1.7 Schematic of DNA structure (left) and self-assembly configuration visualized 

by atomic force microscope (right).82 

 
1.4.2.2 Nanoparticle self-assembly 

 

 

 

 

 

 

 

 

 

Figure 1.8 Gold nanoparticles self-assembly configuration. 89 

In this process, the monodisperse nanoparticles act as building blocks to form the 

superlattices, films or colloid crystals.89-91 The particles are spontaneously ensembles into 

ordered superstructures in two and three dimensions due to the interparticle interactions. 

The self-assembly of gold nanoparticles is shown in figure 1.8, shows the agglomeration 

of nanoparticles forming big spheres of gold nanoparticles. These self-assembled 

nanoparticles exhibit novel optical, magnetic, and electronic properties due to the 

interactions between excitons, surface plasmons, and magnetic moments of individual 

particles. 92 However, the precise control in synthesis, alignment, and spacing of 

individual particles are a significant impediment in this process. However, it is necessary 

100 nm

a)

a)
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to cultivate a new patterning method with robust, precise controllability and rapid 

prototyping to nurture the advancement in the field of nanotechnology. 

 

1.5 Significance of nanostructuring in 2-D layered materials 

To date, silicon plays a dominant role in the commercial-scale application of 

semiconductor and optoelectronics because of its high availability and high crystalline 

quality with precise dimension and composition control over the nm2 device area. 

However, it’s fundamental limits to scale down further while maintaining the device 

performance have directed to sought either supplement or replace silicon from industrial 

technology. 93 Over the past two decades, several such materials are investigated for 

replacing the silicon ranging from polymers and individual organic molecules to 

semiconducting nanowires and carbon nanotube. In recent years, two-dimensional (2D) 

layered materials open a new promising platform to drive the frontier of semiconductor 

technology beyond Moore’s law owing to its excellent electronic and optical properties, 

originating from the ultrathin layered structure. 94 Graphene was the first discovered real 

2D layered material, which elevated the attention of the scientific community towards the 

layered material. Till now, the family of 2-D layered materials exhibits the metallic, 

insulating, semiconducting, and superconducting properties, which make them realize for 

various optoelectronic devices. 95-104 Micro/nanostructuring of 2D materials is 

significantly essential for their precise processing and integration in complex integrated 

circuitry as well as designing of quantum confined devices, which allow us to explore the 

unique physical phenomena. 105-109  The nanostructuring process has facilitated the 

designing of various forms of logic gates and complex circuitry. Also, it leads to 

applications in biosensing, electrochemistry, solar cells and photodetectors, and so on. 110 

Several methods are employed for patterning 2D layered materials in which conventional 

lithography technique, i.e., e-beam lithography is widely used one. However, multistep 

and complex operation, low throughput, and high cost of instruments are the significant 

limitations of this technique. Moreover, there is a high chance of contamination in atomic 

thin 2D material due to the involvement of multistep to attain patterning with the 

nanoscale feature. Apart from this technique, there are other methods, which is used for 

nanopatterning such as thermal annealing, chemical etching and plasma etching. 111-115 

Clark et al. have demonstrated the nanopatterning on a few-layer Black phosphorous (BP) 

by using EBL, where BP is encapsulated with graphene or hexagonal born-nitride (hBN) 

to attain its stability in air.111 In contrast to the semiconducting behavior of BP, the 

patterned BP shows insulating behavior at 300 K and 4.3 K. The quantum confinement of 
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electrons and phase coherence lengths beyond 1 µm at 5K are observed in graphene 

patterned structures, created by standard nanolithography methods.116 Another report has 

presented a high photoresponse in nanopatterned MoTe2 based visible photodetector. 117 

Some examples are shown in figure 1.9, where 1.9a shows the nanoribbons formation on 

graphene sheet and “N” shaped patterns on exfoliated phosphorene is shown in figure 

1.9b. 

 

 

 

 

 

 

Figure 1.9 a) Optical image of patterned graphene on SiO2/Si substrate b) Optical image 

of ‘N’ patterned on a few-layers phosphorene.112,113 

 

1.5.1 Graphene  

In the family 2D-layered material, graphene was the first one ever produced 

experimentally by the scientist duo Andre Geim and Konstantin Novoselov in 2004.118,119 

Although, the theory of graphene was initially explored in 1947 by P.R. Wallace and the 

term graphene was first introduced by chemists Hanns-Peter Bohem in 1986. Graphene is 

the thinnest, lightest, and strongest material known to man, made of an arrangement of a 

2D matrix of carbon atoms in a hexagonal honeycomb structure. The discovery of 

graphene has opened an unprecedented opportunity towards the 2D optoelectronics at the 

atomic scale, owing to its promising physical properties. 120-124 However, despite having 

extraordinary physical and chemical properties such as optical transparency, flexibility, 

high mobility, and so on, the zero band gap limits its potential applications in 

semiconductor-based devices. Several efforts have been made so far for intentionally 

opening the band gap in graphene. In the light of interest to bandgap opening, the 

micro/nanostructuring has attracted a great deal of interest as proposing a reliable way 

towards the designing of next-generation semiconductor material. 125-128 It is reported that 

by structuring the graphene into nano-ribbons of sub-nm range using lithography 

patterning could lead a finite opening of the bandgap. 129-132 In the past decade, both top-

down and bottom-up approaches are employed to synthesis the nanostructures of 

Graphene Phosphorene 
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graphene with various edges structures and tunable ribbon width for attaining the 

promising electrical properties suitable for optoelectronic applications, which never exits 

in graphene. Graphene nano-ribbons/nanomesh exhibits peculiar optical properties as 

well as electronic structures.131-137 For an instance, armchair edge nano-ribbon shows 

semiconducting behavior, whose properties depend on ribbon width, whereas zig-zag 

nano-ribbons are metallic in nature due to spin-ordered state at the edges. 131,132 These 

distinctive features of graphene designated nano-ribbons in an armchair and zig-zag 

direction have elevated the interest in the science community to explore the anonymous 

functionalities induced in other 2D layered materials by means of micro/nanostructuring 

process. Stamper et al. have presented the energy gaps induced by quantum confinement 

in the patterned graphene nano-ribbons boundaries.133 Another report shows the room 

temperature based monolayer graphene nanomesh FET can support driving current 100 

times larger than the individual GNR device. 134 

 

 

 

   

 

 

 

 

 

 

 

 

Figure 1.10 a) Ethanol-based CVD grown graphene nanomesh onto SiO2/Si substrate and its 

application for detection of NO2 at room temperature (right). It shows the comparison of sensor 

response of methane-based graphene nanomesh (gCH4) and ethanol-based graphene nanomesh  

(EtOH) based device to 2 ppm NO2 detection. b) Optical image of SK-BR-3 cells seeded on the 

graphene nanomesh field-effect transistor biosensor (left) and schematic representation (right) 

of the biosensor’s detection of SK-BR-3 cells. 136,137 

 

The graphene nanomesh structures show reduced thermal conductivity of    ̴ 78 W.m-1.K-1 having 

maximum thermopower of    ̴ 520  µV.K-1 along with high carrier mobility due to the induced 

phonon edge scattering and quantum confinement of electron and phonon. 135 Figure 1.10a 

Cell  

detection 

a) 

b) 
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shows the graphene nanomesh applications for NO2 sensing at room temperature136, whereas 

figure 1.10b represents the graphene nanomesh based field effect transistor for detection of SK-

BR-3 cells.137 

 

1.5.2 Transition metal dichalcogenides (TMDs)  

Among 2D layered material, notably, transition metal dichalcogenides (TMDs), having 

semiconducting properties, have attracted immense research and industrial interest due to 

their promising layered dependent optical and electronic properties, which opens an 

unprecedented prospect of next-generation miniaturized and atomic-scale thin 

nanoelectronic, spintronics, memory devices, bio and chemical sensors platform, etc.138-

140 TMDs can be a potential candidate to replace the traditional bulk semiconductor, i.e., 

Si, used in modern electronics because of its excellent optoelectronic properties. Further, 

micro/nanostructuring of TMDs may lead to an improvement in their functionalities and 

miniaturization of functional devices based on it. Molybdenum Disulfide (MoS2) has 

drawn maximum interest of scientific community among all TMDs owing its exceptional 

direct bandgap, stacking sequence, and layer dependent properties, hence makes it a 

suitable material for exploring the unrevealed exotic properties induced by 

micro/nanostructuring process.    

 

1.6 Why MoS2?  

After the first exfoliation of graphene in 2004, Novoselvo, Geim, and their coworkers 

have demonstrated the monolayer exfoliation of other 2D layered material, i.e., MoS2 

using the same technique in 2005. 141 However, the unique properties of MoS2, such as the 

direct bandgap and strong photoluminescence was first discovered in 2010 by Heinz and 

Wang. 142,143 The first field-effect transistor of MoS2 was introduced in 2011, which shows 

that MoS2 exhibits fascinating electronic properties such as high carrier mobility and high 

current on/off ratio. 144 Due to having a similar electronic band structure to graphene along 

with the direct bandgap, Molybdenum Disulfide (MoS2) has created a buzz in the 

scientific community.  It exhibits an intrinsic direct bandgap in monolayer, which makes 

it more advantageous over graphene and broadens its applications in a wide range of 

optoelectronic devices. 145-147 The fascinating layer dependent optical and electrical 

properties have made it scientifically and industrially relevant. The strong 

photoluminescence signal, in the visible range, due to the direct bandgap casts a new light 

towards the development of highly efficient optoelectronic applications. The quantum 

confinement in 2D direction and reduced dielectric screening in monolayer MoS2 
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promotes the strong coulombic interaction, in turn, enables many-particle phenomena 

such excitons, trion, biexcitons and hence offers a new paradigm for excitonic physics. 

148-149 Due to its peculiar electronic band structure, it also exhibits a valley degree of 

freedom, which has sparked a new interest in the field of physics and opened a new 

exciting field, i.e., valleytronics. The valley selective optical excitation in MoS2 was first 

demonstrated in 2012. 150-152 The robust spin-orbit coupling and large exciton binding 

energies facilitate the novel prospects of tuning the electronic properties in this material.  

Other exciting features of this material are that the optical and electrical properties can be 

controllable via an external electric field, strain, pressure, and temperature, which can lead 

to the semiconductor to metal transition.153-159 The non-centrosymmetric in monolayer 

MoS2 owing to the lack of lattice inversion symmetry along with strong spin-orbit 

coupling leads to spin and valley degree of freedom, which nurtures a novel functionalities 

such as piezoelectricity, magnetoelectricity, valley hall effect, valley-selective circular 

dichroism, and non-linear optical properties. 160-165 

 

1.5.3 Crystal structure  

 

 

 

 

 

 

 

Figure 1.11 a) Schematic of crystal structures of MoS2, depicts three different polytypes 

structure -1T, 2H, and 3R. The orange circle represents sulfur, and the blue one is 

Molybdenum atom. The above part shows the top view of a single layer, and below one 

represents the lateral view, and the dashed line shows how both views match each other. 

b) The density of states for different polytypes, which shows splitting of Mo 4d orbitals 

under 1 T, 2H and 3R polytype. 168,170 

 

Monolayer MoS2 consists of hexagonal crystal structure similar to graphene, where one 

Mo atom sandwich between two S atoms with strong covalent bonding and in case of 

bulk, each layer of monolayer are weakly bonded to each other via Vander Waal’s force. 

The unit cell of monolayer consists of three atoms (one Mo and two S atoms), whereas 

a) b) 
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for bulk, it contains two symmetrically inequivalent S-Mo-S layers.166 The theoretically 

predicted thickness of monolayer MoS2 is   ̴ 0.65 nm, and it exhibits semiconducting, 

metallic, or superconducting properties depending on the different configurations. Bulk 

MoS2 has three different polytypes, namely 2H (hexagonal) phase, 1T (tetragonal) phase, 

3R (rhombohedral) phase, in which layers interact together in different stacking 

sequences, as shown in figure 1.11a.167-170 Among all three phases, 2H-MoS2 is the most 

stable configuration, having two layers per unit, entails hexagonal symmetry with trigonal 

prismatic coordination of Mo atom. In this configuration, six atoms of S covalently 

bonded with each Mo atom, and from the top view looks, it looks like that three S atom 

bonded with Mo atom. The bulk MoS2 in this configuration exhibits semiconducting 

properties due to the full occupation of d-orbitals. In the case of the 3R-MoS2 phase, each 

Mo atom is also bonded to six S atoms; however, it consists of 3 layers per unit cell having 

rhombohedral symmetry with trigonal prismatic coordination. The 1T-MoS2 polytypes 

contain a single layer per unit cell where Mo atoms coordinate in octahedral orientation 

with tetragonal symmetry. In this phase of MoS2, the bottom planes of atoms exhibit 60˚ 

of rotation with respect to top planes of S atoms. The 1T-MoS2 configuration is metastable 

and behaves as a metallic in nature, as shown in orbital diagram of 1T MoS2 in the figure 

1.11b. It shows the splitting of Mo 4d orbitals under 1 T, 2H and 3R polytype. The number 

of d-electrons of Mo atom decides the electronic nature of polytypes. Octahedral 

coordination results in two sets of degenerate orbitals 𝑑𝑧2,   𝑥2−𝑦2     and 𝑑𝑦𝑧,𝑥𝑧,𝑥𝑦, whereas 

in trigonal prismatic, it splits in three parts: 𝑑𝑧2  , 𝑑𝑥2−𝑦2,𝑥𝑦  and 𝑑𝑥𝑧,𝑦𝑧.170 The metallic 

1T-MoS2 exhibits better catalytic response, both edges and basal surface, rather than the 

semiconducting 2H-MoS2 phase, where only edges are catalytically active. 170 The bulk 

counterpart of MoS2 shows inversion symmetry, which causes loss of other promising 

properties such as piezoelectric and valleytronics in bulk form. However, 3R polytype 

exhibits inversion symmetry and preserve these properties for all numbers of layers.  
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1.5.4 Band structure  

 

 

 

 

 

 

Figure 1.12 a) Band structure diagram for monolayer and bulk MoS2, representing direct 

and indirect bandgap transition from monolayer to bulk with red arrow. 176 

In MoS2, each Mo atom, having six valence electrons (5s 4d shells), is bonded covalently 

to 6 S atoms. The 4d-Mo and 3p-S hybridized orbitals take part in chemical bonding.  The 

prevalently 4d-Mo orbitals play an important role in the formation of electronic states 

(highest VB and lowest CB).171 The bulk MoS2 reveals an indirect bandgap transition with 

a bandgap of 1.2 eV, which changes with reducing the number of layers due to quantum 

confinement and shows the direct bandgap transition of 1.8-1.9 eV for monolayer (shown 

in figure 1.12a). 172 The reason for variation in the band structure with a number of layers 

occurs due to inducing alteration in hybridization between d-orbitals of Mo and p-orbital 

of S atoms. 173 For bulk, valence band maximum lies at gamma point and minima of the 

conduction band at Q point (the low-symmetric point between gamma and K), whereas 

direct transition takes place from K point of the Brillouin zone (figure 1.12a). It is known 

that electronic bands do not depend on the interlayer coupling, i.e., independent of the 

thickness of the material. 174 However, the highest electronic states of the valence band 

near the gamma point are composed mainly by S-pz orbital and 𝑑𝑧2  orbital of Mo atom, 

which leads decrement in the energy of these states with decreasing interlayer coupling. 

It originates from the increment in the indirect bandgap at gamma point upon reducing 

the layer numbers. The electronic states (highest VB and lowest CB) at K-point are poised 

by the dxy and 𝑑𝑥2−𝑦2  orbitals, which are insensible to the thickness and makes the direct 

bandgap transition remains unaffected at K-point with layer numbers.175  

a)

b)
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1.6.3   Synthesis routes for MoS2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 Different preparation method of MoS2 a) mechanical exfoliation b) Liquid 

exfoliation method c) Chemical exfoliation method d) Chemical vapor deposition. 
178,181,182,184 

There is a variety of production ways, which vary from top-down to bottom-up 

approaches to synthesis the MoS2 material. 178-184 The top-down approach involves the 

following ways: a) mechanical exfoliation b) liquid exfoliation c) chemical exfoliation. 

In the case of the mechanical exfoliation method, an adhesive tape (scotch tape) is used 

to peel off the high crystalline sheets of MoS2 from single-crystal flakes, as shown in 

figure 1.13a.178 This is a well-known procedure to achieve high quality and defect-free 

sheets of MoS2, but it does not facilitate the controllability over the thickness and lateral 

size. It is a widely used method, especially for fabricating the electronic devices, because 

of its reliability and easy to use process. The liquid exfoliation method involves the 

exfoliation of MoS2 sheets in a suitable organic solvent (have surface energy comparable 

with MoS2) by ultra-sonication of bulk MoS2 powder (figure 1.13b). 179-181This method is 
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time-consuming as a time of sonication process may vary (more than 1 hr) to achieve the 

thin sheets, and also it leads meager yield along with a small size of sheets. Chemical 

exfoliation method is also known as lithium-based intercalation method, where layers of 

different thicknesses are exfoliated in liquid using the intercalation of MoS2 by ionic 

species, mainly lithium-ion (figure 1.13c). 182 This process can lead to a change in the 

electronic structure of MoS2, so rarely used for the fabrication of optoelectronic devices. 

Alternatively, the bottom up technique includes a chemical vapor deposition method, 

which incorporates vapor phase reaction of metal and ligand precursor while heating them 

at different temperatures.183,184 For the synthesis of MoS2,  MoO3 powder is used as a 

precursor, which is kept at a higher temperature zone (~700-900 °C), i.e., center zone, 

whereas another precursor, i.e., the Sulfur powder is placed at a lower temperature (~300 

°C), i.e., at the end zone, as shown in figure 1.13d. This method provides controllability 

over layers number and effective to attain the monolayers of a large area by controlling 

the deposition parameters such as temperature, gas flow, position of substrate etc.  

1.6.4 Identification and characterization of MoS2  

There are various techniques to identify and characterize the MoS2, such as an optical 

microscope, Raman spectroscopy, PL spectroscopy and atomic force microscope (AFM). 

1.6.4.1 Optical microscopy 

It is a widely used method to identify the single or multilayer flakes of MoS2 and also 

known as an optical contrast imaging technique. 185,186 In this technique, the sample is 

illuminated by white light in an optical microscope, and reflected light is recorded by 

CCD, which provides the information of brightness variation between sample and 

substrate. The thickness difference leads the variation in brightness (or change in 

grayscale from red, green and blue channels recorded by CCD), which in turn observable 

in the intensity of reflected light, as shown in figure 1.14. This method is easy and fast for 

identifying the layer number; however, it is limited for the identification of only one to 

three layers of MoS2.  
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Figure 1.14 Optical thickness determination of MoS2 a) Optical image of MoS2 b) 

Contrast value plot versus distance. 185 

1.6.4.2  Raman spectroscopy 

 This technique is a non-destructive technique and extensively used for the preliminary 

characterization of MoS2. It serves as the fingerprint of the material and facilitates the 

information about the layer dependent alteration in vibrational modes of MoS2. The 

Raman characteristics of monolayer MoS2 consists two significant peaks at 383 cm-1 and 

402 cm-1,
 respectively, as shown in figure 1.15.  187,188 The Raman spectra at the peak 

position of 383 cm-1 is associated with in-plane vibration, denoted as E1
2g mode, and the 

peak at 402 cm-1 represents the out-of-plane vibration, expressed as A1g mode. The E1
2g 

mode depicts the vibration of Mo and S atom in the in-plane direction, where A1g mode 

corresponds to S-S vibration in the out-of-plane direction. The behavior of these modes 

changes with layers number and, therefore, extensively used to probe the flake thickness 

by attaining the variation in peaks frequencies after synthesizing either chemical vapor 

deposition or scotch tape technique. The E1
2g mode shows a redshift and blue shift is 

observed in A1g mode with increasing the layer number. The stiffening of A1g occurs due 

to the increase in restoring forces acting on S-S atoms with increasing flake thickness, 

results in blue shifts. However, for E1
2g mode, long-range coulombic interactions come 

into picture owing to the interaction between Mo-S atoms rather than restoring force. In 

general, the difference in peaks frequencies provides the thickness estimation from 

monolayer to bulk. It is expected that if the difference in peak frequencies lies between  

18-19 cm-1
, it corresponds to the monolayer nature of flake.  If it varies from 20-24 cm-1,

 

then it depicts the bilayer to four-layer, and for bulk MoS2, the difference in peaks 

frequencies is expected to equal or more than 25 cm-1. Moreover, the information about 

the polytype of MoS2 can be probed using Raman spectroscopy because of different 

configurations of MoS2 in a different phase leads to the variation in the Raman spectra of 
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MoS2. In the case of the 1T-MoS2 phase, three characteristics peaks are also observed at 

156 (J1), 226 (J2), and 330 (J3) cm-1, respectively, apart from two signature peaks observed 

in 2H-MoS2 (i.e., 383 cm-1  and 402 cm-1). 189 

 

Figure 1.15 a) The vibrational modes of MoS2 b) Raman spectra of monolayer and Bulk 

MoS2, representing the peak frequencies differences for monolayer (18. 4 cm-1) and bulk 

(25.1 cm-1) MoS2 sheet. 190 

1.6.4.3 PL spectroscopy 

 It is an effective optical characterization technique for probing the evolution in the optical 

bandgap of the MoS2 upon varying layers number. It mainly gives information about the 

optical band gap and quasi-particles formation by many-body interactions such as 

excitons, trions, polarons and polaritons. The direct and indirect nature of bandgap in the 

case of monolayer and multilayer MoS2 causes to exhibit PL in the visible range. The 

multilayer MoS2 has an indirect band and gives the PL signal at 680 nm due to A exciton 

peak (shown in below figure 1.16a), which is very less intense (seems negligible) as 

compared to the direct bandgap of monolayer MoS2 as shown in below (figure 1.16b).  In 

the case of a monolayer MoS2, the strong PL signal arises due to the direct excitonic 

transitions at the K point of the Brillouin zone (figure 1.16b). 191,192 The energy band 

diagram representing the PL excitation process in monolayer, bilayer and bulk is shown 

in figure 1.16c, showing the formation of excitons and trion during PL process.  
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Figure 1.16 a) PL spectra for multilayer MoS2 b) Comparative PL spectra for monolayer 

and multilayer MoS2 represents the sharp peak for monolayer and negligible PL response 

for multilayer. c) Energy band diagram representing the PL response for monolayer, 

bilayer, and bulk MoS2, gives the information about A and B excitons. 193 

1.6.4.4 Atomic force microscopy 

 Scanning Probe Microscope (SPM) is the most reliable technique to identify the accurate 

thickness of MoS2 flake and characterizing its surface properties. SPM involves various 

modes such as Atomic force Microscope, Kelvin Probe Force Microscope, Electrostatic 

Force Microscope, Piezoelectric Force Microscope, Magnetic force microscope, and 

Conductive-AFM, which facilitates to study the various surface properties of the material 

such as roughness, thickness, dielectric/piezoelectric properties and so on. The thickness 

of monolayer MoS2 is expected to be 0.7-0.8 nm by analyzing the AFM height profile, as 

shown in figure 1.17a.  KPFM modes are apparently used for potential surface profiling 

and probing the band bending ((ohmic and Schottky barrier) at the metal and MoS2 

junction (figure 1.17b).  194,195 

c)
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Figure 1.17 a) AFM topography for MoS2 sheets, having monolayer to six layers and the 

height profile of marked red box in topography image is shown below, shows the thickness 

of bilayer as 1.55 nm. b) KPFM topography image of the same MoS2 Sheet shown in figure 

a, and the contact potential difference from the marked red box in figure b is given below, 

indicates the surface potential of -195 mW.194 

 

1.7 Prospect of nanostructuring on MoS2  

With current growing interest in MoS2, the sculpting of artificial micro/nanostructures on 

MoS2 sheets with desired structures and location is tempting over its 2D configuration 

since its remarkable properties are elusive to surface and layer dependent properties.  In 

the light of interest to nanostructuring on MoS2, the majority of efforts have been 

materialized by first-principle based theoretical simulation on MoS2 nanostructures such 

as nanomesh, nano-ribbons, which has anticipated fascinating properties of these 

nanostructures. It includes quantum confinement effect, edge conductivity, and exotic 

magnetic, photonic and non-linear optical response, and so on.196-200 It has been predicted 

that zig-zag nano-ribbons exhibits ferromagnetic and metallic behavior, while armchair 

nano-ribbons are semiconductors with non-magnetic properties.196 The electrical 

properties of MoS2 can be significantly tunable with varying the width and thickness of 

the ribbon. Nanostructuring of MoS2 into desirable geometry may also play a crucial role 

in modulating the transport and electronic properties of MoS2 based devices.  Periodic 
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MoS2 nanostructuring may foster peculiar optical properties and bring out new limelight 

in photonic crystals, optical sensors, antennas, surface plasmon resonance-based sensing, 

and SERS based substrates. Artificial nanostructuring of MoS2 may open a new prospect 

in the field of energy conversion applications and electrochemistry. Therefore, for 

reconnoitering such unprecedented opportunities, there is dire need to develop a   facile, 

rapid, and practical approach for control chiseling of micro/nanostructuring of desired 

shape and size on MoS2 sheets to utilizing its potential applications in the field of 

nanoscience.  

 

1.8  Challenges for MoS2 nanostructuring  

Despite having unprecedented potentials of MoS2 nanostructuring for versatile 

applications in various fields of science, an experimental materialization of MoS2 

nanostructuring has rarely been implemented due to the vulnerability of MoS2 to available 

micro-fabrication processes. There are various fabrications approaches for nanopatterning 

such as lithography, thermal annealing, plasma etching and chemical etching (figure 

1.18). 201-205 The lithography technique is a widely used technique for patterning in 

nanoscale dimensions, where optical lithography, e-beam lithography, stencil, and 

maskless lithography falls in this category. This process allows transferring of pattern into 

the substrate, which involves several steps such as coating of the substrate with light-

sensitive polymer, namely photoresist, exposure of resist, developing of exposed pattern, 

and so on. The fabrication of MoS2 nanostructures after the reaction of deposited Mo with 

H2S gas are shown in figure 1.18. Apart from this, essential environmental conditions are 

required to execute such an approach, which includes 100 cleanroom facilities, vacuum, 

strong acid or base solutions, maintain temperature, humidity, and so on. Dry etching 

technique has also been explored to synthesis the nanostructures via exposing MoS2 under 

Ar plasma (shown in figure 1.18c). This method requires complex instrumentation with a 

high vacuum environment and yields anisotropic structures, as shown in Raman mapping 

image in figure 1.18d. Another approach involves the chemical etching of MoS2 by 

different chemicals such as concentrated HNO3, in turn creates unparticular 

nanostructures. Figure 1.18e shows the etching of MoS2 using XeF2 as a reaction gas, in 

which anisotropic etching at the edges is clearly observable. The multiple-step, complex 

instrumentation, scalability, prerequisite environment, anisotropy patterning,  uses of 

chemicals and unwanted chemical doping are the major hitches in creating the desired 

shape of nanostructures with existing fabrication approaches. Therefore, it is utmost 
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necessary to develop such techniques, which makes the realization of MoS2 

nanostructuring easy and effective with precision.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18 a) Scanning electron microscope (SEM) image of formed MoS2 lines after 

reaction of as-deposited Mo with H2S gas and the high magnification image is shown in 

the inset panel. b) Circular rings of MoS2 nanostructures show the ability to form MoS2 

crystals in a curved shape. c) Optical image of patterned MoS2 via plasma etching. d) 

Raman mapping acquired at an in-plane peak position (E1
2g); the peak intensity variation 

is shown with insert cross-section profile across the patterned region. e) AFM topography 

of the hexagonal pit created by etching MoS2 using XeF2 as a reaction gas. 203,204,205 

 

1.9 Thesis layout 

Attaining rapid prototyping with precision to form desirable nanostructures is crucial and 

beneficial to draw out and develop the functionalities of MoS2, which hitherto poses a 

major challenge. Therefore, the controlled nanostructuring of MoS2 with a rapid 

prototyping process using simple, effective, and reliable technique becomes vital to 

evaluate their potential applications in the field of sensing, catalysis, and optoelectronic 

a) b) 

c) 

 
d) 

e) 

5 µm 
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performances. In recent years, the laser patterning technique has enticed wide attention 

for fabricating nanostructures and offers a new avenue for MoS2 nanostructuring to probe 

the induced/modify functionalities. In this approach, the interaction of laser tends to 

remove the materials and consequently creates nanostructures. However, the 

implementation of this technique for creating nanostructures is still in infancy and 

requisite to the extent of its execution on 2D layered material.  Recently, very few efforts 

are made in this direction, which is at the very rudimentary level and does not offer 

detailed insight into the etching mechanism and its controlling parameters. To achieving 

controllability over the void formation, it is dire need to comprehend the key factors 

playing a role for shape, size, etching rate, and orientation adopted by voids.  The narrative 

mentioned above serves as a robust inspiration for us to research controlled 

nanostructuring of MoS2 by low power-focused laser irradiation and to explore its 

potential applications.  

In chapter 4, we have demonstrated a comprehensive study on the precise sculpting of 

desired geometry nanostructures in desire location on MoS2 flakes via low power-focused 

laser irradiation technique. We have discussed the controlling parameters for precise 

nanostructuring along with a detailed description of the void shape and its correlation with 

the crystal orientation of the plane of flake. This approach is more advantageous than 

other micro/nanostructuring methods in terms of its simple equipmentation, easy to use, 

no cleanroom facilities requirement, accuracy, and controllability over designing. We 

have also investigated the electrical properties of these nanostructures along with natural 

MoS2 flake. The surface of MoS2 exhibits the electrostatic properties mainly has a 

capacitive response. We have further demonstrated the potential application of MoS2 

nanostructures in SERS sensing and nitrogen fixation in chapter 5 and 6 of the thesis. We 

have investigated SERS and catalytic performance of nanostructured MoS2 decorated 

with gold nanoparticles (AuNP), which shows promising features such as visualization of 

localized hotspots and efficient electrochemical reduction of dinitrogen into ammonia 

under ambient conditions at low overpotential. 

The chapters are organized as follows- 

Chapter 2: Here, we describe the experimental details of used techniques for 

nanostructuring and various optoelectronic measurements that are used in this thesis. We 

have used both multilayer and monolayer MoS2, prepared via micromechanical and CVD 

technique. We have extensively used Raman confocal microscope and Atomic force 

Microscope for our experiments. The characterization has been done using various modes 
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of AFM, SEM, and TEM. Later, we have also described the nanofabrication technique for 

fabricating contact electrodes. 

Chapter 3: This chapter demonstrates a comprehensive spectroscopic mapping of white 

light reflection from 2D MoS2 flake of different thickness, which provides information 

about the spectral dependency of the optical contrast in the full visible range. Also, a 

comprehensive study on the effects of direction-dependent electric field on the 2D MoS2 

channel has been conducted via systematic investigations on its phonon characteristics 

and electronic band structure in two different gate configurations. Detailed Raman and 

PL measurements have been carried out to explore the impact of direction-dependent 

electric field on vibrational and electronic properties. DFT calculations are also conducted 

to validate the experimental results and understand the reason behind the induced 

modification under an external electric field.  

Chapter 4: Here, we have presented the fabrication of unique nanostructures on MoS2, 

such as nano-ribbons and nanomesh, by a simple one-step process of direct laser writing 

using 532 nm low power-focused laser. The shape of void, crystal orientation of MoS2 

flake and void are demonstrated by both the experimental and computational results. The 

in-depth analysis of the etching rate and its controlling parameters are investigated by 

AFM and Raman spectrometer. We have investigated the unique electrostatic properties 

of MoS2 nanostructures, fabricated in a controlled manner of different geometries on 2D 

flake by using a focused laser irradiation technique. Electrostatic force microscopy has 

been carried out on MoS2 nanostructures by varying tip bias voltage and lift height to 

investigate the electrical properties of nanostructures. 

Chapter 5: Here, we show that the spatial distribution of hotspots can be precisely 

controlled by creating “artificial edges” in monolayer (2D) MoS2. Laser-etching of MoS2 

generates artificial edges that strongly bind with gold nanoparticles (AuNPs). The 

comprehensive investigation of AuNPs decorated artificial edges of MoS2 nanostructure 

are done by Raman and AFM measurements. Raman mapping demonstrates that AuNPs 

produce hotspots only along the artificial edges of the nanostructure. We report 

ultrasensitive detection of Rhodamine B (RhB) for concentrations as low as ~10-10 M with 

SERS enhancement of order ~104 at the hotspots. Density functional theory (DFT) 

calculations have been conducted with the aim of comprehending the hotspots formation 

along the artificial edges. It indicates that conductance along the MoS2 flake’s edge 

rapidly increases upon Au adsorption at the edge; while in contrast, Au adsorption on the 

flake’s surface leaves its conductance unaltered. This results in enhancement of the local 

electric-field by incident photons, creating localized hotspots. The reported facile (single-
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step) process of focused laser irradiation technique can be used to generate arrays of SERS 

hotspots with unprecedented precision and control.  

Chapter 6: We have demonstrated a comprehensive investigation of catalytic activities 

favorable for electrochemical deposition of AuNPs on created artificial edges of MoS2 

and tested its efficiency for electrochemical reduction of nitrogen into ammonia under 

ambient conditions. The freshly engineered active sites on MoS2 flake are exposed in gold 

chloride solution at different electrolytes, deposition time and potential to optimize the 

critical factors for the superior deposition of Au. The preferentially deposited AuNPs on 

MoS2 is being used as electrocatalyst for nitrogen fixation, which exhibits a high ammonia 

yield of 21.6×10-8 mol s-1 cm-2 as compared to prior reports. The thorough study of AFM 

and Raman spectroscopy provides an in-depth insight into the possible reaction sites, i.e. 

in artificial edge sites of MoS2 flake. In overall, catalytic active sites can be customized 

to desired geometry and quantity on MoS2 flake, which paves a new perspective of 

engineering catalytic active sites to design potent electrocatalysts for enhancing the 

sensitivity and selectivity in electrocatalytic reaction based on MoS2. 

Chapter 7: In this chapter, an overview of the summary and future prospect is presented. 
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This chapter describes the brief overview of the synthesis method of MoS2 and basic 

fundamental of the nanofabrication characterization tools, microscopic and spectroscopic 

techniques used for carrying out the work included in this thesis. 

 

2.1 Synthesis method of MoS2 

There are several methods to synthesize the MoS2, which include top down to bottom up 

approach. Here, we have described those methods which we have used for this work.  

 

2.1.1 Micromechanical exfoliation technique 

In this technique, 2D flakes of MoS2 are peeled off from MoS2 crystal by using scotch 

tape and transferred to the other scotch tape to cleave the less numbers of layers as shown 

in figure 2.1. 1-3 This process is repeated several times until the thick flakes are thinned 

down to some extent and from the final tape, the flakes are transferred into the surface of 

desired substrate (i.e. SiO2/Si and ITO substrate). This process facilitates the transfer of 

few number of layers or multilayer of MoS2 on the substrate. This technique provides the 

best crystallinity of MoS2 sheet, having less defects.  After transferring the sample, optical 

microscope is used to identify the suitable flakes for material characterization and device 

fabrication.  

 

 

 

Figure 2.1 Represents the exfoliation of MoS2 flakes from the MoS2 crystal by scotch 

tape.1 

 
2.1.2 Chemical vapor deposition (CVD) technique 

We have used thermal CVD apparatus for the synthesis of monolayer MoS2.4 The 

available CVD system in our laboratory has heating zone of 12 cm, which consists of 

alumina tube of diameter 5.5 cm and length 30 cm. It can be operated up to 1000˚C and 

have proportional-integral-derivative (PID) controller. During deposition, the quartz tube 

of inner and outer diameter of 5 and 5.2 cm respectively and length of 60 cm is fitted 

inside the alumina tube. The inlet and outlet of quartz tube are fixed with couplers having 

gas inlets and outlet of quartz tube is connected with bubbler.  This technique involves 
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the vapor phase reaction of metal and ligand precursor after heating them at different 

temperatures. We have used Molybdenum trioxide (MoO3) powder as a precursor which 

was kept at heating zone (high temperature zone i.e. center) and Sulfur (S) was placed at 

lower temperature (i.e. end of the tube). The schematic of CVD reaction is shown in figure 

2.2a, where from the left side Ar gas is passed in the high temperature tube and carried 

the evaporated sulfur (kept at left end side) atoms towards the MoO3 precursor (placed at 

center). 5 The sulfur atom react with evaporated molybdenum oxide MoO2 and form the 

MoS2 sheet on the placed substrate above the crucible of MoO3. The temperature profile 

for MoS2 synthesis is also shown in figure 2.2b, which shows the temperature sets point 

for MoO3 and S for MoS2 synthesis. For the synthesis of monolayer MoS2 in our 

experiment, the MoO3 powder of 0.01mg is placed at the center of alumina ceramic boat 

and place at the center of the quartz tube (i.e. heating zone), and S of 1gm is placed at 

another alumina boat and kept at the end zone of the tube (low temperature). The SiO2/Si 

substrate is placed above the alumina boat, having MoO3 powder, at the center of quartz 

tube. Before starting the deposition, quartz tube is flushed by Argon (Ar) gas for 5 min. 

The deposition temperature for MoS2 was set as the temperature rises at the rate of 600˚ 

C/hr and hold at 680 ˚C for 10 min in Ar environment. When the temperature of furnaces 

reaches at 680 ˚C, MoO3 powder at heating zone starts to melt and at the same time S at 

the low temperature also starts to evaporate. The carrier gas Ar carries the vapor sources 

of S and MoO3 to the substrate, where MoO3 is reduced chemically by S and thus the 

synthesis of monolayer MoS2 takes place.  

 

Figure 2.2 a) Schematic depiction of the CVD experimental setup and the relative S, 

MoO3 and substrate positioning. b) Temperature profile of both precursor (MoO3 and S) 

depicting the temperature ramp rate with respect to time.5 
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2.2 Microscopic and spectroscopic techniques 

2.2.1 Raman spectroscopy 

Raman phenomena was first postulated in 1923 by Adolf Smekal and first experimentally 

demonstrated by Indian scientists CV Raman and his coworker Krishnan in 1928. In 1930, 

Raman won noble prize in physics for this discovery.6 Raman spectroscopy is very well 

known and non-destructive technique for the preliminary characterization of the 2D 

layered materials as it serves the fingerprint of the material. Raman scattering is an 

inelastic scattering process where the interaction of incident light (e.g., 532 nm laser) with 

materials leads the scattering of photons from material with different frequency from the 

incident photons. If scattered photons have same frequency as incident photons that is 

regarded as elastic or Rayleigh scattering, whereas if scattered photons have frequency 

less or more than the incident photons that is termed as Raman scattering (shown in figure 

2.3).  

 

 

 

 

 

 

 

Figure 2.3 Schematic illustration of Rayleigh, and Raman scattering phenomenon. 6 

If phonons are created during scattering process, i.e. energy transfer from incident photon 

to molecule, then frequency of the scattered photons would be less than the incident 

photons, called as the stoke frequency. 7-10  If the photon are absorbed (energy transfer 

from molecule to scattered photon) then frequency of scattered photons would increase 

than the incident photons, called as anti-stoke frequency. Compared to Rayleigh 

scattering, the probability of Raman scattering is very low, i.e. only one in every 106-108 

photons. For Raman active, the interaction of light with molecule should induces a 

polarization, which results in change in the polarizability ellipsoid. The symmetric 
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vibrations in the molecule causes the major variations in polarizability and leads to the 

high inelastic scattering.   

The phenomena of Raman scattering or effect can be understood by classical and quantum 

theory. 

 

2.2.1.1 Classical theory  

Raman effect can be easily understood by classical approach which is based upon 

polarizability of molecules. Polarizability of molecule is defined as induced distortion in 

electron cloud of molecule due to the external perturbation in form of electromagnetic 

field. Basically, the polarizability (α) is determined by molecular deformation (i.e. 

induced dipole moment) under the influence of electric field E. The induced electric 

dipole moment can be determined by the equation: P = αE. Due to the deformation, 

molecule start vibrating with different frequencies. To find these frequencies, we can 

consider that light has an oscillating electric field E: 9 

E =  E0 cos(ω0t)                            (1) 

where ω0 is the frequency of light. 

Then induced dipole      𝑃𝜌 =  αρσE0 cos(ω0t)                        (2) 

where αρσ represents the polarizability tensor of the molecule, corresponds to 

polarization of molecule in each direction. The polarizability depends on the shape of the 

molecule. Hence for small displacements, this term can be expanded as Taylor series in 

normal coordinates of molecule: 

αρσ(Q)  = (αρσ)0+ ∑ (
∂αρσ 

∂Qk
k )0Qk +….                 (3) 

Where, (αρσ)0 denotes the polarizability at equilibrium configuration and Qkis the kth 

normal mode coordinate of the molecule associated with vibrational frequency ωk. Since 

the normal modes are harmonic in nature so we can write it as  

Qk =  Qk0 cos(ωkt)                              (4) 

Hence, linear induced dipole would become after putting equation 3 and 4 in 2: 

Pρ
(0)

=  (αρσ)0 Eσ0 cos(ω0t) + ∑(
∂αρσ 

∂Qk
k

)0Qk0Eσ0 cos(ωkt)cos (ω0t) 

=(αρσ)0 Eσ0 cos(ω0t) + ∑ (
∂αρσ 

∂Qk
k )0

Qk0Eσ0

2
[cos(t (ω0 − ωk)) + cos(t (ω0 + ωk))] 

In this equation, we got three frequencies components i.e.  ω0 , ω0 − ωk and ω0 + ωk.  
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It indicates that the scattered light can have a frequency equal to the incident light, which 

is represented by  ω0 indicating Rayleigh frequency or less and more than the incident 

light called Raman frequencies. The other two frequencies in equation represents Raman 

frequencies, in which  ω0 − ωk corresponds to stokes and ω0 + ωk associated with 

antistokes Raman frequency. 

2.2.1.2 Quantum theory  

According to quantum theory, when photon is incident on the sample, the valence 

electrons are excited to the virtual state and goes back to valence band of different energy 

state (m) than the initial energy (n) state after absorbing or creating the phonons. 10-11 Let’s 

assume that v= velocity of the molecule, m= mass of molecule before collision with 

photon, Ei= energy of molecule before collision and hv= energy of incident photon. 

According of law of conservation of energy  

𝐸𝑖 +
1

2
𝑚𝑣2 + ℎ𝜈 =   𝐸𝑎 +

1

2
𝑚𝑣′2 + ℎ𝜈′              (1) 

Where, v’= velocity after the collision and 𝐸𝑎 is energy after the collision and 𝜈′ is 

frequency of photon after collision. The change in velocity is practically negligible, hence 

equation can be written as  

𝐸𝑖 + ℎ𝜈 =   𝐸𝑎 + ℎ𝜈′              (2) 

𝜈′ =  
𝜈+(𝐸𝑖− 𝐸𝑎)

ℎ
                (3) 

𝜈′ =  𝜈 + Δ𝜈                 (4) 

Case 1: If 𝐸𝑖=𝐸𝑎, then 𝜈′ =  𝜈 , indicates that photon simply scatter with same frequency 

as incident photon after interacting with molecule. This collision is elastic and 

corresponds to Rayleigh scattering. 

Case 2: If 𝐸𝑖 > 𝐸𝑎, then 𝜈′ >  𝜈, refers to the antistokes scattering, which means molecule 

was in excited state and transferred its intrinsic energy to incident photon (photon gains 

energy and molecule lose energy).  

Case 3: If 𝐸𝑖 < 𝐸𝑎, then 𝜈′ <  𝜈, indicates the stokes lines, means molecule gains some 

energy from the incident photon and consequently scattered with low energy. 
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Hence, the equation 4 provides the characteristic frequency 𝜈𝑐  of molecule via the energy 

difference between incident and scattered photon in Raman Effect. Then equation can be 

expressed as  

𝜈′ − 𝜈 =  ±𝜈𝑐  ≈  Δ𝜈 

 

Figure 2.4 Energy level diagram showing the state of Rayleigh and Raman scattering. 7 

Figure 2.4 shows the schematic of Raman scattering process. 10 The two vibrational states 

are shown i.e. m and n. In first event, if incident photon of frequency 𝜈 loses energy to 

the molecule while interaction and causing it go to an excited vibrational states (E0 + 

h𝜈𝜈𝑖𝑏  → E0). As a result, the scattered photon will have lower energy than the incident 

photon (called stokes Raman lines). In the second case, if molecule loses energy by going 

from higher state (E0 + h𝜈𝜈𝑖𝑏) to lower vibrational state (E0) then the scattered photons 

gains energy from molecule and have high energy called antistoke Raman lines. In room 

temperature, the vibrational ground state has more molecules so there is more probability 

that molecule gains energy from the incident photons during the interaction that’s why 

stokes Raman line has high intensity than antistokes Raman line.  Figure 2.5 shows the 

information, which can be find out through the analysis of the Raman spectra. 

(n)

(m)
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Figure 2.5 Information derived from a Raman spectrum. 8 

 
2.2.1.3 Confocal Raman microscope 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6   Schematic representing the components of confocal Raman microscope, 

especially the position of two blocking pin hole i.e. one after the laser source and other 

one after notch filter.14 

Confocality means that a small part of sample (instead of the entire surface) is illuminated 

by point shaped light source which is passed through an pinhole aperture and 
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backscattered light from the sample is spatially filtered through another pinhole aperture 

placed within the beam path.12-14 The role of pinhole is to eliminate the unfocussed light 

and increasing contrast and depth of field. Confocal Raman microscope provides the 

ability to spatially filter the analysis volume of the sample and thus enhances spatial 

resolution along xy-(lateral) and z-(depth) axis. It allows the high resolved visualization 

of sample and analysis with microscopic laser spot.13 In modern confocal Raman 

microscope, the excitation is passed through a laser line filter to block all unwanted 

wavelengths and then focused on the surface of the sample using objective lens, as shown 

in figure 2.6. The Rayleigh scattered light from the sample is blocked using dichroic 

mirror and a notch filter, which filtered the backscattered light. The remaining signal is 

then spatially filtered through blocking pinhole and passed into a spectrometer where 

Raman signal is recorded with CCD camera.14 

 

2.2.1.4   Raman mapping 

It is a way to attain a variation in spectral information from different points on area of the 

sample. A complete spectrum is acquired at each and every pixel of the image and then 

produce a false color image based on composition and structure of the material.15, 16 It 

provides the information about the change in Raman parameters with position such as 

intensity of particular band, peak positions. From Raman mapping data, we can get 

intensity mapping image at particular Raman band in the spectrum, crystallinity of the 

sample, distributions of Raman spectra across the sample as an image. Mainly, Raman 

intensity tells about the material composition and distribution, peak position yields 

information about molecular structure, phase, material stress and strain and width of peak 

gives the information of crystallinity and phase of the sample. The different composition 

of aspirin, caffeine and cellulose are clearly seen in the Raman mapping image of 

paracetamol in figure 2.7. Raman spectroscopy provides the discrete information about 

sample at distinct positions within the sample whereas Raman mapping gives information 

of sample coupled with spatial statistics. In Raman mapping, laser spots scan the 

investigated sample region with a preset set size (i.e. scan rate, scan per point or line) and 

obtain data from every set points.  Most important parameters for Raman mapping 

measurement are wavelength, power of laser, resolution of images and sample 

preparation. The intensity of scattered radiation is proportional to wavelength at the power 

of -4 ( ̴ λ-4) i.e. lower wavelength scatter more strongly than higher wavelengths. It means 

higher Raman intensity signals will be generated for shorter wavelength.  
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Figure 2.7  Raman mapping image of pharmaceutical tablet (0.6 x 2.4 mm2), shows the 

distribution of paracetamol (green),  aspirin (red) , caffeine (blue) and cellulose. 16 

We have used WITec alpha 300R Confocal Raman Microscope, which is equipped with 

upright optical Microscope (Zeiss) and have two laser line of Nd-YAG 532 nm and He-

Neon 633 nm respectively. The maximum laser power of 532 nm laser line can be attained 

upto 75 mW. We have used low laser power of 1mW for all measurement and for 

patterning 10 mW laser power is being used. The spot size of the laser is ~1μm. It also 

consists of programmable piezo x-y stage, which is used for patterning the nanostructure 

on MoS2 flake.  It also offers the Raman mapping of the sample, where 200 μm x 200 μm 

area can be mapped by varying the scan rate from 1 to 200 lines/scan. All the 

measurements has been carried out mostly at 20x and 100x objective using 532 nm laser 

line.  The backscattered light is collected through same objective and is recorded through 

CCD detector, but we have used filter to block the Rayleigh lines and acquire only Raman 

stokes lines. PL measurement has also been carried out using same confocal microscope 

just by changing the configuration from Raman to PL in the WITec control panel software.  

 

2.2.2   Photoluminescence (PL) spectroscopy 

Photoluminescence measurement is also one of the useful approach and non-destructive 

method for the characterization of 2D layered materials. PL is the phenomena in which 

emission of light takes place due to the irradiation of the sample with light. PL is used in 

the context of semiconductor material. When the incident light (i.e. photon) interact with 

material, the photoexcitation process takes place, where the absorption of photon leads to 

the excitation of the electrons from the valence band to conduction band, as described in 
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figure 2.8. This excitation process leads the electrons and holes with finite momenta in 

the conduction and valence bands. After relaxing in the conduction band, the electrons 

recombine with holes under emission of photons, which is detected and referred as PL 

spectra. There are two types of luminescence phenomena occur in semiconductor: 

radiative and non-radiative transition. 17-19  

Figure 2.8 Schematic representation of energy excitation process.  

 

2.2.2.1 Radiative transition 

When electrons excite from lower to higher energy state, it will probably occur radiative 

transition and this excitation phenomena will produce electron hole pairs in 

semiconductors. There are following basic transition possibility in case of radiative 

transition: band to band transition, free exciton transition, free to bound transition. Band-

to-band transition occurs mainly in direct bandgap materials where electron hole pairs 

will generate radiation recombination between conduction and valence band. This 

transition is the relationship of free electrons and holes. In free -exciton transition, electron 

and hole attract each other to form exciton due to which a narrow spectrum is generated.  

In Free- to- bound transition, emission of radiation takes place when a free electron (one 

unattached to an atom) is captured by an ion. The recombination (capture) may be to the 

ground state or to be an excited energy level. If it is from ground state, then photon with 

an energy greater than ionization potential of ion or atom is emitted and produce a band 

of continuous spectrum. In case of recombination occurs to an excited energy level, with 

emission of photon, the electron cascades down through the excited states to the ground 

state will produce emission lines characteristics of that ion or atom. 20 
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2.2.2.2 Non –radiative transition 

There are some possibilities of occurring non radiative transition which may compete with 

radiative recombination transition and effect negatively the luminescence response of 

materials. The non-radiative transition may occur due to following reasons: 

1) Thermal oscillations to generate phonons. 

2) Recombination on the surface state includes two dimensional dislocation, and 

agglomerative boundary which causes loss energy. 

3) Loss energy of trapped carriers will excite other carriers in the lattice and emit non-

radiative loss energy by Auger process. 

From the PL analysis, we can get the information about impurities level and defects 

detection, band gap, composition of compound from PL peak intensity. It also provide the 

information about quasiparticles interaction such as exciton, trion, interface morphology 

and quality of the materials. 

 

2.2.3 Atomic force microscopy (AFM) 

 

Figure 2.9 The Lennard-Jones-type potential plot showing Vander Waals force versus 

distance.23 
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 Atomic Force Microscope is most accurate technique for identifying the thickness profile 

of 2D layered material. This technique provides the information of the surface properties 

of materials, such as height, friction, roughness, surface potential, electrostatic properties, 

morphology etc. The tip in the cantilever, having curvature radius in nanometer range, is 

used to scan over the surface of the sample. The AFM topography of the sample can be 

acquired by using three type of modes i.e. contact mode, tapping mode and non-contact 

respectively. As the tip on the cantilever approaches close to the sample, the interatomic 

interaction takes place between tip and sample i.e. Vander Waals force. According to 

Lennard Jones Potential (Vander Waals force versus distance shown in figure 2.9), if the 

cantilever is close to the sample as a result the interatomic distance between the sample 

and the cantilever would be repulsive, that represents a contact mode (where deflection 

of cantilever is kept constant). 23 In non-contact mode, the tip is oscillated at resonance 

frequency and amplitude of oscillation is remain constant and tip experiences attractive 

forces with sample (distance between sample and tip is ̴ 10-100 Å). The tapping modes 

lies between contact and non-contact modes. The attractive interaction between sample 

and tip brings the cantilever towards the surface, whereas repulsive force deflects the 

cantilever away from the sample surface. The deflection induces on the cantilever due to 

the interatomic interaction is probed by the laser beam, where the position of reflected 

laser beam is spotted on position-sensitive photodetectors.  

 

2.2.3.1 Electrostatic force microscopy 

Electrostatic force microscopy (EFM) is an electrical mode in AFM to get the information 

about the surface electrostatic and dielectric properties of material/ sample. It provides 

the qualitative information on the electric field gradients of sample surface through the 

contrast related image. It operates in two modes i.e. frequency and amplitude modulation 

mode, here we will discuss about amplitude modulation mode, where cantilever having a 

thin electrically conductive coating is driven at its resonance frequency (similar to tapping 

mode). EFM operates via dual pass method in which cantilever scan the sample twice 

23,24,25  During first pass, it maps out the topography of the sample and in second pass, tip 

is lifted with some height (called lift height ranging from 0-150 nm) prescribed by the 

user and follows the contours of the topography but with a gap between tip and sample. 

It works on the principle of electrostatic interaction force, which is long range force, that’s 

why tip is lifted in some extent to measure the electrostatic force. It does not directly 

measure force but instead measures the force gradient. There are two types of interaction 
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takes place while interaction of tip with the sample i.e. coulombic interaction and 

capacitive interaction, expressed as   

F= 
qtqs

4πϵ0z2 + 
1

2
 
𝑑𝐶

𝑑𝑍
(𝑉𝑡𝑖𝑝 − 𝑉𝑐)2                (1) 

The 1st term of equation corresponds to the electrostatic force due to the Coulombic 

interaction between the tip and the sample, where qs is the surface charge; qt is the charge 

induced at the tip; z is the separation between tip and sample i.e. lift height; 𝑉𝑡𝑖𝑝  is the 

applied voltage to the tip and 𝑉𝑐is the contact voltage between tip and sample. 2nd term of 

equation (1) arises due to the capacitive interaction between the tip and sample.  It 

signifies the capacitance gradient which is quadratic in nature with the variation of   𝑉𝑡𝑖𝑝 . 

This quadratic variation of force with  𝑉𝑡𝑖𝑝 shows that generally the capacitive force is 

dominating over the Coulomb force which eventually exhibits parabolic response of the 

phase shift with   𝑉𝑡𝑖𝑝 . The phase shifts (Φ) due to the change in the cantilever oscillation 

are related to the force gradient in EFM, which is expressed by   

Φ= 
𝑄𝐹′

𝑘
 where 𝐹’ = 

𝑑𝐹

𝑑𝑍
= 

−qtqs

2πϵ0z3 +
1

2
 
𝜕𝐶2

𝜕𝑧2 (𝑉𝑡𝑖𝑝 − 𝑉𝑐)2       (from equ. 1) 

Φ=
𝑄𝐹′

𝑘
= 

−qtqs

2πϵ0z3

𝑄

𝑘
+

𝑄

2𝑘
 
𝜕𝐶2

𝜕𝑧2 (𝑉𝑡𝑖𝑝 −  𝑉𝑐)2                        (2) 

Where 𝐹’   is the force gradient,  k is the spring constant and Q is the quality factor. The 

phase shift (Φ) due to the capacitive interaction shows the parabolic response with   𝑉𝑡𝑖𝑝. 

The phase shift measured from EFM, provides the information about the force gradient 

between the tip and sample as it is directly proportional to the force gradient. Hence, our 

approach has been concentrated on phase mode rather than frequency mode of EFM in 

which improved resolution can be achieved by mapping the Φ of oscillating tip, induced 

by electrostatic force gradient. DC bias voltage is also applied to the tip along with the lift 

height so that electrostatic force shift the resonance frequency, amplitude and phase 

signal. The resulting EFM phase signal are mapped with topography, provides the 

correlation between sample surfaces with its electric properties.   EFM is used for 

electrical failure analysis, detecting trapped charges, mapping electric polarization, and 

performing electrical read/write. 

 

2.2.3.2 Conductive- atomic force microscopy (C-AFM) 

It is a secondary imaging mode derived from contact mode that characterizes variation of 

conductivity across the sample. In this mode, sample is mapped in contact mode with 

conductive probe, where tip is kept at one location while voltage/current are applied/read, 

or can be moved to investigated region of the sample under a constant voltage (and current 
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is collected).25,27,28 CAFM consists majorly three elements: 1) conductive tip 2) voltage 

source to apply potential between tip and sample 3) preamplifier to convert the analogical 

current to digital voltages that can be read by computer. For doing CAFM measurement, 

the sample is usually fixed on the sample holder using conductive paste (silver paste). 

When a potential difference is applied between tip and sample, electric field is generated 

and results in net current flows from tip to sample or vice versa. In this mode, conductivity 

of the sample can be measured point to point within the sample. It is used for electrical 

defect characterization, investigating conductivity on the surface of material.  

 

2.2.3.3 Kelvin probe force microscopy (KPFM) 

This electric mode of AFM is similar to EFM, which also requires a conductive probe to 

measure the surface potential of the sample. It gives the information about the work 

function of the sample, which is related to many surface phenomena, such as catalytic 

activity, reconstruction of surfaces, doping and band bending of semiconductor, charge 

trapping in dielectrics and so on.29 From the KPFM profile image, we can measure the 

contact potential difference (CPD) between different materials and quantitative 

measurement of surface potential of nanostructures. Here we will discuss dual pass setup, 

in which cantilever passes twice over the image. During first pass, tip is in contact with 

sample and map outs the topography in amplitude modulation mode, while in second pass, 

tip is lifted over the sample. In second pass, AC voltage is given to the probe at its 

resonance frequency in order to drive it. When sample surface potential is different from 

tip’s potential then resulting electrostatic force causes mechanical oscillation of the 

cantilever. Then DC voltage (chosen through potential feedback loop) is then applied to 

zero the difference in potential between tip and sample, which is recorded as contact 

potential difference from which surface potential can be obtained.30 

All the AFM scanning for topography study, height profile measurement of MoS2 and 

patterned nanostructure are done in tapping mode using Bruker Multimode 8 AFM with 

silicon cantilever from Bruker and Budget sensors (Tap 150Al-G).  Different scanning 

probe microscope (SPM) modes such Electrostatic force microscope (EFM), Kelvin 

Probe Force Microscope (KPFM), Conductive-AFM are also used for exploring the 

various electrical properties of patterned nanostructure on MoS2.  

 

2.2.4 Scanning electron microscopy (SEM) 
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In Scanning Electron Microscopy, the interaction of electron beam with the surface of the 

sample leads the production of secondary electrons, back scattered electrons or the 

characteristic X-rays., as shown in figure 2.10.31 The SEM images are generated by 

collecting the secondary and back scattered electrons, whereas characteristics X-rays are 

recorded for elemental analysis.32 SEM imaging provides the information about the 

surface morphology of the sample. We have used SEM to study the surface morphology 

of patterned nanostructure and the distribution of AuNPs on it. Energy Dispersive X-ray 

(EDX) mapping has been performed for the elemental analysis and locate the distribution 

of AuNPs on the patterned nanostructures. We have used Jeol SEM system, operating 

within 5-15 keV acceleration voltage to characterize the sample.  

 

 

 

 

 

 

 

 

 

 

Figure 2.10 represents the generation of electron signals while interaction of incident 

electron beam and the specimen surface. 31 

 

2.2.5 Transmission electron microscopy (TEM) 

Transmission Electron Microscope is one of the most widely used characterization 

technique, where a high energetic electron beam is interacted with ultrathin sample 

specimen to provide the quantitative and qualitative elemental analysis of a sample at 

(sub) nanometer scale. As the high energetic electron beam passes through the ultrathin 

sample in a high vacuum, the transmitted electrons are collected on a phosphor screen or 

through a camera (CCD) to form an image.  It provides a detailed information of real 

space (imaging mode) and reciprocal space (diffraction pattern) of the sample with high 

resolution and high magnification imaging. Figure 12 shows the projection of image on 

the screen in imaging and diffraction mode. The intermediate lens selects the back focal 

or the image plane of the objective lens as its object.The phase contrast image, also known 
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as high resolution transmission electron microscopy (HRTEM) formed due to interaction 

of beam with different part of sample originates differences in phases of transmitted 

electron waves, provides the information of crystallographic information of sample in real 

space.  The electron diffraction (ED) pattern are formed by inserting the selective area 

diffraction aperture in the image plane (preventing unscattered electrons) for selecting the 

area of diffraction and back focal plane is focused on screen.  The ED pattern provides 

the information of possible orientation and interplaner spacing of the sample.   

 

Figure 2.11 The two basic operations of a TEM: projecting the image on the screen (left) 

or diffraction pattern on the viewing screen (right). 33 

 

In the present thesis, TEM has been used for determining the morphology and size of 

synthesized Au nanoparticle. The TEM (HRTEM, and SAED) study has been carried out 

with a JEOL model 2100 instrument operated at an accelerating voltage of 200 kV.  
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2.3 Lithography  

Lithography is a technique for patterning substrate by employing the interaction of radiant 

energy with the substrate coated with photosensitive chemical.  Due to the interaction of 

radiant source, chemical changes occurs on the coated surface and subsequently chemical 

development creates temporary pattern on the surface of the substrate or material.  In 

present thesis, we have used both projection lithography and Microwriter for fabricating 

source and drain electrodes on the MoS2 sheet. The step of lithography process is shown 

in figure 2.13. 

 

Figure 2.12 Schematic showing the lithography process steps.34 

2.3.1 Projection lithography 

In this technique, the exposure pattern is projected from projector to the microscope, 

which is connected with collimator, and subsequently projected onto the substrate by 

means of optical system. We have used Laben instruments BM-3000 Microscope (shown 

in figure 2.14), equipped with projector to fabricate the desired shape contacts on the 

MoS2 sheet. The positive photoresist of AZ5214E and its developer TMAH was being 

used for creating the contact electrode. The substrate (300nm SiO2/Si) having MoS2 sheets 

was coated with photoresist by using spin coater, keeping 4500 rpm for 30s. Then 

substrate was put on the hotplate for soft baking at 90˚C for 1 min. The soft-bake substrate 

was placed on the stage of microscope for identifying the suitable flake. The design of the 

contact (exposure pattern) was prepared in power point presentation and transferred to the 
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projector. The projection exposure of the pattern on the desired flake entails the focus of 

the patterns with desired flake. The sample is exposed for 20 sec (optimized exposure 

time) and then developed by dipping it in photoresist developer solution (Tetra methyl 

ammonium hydroxide i.e. TMAH) for 40 sec (optimized). This technique offers the 

exposure of area 1mm x 1mm on the substrate and resolution of 1µm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 The set-up of projection lithography available in our institute. (INST)  

2.3.2 Microwriter  

Apart from projection lithography, we have also used MicroWriter ML system (Durham 

Magneto Optics Ltd) for fabricating contacts on MoS2 sheet, which provides rapid 

prototyping and small volume manufacturing. This technique, also known as mask less 

lithography, offers the computer controlled optics to project the  design directly on the 

photoresist coated substrate without using any mask aligner (by holding the mask in 

software).  It offers the selection of different feature sizes (0.6 μm, 1μm and 5μm) 

automatically via software and 149 mm x 149 mm maximum writing area with fast writing 

speed ( upto 17 mm2/ min for 0.6 μm and 50mm2/min for 1 μm). The photoresist coated 

substrate having MoS2 sheets are placed inside the stage of the Microwriter and designed 

contact patterns (TIFF, JPEG, PNG, CIF, GIF format) are exposed directly on the desired 

flake. The exposure sample is developed by sinking substrate in photoresist developer 
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solution for 40 sec. This software based maskless lithography system facilitates the 

fabrication of contacts (different feature size) on 2D layered materials with low time 

consumption.  

 

 

 

2.4  E-beam metal depositor 

We have used e-beam metal depositor of Excel instruments for metal deposition of 

Chromium (Cr) and Gold (Au) on the patterned electrode.  In electron-beam metal 

deposition process, the electron beam is used to heat the charge material in a high vacuum 

(pressure of less than 10-5
  Torr), which leads the evaporation and deposition of materials 

on the target substrate or material. A high vacuum is required to minimize the scattering 

of evaporate material with air molecules or background materials so that it can uniformly 

deposit on the target material. The tungsten filament is heated to produce the electron 

beam and 100 kV DC voltage is supplied for accelerating the beam towards the charge 

material.  Once the heated electron beam strikes on the charge material, the transferred 

kinetic energy of electrons converted into thermal energy which heats up the charge 

material.36 The continuous heating raises the temperature so high that the vapor will start 

to produce and coated on the surface of substrate. Using this technique, we have done 

deposition of Cr/Au metal on pattern contacts of thickness 5 nm/50 nm.  
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3.1 Identification of layers with accurate thickness determination 

using spectroscopic mapping of white light reflection from 

MoS2 flake  

Identification of a layer numbers in 2D layered materials plays an important role for 

utilizing them for their potential applications in the field of optoelectronic devices, 

sensing, catalysis, etc. owing to their layer dependence promising physical properties such 

as direct bandgap, valley hall effect, nonlinear optical effect etc.1-10   Conventionally, there 

are various spectroscopy and microscopy techniques available such as Raman 

spectroscopy, atomic force microscopy (AFM), scanning electron microscope (SEM) and 

transmission electron microscope (TEM) to determine the thickness of the layer in 

nanometer scale. Especially Raman spectroscopy is a widely used technique for quick 

identification of  thickness of mono or few layers of 2-D layered material as compared to 

techniques mentioned above .13-18 However, the possibility of damage on the material 

surface by laser irradiation and the indistinguishability of nanosheets more than 4 layers 

are the major limitations of this technique.13,17-18 Other techniques such as SEM and TEM 

are rarely used to determine the thickness of the layer because of time-consuming 

analysis.19 Moreover, contamination of the sample might be possible via longer exposure 

to electron beam radiation. Among all techniques, AFM is the most convenient technique 

to determine the thickness of 2-D layered materials in a precise manner.20-23  But due to 

the slow scan output in AFM, the process becomes very time consuming to conduct 

sampling of thickness on the number of 2D flakes.21-22   In recent years, the optical contrast 

based thickness determination technique has been extensively used to identify the 

thickness of the layer.  The Optical technique is easy, reliable and fast approach to 

identifying and determining the thickness of 2D layers; it involves the imaging of the 2D 

nanosheets in an optical microscope setup by illuminating the nanosheets with white light. 

The analyses of contrast/brightness variation between 2D nanosheets and substrates or 

change in grayscale from the red, green and blue (RGB) channels recorded by CCD 

detector provides the information of the layers number.1-16  Using this approach, layers 

number of all the exfoliated flakes on the substrates can be identified rapidly as compared 

to the AFM method’s slow scan output process.  However, the major impediment of this 

optical contrast imaging technique is to determine the precise thickness variation of 2D 

flakes, especially in low optical contrast variation regions due to poor spectral resolution 

of the method. In this technique, conventional CCD detectors are used which are sensitive 
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to the intensity of the incident light rather than the wavelength, however, by introducing 

the RGB (red, green and blue) filters on top of CCD pixels has increased its capability to 

record the spectral information of very narrow bandwidth range (RGB) with meager 

spectral resolution. Few reports have demonstrated the optical identification of few layers 

(one to three) of 2D layered materials on different substrates (SiO2, glass, PDMS, etc.) by 

converting the reflection spectrum into RGB values. 1-6, 9, 10, 16  Although, this technique is 

simple and fast to identify the flake thickness of 2D layered material; however, it is a 

rudimentary process and does not provide the precise thickness measurements of small 

contrast variation due to the inadequacy of spectral resolution of RGB based CCD 

detectors.  Therefore, it is necessary to establish a facile and reliable technique, which is 

capable of offering the accurate thickness determination of the atomically thin 2D- layers.  

In the first part of the chapter, we demonstrate the spectral dependent spectroscopic 

mapping of white light reflection from 2D MoS2 flake of various layer numbers. Here, we 

present the thickness profiling of MoS2 flake by acquiring the reflection intensity mapping 

using a precision spectrometer, which facilities precise contrast measurement and its 

wavelength dependency with high spectral resolution due to its accessibility of grating. 

Through the quantitative analysis of reflection intensity mapping, we have demonstrated 

the importance of the selection rule of choosing different wavelength as a filter to optimize 

the contrast of 2D flakes for determining the thickness of the flake. We have also 

presented the comparison of the theoretically calculated result, using Fresnel theory, of 

contrast spectra of MoS2 flake with experimentally obtained results which shows good 

agreement. We have confirmed the reliability and generalizability of this approach using 

AFM measurements. 

 

3.1.1 Experimental details 

3.1.1.1  Synthesis of MoS2 

The mechanical exfoliation is a widely used approach to obtain the nanosheets of 2D 

layered materials because of high crystallinity and fewer chances of defects.11-12 MoS2 

flakes were mechanically exfoliated on a transparent coverslip by the scotch tape method.  

3.1.1.2 Characterizations 

3.1.1.2.1 AFM imaging  

AFM measurement was done on exfoliated flakes on a coverslip with silicon cantilever 

using Bruker Multimode 8 system in tapping mode under ambient environment. It was 

used to determine the thicknesses of the exfoliated flakes.  
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3.1.1.2.2  Raman measurements 

The Raman characterization of the MoS2 flake was done using Raman spectrometer 

(WITec alpha 300 R) at 600 lines mm-1 grating. The same MoS2 flake was illuminated by 

a white light LED, having a bandwidth of 400-700 nm, using a confocal microscope 

arrangement, which is used in Raman spectroscopy measurements. The reflected white 

light from MoS2/cover slip configuration was collected by the confocal microscope and 

analyzed by a spectrometer having 600 lines mm-1 grating. The sample was scanned using 

the x-y piezo stage under the illumination of white light to get the mapping of the white 

light reflection data. The mapping of the intensity of the reflected light from the sample 

was carried out with a scan rate of 150 scans per line on the MoS2 flake. 

 

3.1.2 Results and discussion 

 

 

 

Figure 3.1 AFM topography of MoS2 flake having different thickness zones of the layer. 

a) Different zone of various layer numbers (1L-6L) has been marked in the AFM image. 

The height profile of 1L to 6L is shown next to the AFM topography image.   

 

Figure 3.1 shows the AFM topography image of a MoS2 flake where various layer 

distribution has been identified by measuring the heights of different zones of the flake. 

The height profiles of different zones of MoS2 flake, having various layer numbers (1L to 

6L), are also plotted in figure 3.1, where the thickness of monolayer (1L) MoS2 is 

determined to be ~ 0.8 nm. Raman spectroscopy is also carried out on the same MoS2 

flake at various thickness zones to correlate the Raman signal with the flake thickness 

(layer number) data measured by AFM. The location of 1L, 2L, 3L, etc.  zones of MoS2 

flakes have been identified by correlating the AFM image (figure 3.1) and the optical 

image (figure 3.2a) recorded by the confocal microscope with 100x objective, where 
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different layer numbers have been marked on an optical image of a MoS2 flake. Using the 

same confocal microscope, the Raman spectra have been recorded using a 532 nm laser 

line.  The very low laser power of ~ 0.1 mW is used to avoid the laser-induced heating 

effect. Figure 3.2b shows the in-plane (E1
2g) and out-of-plane (A1g) Raman vibration 

modes of MoS2 flake for different layer number zones. To correlate the Raman shift with 

the number of layer, Raman peak frequency modes (E1
2g   & A1g) with respect to the 

number of the layer has been plotted (figure 3.2c).  Traditionally, the layer number of 

MoS2 flake can be estimated using Raman spectroscopy by looking at the difference in 

the peak position of A1g and E1
2g modes. In figure 3.2c, a clear redshift has been observed 

for E1
2g mode, and the simultaneously blue shift has been observed for A1g mode with an 

increase in layer number.17,18 The difference in A1g and E1
2g Raman modes for 1L and 2L 

MoS2 flake is found to be 18 cm-1 and 21 cm-1, respectively.  

 

Figure 3.2 Optical image of MoS2 flake with a different zones of layer numbers. a) 

Different thickness zones are shown with dotted color contours. b) Raman 

characterization of MoS2 flake of layer number varying from 1L to 6L. c) Plots of the peak 

position of E1
2g and A1g mode with respect to the number of layers. d) The plot of frequency 

difference (∆) between the E1
2g and A1g peaks with respect to the number of layers.  

 
If we consider only the E1

2g peak position for different layers, the difference in peak 

position for 1L and 6L is ~4 cm-1. Similarly, considering only the A1g peak position, the 
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variation between 1L and 6L is ~2cm-1.  Both the variation for E1
2g and A1g peaks are 

significantly small to distinguish the change in layer numbers. Figure 3.2d shows the 

relation of the peak frequency difference (∆) originated between E1
2g   and A1g mode, with 

the increase in layer numbers. The ∆ changes from 18 cm-1 to 25 cm-1 which is merely 6 

cm-1 for varying the layer number 1L to 6L. It is very clear from the graph that after 3L, 

the variation in ∆ is significantly small and goes to saturation, which disables the 

possibility to calibrate the layer number with Raman peak position.17,18 In the case of 

graphene, the Raman spectroscopy has been proven to be a well-established technique to 

determine the layer numbers as it offers well-calibrated variation in peak position with 

the change in layer numbers.19,20 However, on the contrary for MoS2, the only established 

technique to determine the layer number is AFM which is not always feasible for all 

experimental conditions.17,18 Here, we have presented a spectrometer based optical 

mapping technique which provides the accurate measurement of contrast and its 

dependency on the selection of different wavelength as a filter to determine the thickness 

of the layer. To achieve the accuracy in the contrast data, it is of utmost importance to 

understand the wavelength dependency of reflected light as the refractive index of the 

target material is directly dependent on the wavelength of the incident light as per as the 

Sellmeier dispersion relation.21 In figure 3.3a, we have shown the reflection intensity 

spectra of the same MoS2 flake having different thicknesses of layers. The graphical image 

of the executed experiment to select the filter wavelength for determining the accurate 

thickness of the flake is shown in the inset of figure 3.3a. Corresponding reflection 

intensity mapping of the same MoS2 flake at various wavelengths range from 530 nm to 

670 nm with 2 nm filter bandwidth and at wavelength interval of 10 nm are shown in 

figure 3.3b. The wavelength response plot shows the different slope of the regions 

identified by AB, BC, CD, DE, and EF, where the slopes have been obtained by the linear 

fitting. To determine the thickness of 2D flake precisely, we need to ensure that the 

contrast difference arises only from the variation in thickness of the flakes and not due to 

induced intrinsic frequency dependency. Therefore, it is essential to choose the central 

line of wavelength filter such that the reflection intensity has minimum frequency 

dependency at that particular wavelength. From figure 3.3a, it is observable that the lowest 

frequency can be achieved with the central line of the filter at B (565 nm) or D (615 nm). 

However, there is a flat region CD (595 nm to 615 nm), which shows minimum frequency 

dependency and hence can be chosen as the broadband region for selecting the central 

filter line for contrast imaging of 2D MoS2 flakes.  Therefore, all the contrast mapping 
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data presented in this report are done by using the central line of the filter at 600 nm, 

which falls within the CD broadband range.   

 

 

 

Figure 3.3 Reflection intensity spectra and mapping image of MoS2 flake. (a) Reflection 

intensity spectra of MoS2 flake having various thicknesses of the layer. The Inset panel 

shows the graphic representation of the performed experiment. The slopes of the marked 

region (AB, BC, CD, DE & EF) are shown at center of the plot. (b) Reflection intensity 

mapping images of MoS2 flake at different wavelengths (530 nm-670 nm). The scale bar 

is 5 µm. 
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Figure 3.4a shows the reflection intensity mapping of MoS2 flake having various 

thicknesses of layers. The reflection intensity profiles of the 1L to 6L have been obtained 

from the mapping data, as shown in figure 3.4b-3.4d.  The contrast variation in reflection 

mapping depicts the distinguishability of different layers, which is marked in various 

thickness zones by the dotted lines in figure 3.4a. A significant change in intensity ranging 

from 10 to 90 counts can be observed with variation in thickness (layer number) of MoS2 

flake. Figure 3.4e shows that the relative reflection intensity value varies linearly as a 

function of layer number with slope ~1.54. From this linear response, we can easily find 

the thickness of any layer, just by measuring the relative reflection intensity value of that 

layer.  

 

Figure 3.4 Reflection intensity mapping of MoS2 flake. a) The various thickness zones of 

MoS2 flake are indicated by dotted contours. b)-d) The reflection intensity profile of 

different thickness zones of MoS2 flake, which is marked in figure (a) by a blue, pink, and 

red dotted line. e) Relative reflection intensity as a function of layer number. The relative 

intensity plot shows a linear response with a layer numbers. 

 

To verify the consistency of the approach, we have taken another multilayer MoS2 flake 

of unknown thickness, which is adjacent to the calibrated MoS2 flake, as shown in figure 

3.5a. The relative reflection intensity value (figure 3.5c and d), obtained from the MoS2 

flake with unknown thickness, turns out to be ~8.9. Using this relative intensity value and 

extrapolating the linear response plot (figure 3.5e), the thickness of the flake has been 

estimated to be ~6.8 nm. The thickness of this flake has been confirmed to be 7 nm from 

the AFM height profile, as shown in figure 3.5b. Hence the estimated thickness from the 
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relative intensity plot indicates good agreement with the actual thickness, measured by 

AFM height profile.  

 

Figure 3.5 AFM and Reflection intensity mapping of a MoS2 flake of unknown thickness. 

a) Magnified AFM topography of the white dotted area in the inset image. b) The height 

profile of the same MoS2 flake which is depicted in figure a. c) Reflection intensity 

mapping of MoS2 flake where the unknown thickness of the flake is indicated with a blue 

arrow. d) Corresponding relative reflection intensity of MoS2 flake, which is shown with 

the blue arrow in figure c. e) Relative reflection intensity with respect to the number of 

layers. The thickness of the unknown MoS2 flake is extrapolated with green dotted lines.  

 
The contrast spectra (figure 3.6a and 3.6b) has been obtained from the reflection intensity 

spectra of MoS2 flake using the relation C (λ) =
𝑅𝑜 (𝜆)−𝑅(𝜆)

𝑅𝑜 (𝜆)
 , where R0 (λ) is the reflection 

intensity of the substrate, and R (λ) is the reflection intensity of the sample.22 Using this 

expression, contrast spectra have been obtained at visible region (ranging from 530 nm to 

650 nm) for MoS2 flake having a different number of layers, as shown in figure 3.6a and 

3.6b. In figure 3.6a, the peak position for 1L to 3L is the same at 600 nm, whereas an 

apparent variation in contrast value can be observed with increasing the number of layers. 

The contrast value for 1L-MoS2 is found to be 0.11 at 600 nm wavelength line; however, 

this parameter changes to 0.34 and 0.53 for 2L and 3L MoS2 flake, respectively. 

Furthermore, theoretically, the optical contrast spectra have been calculated using 

Fresnel’s theory to explain such variation in optical contrast with flake thickness, where 
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the optical system is considered to be the incident light passing through air and reflecting 

from MoS2/Glass (coverslip) as bilayer system (shown in figure 3.6c). 

 

 

Figure 3.6 Contrast spectra of MoS2 flake having various layer number (1L-6L). a) & b) 

The experimental contrast spectra of MoS2 flake having 1L-6L in the wavelength range of 

530 nm to 650 nm. The red dotted lines represent the wavelength line (600 nm) at which 

optical contrast values are taken. c) Schematic of bilayer system with a refractive index 

of air as no, n1 as MoS2 and n2 as coverslip. d) Theoretically calculated contrast spectra 

of MoS2 (1L-6L) using Fresnel theory at a wavelength range of 530 nm to 650 nm. The 

theoretical contrast values are taken at the red dotted wavelength line (600 nm).e) 

Comparison of both experimental and theoretical calculated contrast values as a function 

of layer numbers.  

 

According to the geometry of the bilayer system, the equation for the reflectance of the 

MoS2/Glass system can be written as22, 

𝑅(𝑑) = |
𝑟1𝑒𝑖𝛽 + 𝑟2𝑒−𝑖𝛽

𝑒𝑖𝛽 + 𝑟1𝑟2𝑒−𝑖𝛽
|

2

 

where r1 =(n0 - n1)/(n0 + n1), r2 =(n1 - n2)/(n1 + n2) are the reflection coefficients for different 

interfaces Air/MoS2 and MoS2/Glass system, the phase difference 𝛽 depends on the 

thickness ‘d’ of MoS2, 𝛽 = 𝛽(𝑑) = 2𝜋𝑛1𝑑 𝜆⁄ , where λ is the wavelength of the incident 

radiation. The thickness of the MoS2 sheet can be estimated as d=Nd0, where N represents 

Bilayer System

Substrate 

(n2)

MoS2 (n1)

Air (n0)

Experimental
a) b)

Theoretical
d) e)

c)

Experimental
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the number of layers, and d0 is the thickness of single-layer MoS2 (d0 = 0.67 nm). For a 

meager number of layers, i.e., in the limit d >0, the expression for reflectance will be  

𝑅(𝑑) ≈ 𝑅𝑔 (1 +
4

𝑛2
2 − 1

4𝜋𝑛𝑘
𝑑

𝜆
) = 𝑅𝑔 (1 +

4

𝑛2
2 − 1

4𝜋𝑛𝑘
𝑑0

𝜆
𝑁) 

 

The complex refractive index of 1L-MoS2 varies from that of bulk, which we have used 

as a fitting parameter. Theoretically calculated contrast spectra for different thickness of 

MoS2 layer (from 1L-6L) using the above expression are shown in figure 3.6d for a 

wavelength range of 530 nm to 650 nm. It can be clearly seen that experimental contrast 

spectra and theoretically calculated contrast spectra using Fresnel’s equation show very 

similar behavior (figure 3.6a-3.6b and figure 3.6d). To understand this behavior clearly, 

we have plotted optical contrast values as a function of layer numbers (figure 3.6e) by 

obtaining the values at 600 nm line from experimental and theoretical contrast spectra 

(figure 3.6a, 3.6b, and 3.6d). Both the experimental and theoretical values of contrast 

show linear variation with layer number with identical closely spaced slopes, which 

indicates that our experimental data is well consistent with Fresnel’s model, as discussed 

in this section. The overall analysis confirms the consistency and accuracy of our method 

to determine the thickness of 2D MoS2 flakes by spectrometer based optical mapping 

technique, which is an efficient and accurate approach as compared to RGB filter-based 

measurements.  

 

3.1.2 Conclusion 

In summary, spectroscopic mapping of white light reflection from MoS2 flakes is carried 

out by selecting a particular central wavelength as a filter for thickness determination of 

the flakes. Raman and AFM measurements have been conducted on various thickness 

zones of MoS2 flake to calibrate the contrast data. Our results explore the wavelength 

dependency of the reflection intensity, which is found to be inhomogeneous in the 

visible range. However, a broadband range between 595 nm to 615 nm is identified 

where the reflection intensity is stable with the variation in wavelength. Hence, this 

range could be selected for the central lines of the filter for optimized contrast variation 

in thickness of the flakes. The contrast in reflection intensity mapping data shows clear 

distinguishability of various thickness zones on MoS2 flake and shows the linear 

response with increasing the number of layers. The extrapolation of such linear response 

has been used for accurate determination of the unknown thickness of MoS2, which is 
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further validated by AFM measurement. Theoretically, the contrast spectra have been 

calculated by Fresnel theory and compared with experimental contrast results, which 

show linear response with the number of layers, having closely spaced slopes. Hence 

we conclude that the spectroscopic mapping technique of white light reflection from 2D 

flakes provides an optical means for comprehensive and accurate thickness 

measurement. 

 
Note:  R. Rani, A. Kundu, K. S. Hazra* Spectral dependent white light reflection 

mapping of MoS2 flake for improving accuracy of conventional optical thickness 

profiling, Optical Materials, 90, 46-50, 201. 
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3.2 Effectiveness  of direction-dependent electric field on 

vibrational and electronic properties of MoS2 

In the limelight of research in tailoring the optical and electronic properties of low-

dimensional materials, researchers have imposed various external perturbations such as 

strain, temperature, pressure, etc. on these atomically thin materials to achieve the better 

controllability on their physical properties. However, tunability of the optoelectronic 

properties in these materials via the application of external electric field has attracted wide 

attention on account of its effectiveness in evolving their physical properties via a mere 

perturbation in the lattice structure. With the emergence of 2D layered materials, the 

experimental realization of direction-dependent electric field effects on phonon and 

electronic properties of single-crystalline flakes have become feasible.23, 24 2D MoS2 

flakes, having intrinsic in-plane polarization, arising from layer dependent anisotropic 

crystallographic symmetries, can be an ideal candidate to study the effect of electric field 

direction on its physical properties.25,26  Traditionally, the influence of electric field on 2D 

materials has been probed through electrical transport measurements, i.e., via top/back 

gating in a field-effect transistor (FET).27-31 Experiments have also been designed to 

understand the effect of electric field on the phonon vibration modes of 2D lattices.32-35 

For an instance, the variation in phonon modes with electron doping brought about via 

top/back gating has been reported by Yan et al. for graphene.32 Chen et al. have observed 

an unusual variation in Raman peak positions of MoS2 with the application of electric 

field, showing a sudden blue shift at 600 mV followed by a gradual redshift with 

increasing out-of-plane electric field.34The role of excitation energy in gate tunability of 

MoS2 has been demonstrated by the anomalous shift in phonon modes.35 Experimental 

efforts were also made to understand the effect of mechanical strain and temperature on 

the vibrational modes of 2D layered materials.36-40 The temperature-dependent Raman 

investigation has demonstrated the softening in both E1
2g and A1g mode of MoS2 

nanosheets, which varies linearly with increasing the temperature from 77 K to 623 K.40 

The evolution of Raman vibrational modes of MoS2 with a uniaxial strain induced on the 

flake by flexible PET substrate has been demonstrated by Wang et al., which shows 

redshift for only in-plane doubly degenerate E1
2g mode, whereas the out-of-plane A1g 

mode remains unaffected with an increase in strain.36 However, the effect of electric field-

induced lattice strain (electrostrictive response) on phonon modes are yet to be explored. 

Theoretical simulations have predicted that such electric field-induced lattice strain can 
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cause significant alteration in electronic band structure by changing the fundamental 

bandgap of semiconductors; however, complementary experimental studies corroborating 

the similarity of effect is of dire need.41-47  

In this part of the chapter, we have demonstrated an experimental investigation on the 

effect of the external electric field on the phonon characteristics and electronic band 

structure of MoS2. We have also conducted a computational study for establishing a 

systematic correlation in the lattice perturbation brought about by the external electric 

field with vibrational and electronic properties of MoS2. The effect of the electric field 

applied along both the in-plane (i.e., transverse) and out-of-plane (vertical) directions in 

2D MoS2 flake has been comprehensively studied. We have observed a strong influence 

of the applied transverse electric field on the phonon frequencies of MoS2 as compared to 

the vertical electric field. It is found that the strain-induced electrostrictive response under 

the application of transverse electric field rises faster in the case of in-plane Mo-S 

vibration as compared to the out-of-plane S-S vibration in MoS2 flake. DFT calculations 

validate the experimental findings in the Raman shift and the concomitant modulation in 

the bandgap. Our detailed investigation reveals that the extent of modulation in phonon 

characteristics and electronic band structure in MoS2 via the application of the transverse 

electric field significantly outweighs the same brought about by the application of the 

vertical electric field. 

 

3.2.1 Experiment details 

3.2.1.1 Synthesis of MoS2 

Initially, bulk MoS2 flakes from the crystal are peeled off using scotch tape and exfoliated 

several times by the fresh new tape until the semi-opaque region is visible on the tape to 

thin down the sheets. Finally, after getting thin flakes on the tape, MoS2 sheets are 

exfoliated onto 300 nm SiO2/Si substrate by putting down the tape firmly using a finger 

and get rid of the air bubbles.  

3.2.1.2 Fabrication of electrodes 

The projection lithography technique has been employed to fabricate the contacts 

on MoS2 flake. The transfer MoS2 sheets on SiO2/Si substrate is firstly coated with 

AZ5214E photoresist using spin coater with 4500 rpm for 30 sec.  After coating, 

the sample is soft heated at 100˚C for 1 min. The designed electrodes are projected 

on the desired flake with exposure of 20 sec. The exposed samples were developed 
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by keeping it in the TMAH solution for 30 sec. The developed electrodes are heated at 

100˚C for 1 min. The electron beam evaporator has been used to deposit Cr/Au metal 

contacts of thickness 5 nm/50 nm.  

3.2.1.3 Raman and PL measurements 

Raman and PL measurements have been conducted using WITec 300R alpha Raman 

spectrometer on the prepared device. The low power laser of 1 mW is used to do all 

measurements at the grating of 600 lines/mm with 532 nm laser. The integration time is 

kept at 0.5 sec for all the measures.  

3.2.1.4 AFM imaging 

Bruker Multimode 8 AFM system has been used for AFM height profiling of MoS2 flake. 

The measurement is done in tapping mode under ambient condition.  

 

3.2.2   Computational details 

First-principles density functional theory (DFT) calculations were performed within the 

framework of projector-augmented wave (PAW)48,49 method as implemented in the 

Vienna Ab initio simulation package (VASP).50, 51 Generalized gradient approximation 

(GGA) for the electron exchange-correlation potential in its Perdew–Burke–Ernzerhof 

(PBE) parametrization was employed to calculate the theoretical results presented in this 

work.52 The valence electronic configuration of Mo and S atoms are 4p5s4d and s2p4, 

respectively. A kinetic energy cutoff of 500 eV has been used for the expansion of its 

electronic wave function in a plane-wave basis set. The first Brillouin zone has been 

sampled with a Г-centered 9 x 9 x 2 k-point mesh. The geometry optimization has been 

performed using conjugate gradient algorithm where the lattice coordinates have been 

fully relaxed both in presence and absence of the external transverse electric field for a 

given field strength while keeping the lattice vector at its bulk value until the maximum 

residual Hellmann-Feynman forces acting on individual atoms drops below 1.0 x 10-3 

eV/Å. An energy tolerance of 1.0 x 10-6 eV was used for the electronic energy 

minimization in a self-consistent convergence loop with the automatic symmetry 

constraints switched off in order to prevent the incorrect rendering of the electric field. 

The electric field has been applied along with the lateral directions in MoS2 by introducing 

an artificial dipolar sheet at the center of the simulation cell using dipole correction as 

implemented in VASP.53 At each step of the electric field, the wave function and charge 

density of the previous step has been considered as an initial guess to avoid convergence 

errors for higher field strength. The zone centered (Г-point) phonon frequencies were 
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computed from the dynamical matrix containing the second derivative of energy with 

respect to lattice displacement using density functional perturbation theory implemented 

in VASP. 

 

3.2.3 Results and discussion 

 

 

 

 

 

 

Figure 3.7 a) and b) Schematic of transverse and vertical electric field configuration. c) 

AFM topography image of MoS2 flake along with optical image shown as an inset. d) The 

AFM height profile of MoS2 flake extracted from the dotted red line, as shown in figure 

1c. 

 

To understand the effect of transverse (‖) and vertical (ꓕ ) electric field on phonon modes 

of MoS2, Raman spectroscopy has been carried out on MoS2 flake in two different 

electrode geometries in the schematic representations shown in figure 3.7a and 3.7b, 

respectively. Figure 3.7c shows the AFM topography of electrode configuration with its 

corresponding optical microscope image shown in the inset. The separation between the 

two electrodes is kept ~ 20 μm, whereas a gap of ~ 2 μm has been purposely left between 

one of the edges of MoS2 flake and side-gate electrode, as shown in figure 3.7c. The 

effective sample thickness has been determined from the height profile of the marked line 

on MoS2 flake (Figure 3.7c) and found to be ~ 33 nm (See Figure 3.7d). The AFM height 

profiles of other zones of the sample surface have also been extracted and provided in 

figure 3.8. Figure 3.8a represents the AFM topography image of the device configuration 
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having MoS2 flake, where four scan zones are indicated by the color (black, red, blue, 

green) dotted lines and their corresponding height profiles are shown in figure 3.8b, 

indicates the average thickness (∆) of the flake as  ̴ 31 nm. Similarly, other height profiles 

have been extracted at different marked zones distributed over the whole flake, which is 

shown in figure 3.8c-h, where the average thickness ∆ of the flake is found to be  ̴33.25, ̴ 

68.5, and  ̴33.7nm, respectively.   

 

Figure 3.8 a-h) AFM topography image of the MoS2 flake along with their height profile 

obtained at different marked zones in topography image, distributed over the whole 

flake. 

 

 

 

 

 

 

 

 

 

Figure 3.9 a) and b) Schematic of the device configuration along with their equivalent 

schematic models to calculate the applied electric field in the transverse and vertical 

direction via two gate configuration. 
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The Raman and PL measurements are conducted at the tip of the open end portion of the 

flake (denoted by the dotted circle in figure 3.7c) by using a 532 nm laser line by keeping 

the grating at 600 lines mm-1. The incident laser is kept at low power (~1mW) to avoid 

the interference of laser heating on Raman vibration modes, thereby preventing any 

possible damage on the sample surface. The variation of the electric field in the transverse 

and vertical direction has been employed by applying different gate voltage between the 

electrodes ranging from 0V to 40V using an external source Keithley 2635B.The applied 

electric field in transverse and vertical directions has been calculated by considering the 

two schematic models, as shown in figure 3.9, adjacent to the device configuration. Figure 

3.9a represents the schematic of the device configuration in the transverse direction, 

where d1 is the lateral distance of MoS2 flake having a length of 20 µm and d2 is the gap 

between the edge of the MoS2 flake and side-gate electrode (2 µm). The potential drop 

across the MoS2 in transverse direction has been calculated by considering the capacitor 

of two dielectric media (i.e., MoS2 and air as a medium), as shown in the schematic model 

in figure 3.9a adjacent to the device configuration. The total potential drop across the 

MoS2 is given by  

 𝑉 =  
𝑘1𝑑2

𝑘2𝑑1 + 𝑘1𝑑2
 𝑉𝑜  

where k1 represents the relative permittivity of the MoS2 flake in the transverse direction; 

k2 is the relative permittivity of the air; 𝑉𝑜 is the applied external voltage across the MoS2 

flake. The applied electric field in the transverse direction can be determined simply 

by 𝐸 =
𝑉

𝑑1
  , whereas to obtain the applied electric field in the vertical direction, we need 

to consider the capacitive voltage divider of MoS2 channel and back gate oxide layer (i.e., 

SiO2), as shown in the schematic model of figure 3.9b.54 The capacitive voltage divider is 

in the series arrangement of the two parallel plate capacitors Cchannel and Cbg, and the 

potential drop across the MoS2 channel is given by  

𝑉 =
𝑉𝑏𝑔

(
𝑡𝑏𝑔×𝑘𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝑡𝑐ℎ𝑎𝑛𝑛𝑒𝑙×𝑘𝑏𝑔
) + 1

 

where 𝑉𝑏𝑔 is the applied external voltage at the backside of the configuration; 𝑡𝑏𝑔 and 

 𝑡𝑐ℎ𝑎𝑛𝑛𝑒𝑙 are the respective thickness of the back oxide and MoS2 channel; 𝑘𝑐ℎ𝑎𝑛𝑛𝑒𝑙  and 

𝑘𝑏𝑔 are the respective relative permittivity of the channel in vertical direction and the 
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back oxide i.e., SiO2.  The applied electric field in the vertical direction is 𝐸 =
𝑉

𝑡𝑐ℎ𝑎𝑛𝑛𝑒𝑙
. 

54,55  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 a) Variation in phonon vibrational modes (in-plane E1
2g and out-of-plane 

A1g) of MoS2 with applied positive transverse electric field ranging from 0 to 0.0094 

MV/cm.  b) The effect of the positive vertical electric field (ranging from 0 to 0.40 MV/cm) 

on phonon (E1
2g and A1g) vibrational modes of MoS2. 

 

The influence of electric field on the marked region (figure 3.7c) of MoS2 flake along 

both the directions (transverse and vertical) has been studied by acquiring real-time 

Raman signal while varying the applied electric field (see figure 3.10a and 3.10b). Figure 

3.10a shows the effect of a positive transverse electric field on the phonon vibration 

modes of MoS2 (the in-plane E1
2g mode and the out-of-plane A1g mode). The initial peak 

position of E1
2g and A1g modes at zero electric field arise at 382.2 cm-1 and 408.1 cm-1, 

respectively; however, upon increasing field strength (0-0.0094 MV/cm), strong redshift 

and broadening are noticed for both Raman modes. The corresponding charge density 

induced effective polarization between Mo and S atoms changes under the application of 

transverse electric field, which in turn alters the lattice vibrations, as confirmed in our 

DFT calculations.  Similarly, the effect of the vertical electric field (figure 3.10b) has been 

studied in the same region of MoS2 flake (figure 3.7c), showing redshift and broadening 
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in both E1
2g and A1g vibrational modes by varying the electric field strength from 0 to 0.40 

MV/cm. Likewise, the effect of reverse transverse and vertical electric field on Raman 

characteristic modes of MoS2 are also explored, which also show identical behavior 

(redshift) as observed for the positive applied electric field as shown in figure 3.11.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 a) Variation in Raman vibrational modes (in-plane E1
2g and out-of-plane A1g) 

of MoS2 with reverse transverse electric field ranging from 0 to -0. 0094 MV/cm.  b) The 

effect of reverse vertical electric field ranging from 0 to -0.40 MV/cm on phonon 

vibrational modes (E1
2g and A1g) of MoS2. 

 

The original peaks positions of MoS2 are found reproducible after removing the electric 

field and do not show any remnant effect, as shown in figure 3.12. The applied vertical 

electric field induces n-type doping in the configuration, which stimulates changes in both 

modes due to the electron occupation on its antibonding states35. The resulting strong 

electron-phonon coupling weakens the Mo-S bond strength and softens the vibrational 

phonon modes.  However, the magnitude of field strength differs notably for both 

directions to observe any significant Raman shift.  The applied transverse electric field is 

found to outweigh that of the vertical electric field greatly (in terms of experimental, 

numerical value).  
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Figure 3.12 Comparison of Raman characteristics of MoS2 before applying the electric 

field (0V) during the applied electric field (0.40 MV/cm) and after withdrawing the 

electric field. 

 

In the present study, the Raman modes are found to be sensitive to the electric field applied 

both along with transverse and vertical directions, showing gradual redshift with the 

increase in applied field strength. The changes observed in Raman modes in our case 

could be correlated with the strain induced in the lattice due to applied electric field, which 

partially agrees with the report by Wang et al., where it has been demonstrated that under 

the applied uniaxial strain, E1
2g peak shows redshift and eventually splits into two distinct 

peaks, i.e., E1+
2g and E1-

2g, respectively at a critical value of strain (i.e., 1%) while the A1g 

mode remains unaltered.36 In another report, sample heating has also been shown to affect 

the lattice vibrational modes, shows redshift in both phonon modes with rising 

temperature, and this trend conforms to our present findings.40 However, Chen et al. have 

demonstrated that the Raman peaks positions remain unaltered with the increase in gate 

voltage under top gating configuration, and surprisingly, at 600 mV both the Raman 

modes show an abrupt blue shift followed by gradual redshift, which is very unusual and 

unaddressed in their report.34 Moreover, the report does not correlate the applied electric 

field with the lattice strain induced by the same and the subsequent changes in the 

electronic band structure, which have been primarily focused in our present investigation. 

These unique and salient features of our current work distinguish it from the earlier ones. 

The overall impression of the above reports is in line with our argument that the lattice 

strain induced by the external electric field softens the vibrational phonon modes of MoS2. 
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Figure 3.13 a) and b) shows the Raman shift in E1
2g and A1g mode as a function of the 

applied electric field in both transverse and vertical directions. 

 

To correlate the field-induced perturbation on E1
2g & A1g vibrational modes under varying 

strength of the transverse and vertical electric field, we plot the frequency evolution as a 

function of electric field strength in figure 3.13a-b. Interestingly, abrupt redshift in both 

the frequency of E1
2g & A1g vibration is noticed under the applied transverse electric field 

(green legend), which signifies the higher influence of transverse electric field on both 

vibrational modes as compared to the vertical electric field.   In figure 3.13a, a rapid 

redshift of 6.11 cm-1 (from 382.2 cm-1 to 376.09 cm-1) has been noticed for E1
2g mode by 

merely changing the electric field from 0 MV/cm to 0.0094 MV/cm along the transverse 

direction, whereas, along the vertical direction, the electric field of 0.25 MV/cm is 

required to bring about nearly same frequency shift of 4.8 cm-1 (382.2 cm-1 to 377.4 cm-

1) in E1
2g mode. A similar frequency shift of ~ 6.07 cm-1 is also occurred for A1g mode 

(408.1 cm-1 to 402.03 cm-1) in response to the transverse electric field varying from 0 to 

0.0094 MV/cm (figure 3.13b), whereas, 0.25 MV/cm electric field is required to realize 

nearly the same amount of shift in A1g mode in the vertical direction, that is much higher 

as compared to the transverse electric field strength. 
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Figure 3.14 a)-b) Modulation in Raman peak frequencies E1
2g and A1g as a function of 

the applied transverse and vertical electric field. 

 

Moreover, the frequencies shift in E1
2g, and A1g modes saturate much earlier in the case 

of the vertical electric field (shaded region) at 0.25 MV/cm (See figure 3.13a and b). 

Figure 3.14a suggests that a threshold transverse electric field of ~ 0.0035 MV/cm is 

required to bring out a significant redshift in both E1
2g and A1g modes, which further 

increases by scaling up the applied electric field.  However, figure 3.14b depicts that the 

evolution in both phonon vibrational modes took place gradually and started to get 

saturated at 0.25 MV/cm value of the electric field, but the trend of shift is the same as 

observed for the transverse electric field. The resulting redshift (phonon softening) under 

applied transverse electric field corresponds to the changes in interatomic potentials due 

to a field-induced electrostrictive response within the material that changes Mo-S bond 

length and S-Mo-S bond angle. The modifications in bond length and angle are due to 

lattice strain (ε), induced by the external electric field, as a result of displacement in charge 

density and electrostatic potentials around atomic sites. It can be correspondingly probed 

in the experiment by the frequency change in in-plane phonon modes. 
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Figure 3.15 a) Strain-induced in both E1
2g and A1g mode in response to the applied 

transverse electric field b) Comparison of strain-induced in E1
2g mode due to the applied 

electric field in transverse and vertical directions.  

 

In figure 3.15a, ε is plotted for both vibration modes (E1
2g and A1g) as a function of the 

applied electric field along the transverse direction. The induced strain for both the 

vibrational modes are calculated using the relation ε = 
 𝜔𝑜−𝜔

 2∗Ƴ∗𝜔𝑜
 , where ωo is the initial 

Raman frequency (at 0V), ω is the resulting Raman frequency at varying electric field, Ƴ 

is the Grüneisen parameter which is taken as 0.21 for E1
2g mode, and 0.42 for A1g mode.56 

Figure 3.15a shows that high strain is induced for in-plane Mo-S vibration as compared 

to out-of-plane S-S vibration under the applied transverse electric field, which is also 

confirmed by DFT calculations (provided in figure 3.16). The comparative plot for 

induced strain in E1
2g mode under the influence of transverse and vertical electric field 

(figure 3.15b) depicts that the transverse electric field has a higher impact on in-plane E1
2g 

mode as compared to the vertical electric field. The strain on the flake, induced by the 

applied electric field, subsequently modulates the polarization and the bond length, which 

in turn perturbs the electronic band structure of MoS2.   
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Figure 3.16 Changes in the relative dielectric permittivity along the in-plane (xx) and 

out-of-plane (zz) direction of MoS2 as a function of the transverse electric field. 

 

To further understand the underlying effect of a uniform external electric field on MoS2, 

we have performed ab initio density functional theory (DFT) calculations. Since 

experiments have been conducted on a multilayer MoS2 flake enclosing nearly 50 

individual monolayers of MoS2, bulk 2H-MoS2 with experimental lattice parameters, as 

reported in Ref57, have been used to mimic the experimental lattice structure in a periodic 

boundary condition (PBC). A uniform electric field has been applied by adding an 

artificial dipolar sheet at the center of the simulation box with dipole corrections as 

implemented within the plane-wave VASP code (See more details in 

COMPUTATIONAL DETAILS section).50 The characteristic Raman active vibrations 

which correspond to the distinct phonon modes near the Brillouin zone center (Г point) 

were identified from the symmetry analysis.58 The Raman frequencies obtained in our 

DFT calculations are at 378.07 cm-1 and 407.91 cm-1, respectively, and shows excellent 

quantitative agreement with our present experiment arising at 382.2 cm-1 and 408.1 cm-1, 

respectively. The deviation in peak frequency between theory and experiment is < 1%, 

which highlights the reliability of our theoretical methods. Then a uniform transverse 
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electric field in the range 0-90 MV/cm has been applied along the lateral direction of 

MoS2 with varying field strength from lower threshold to a very high electric field. 

 

Figure 3.17 a) Theoretically simulated Raman peak frequency variation in response to 

the applied electric field along the lateral direction of MoS2, where figure inset shows low 

strength of electric field response on the Raman peak frequency. b) Evolution in bond 

length as a function of the applied transverse electric field. Inset depicts the modulation 

in bond length at low strength of the electric field. 

 

Similar to our experimental observations, a significant redshift (phonon softening) in both 

the E1
2g and A1g Raman active modes have been observed in Figure 3.17a. A small 

fluctuation in frequency around the origin (blue shift from 0-0.5 MV/cm), arises due to 

numerical artifact in the calculation using the density functional perturbation theory that 

reinforces the lattice geometry under a smaller field to the equilibrium lattice structure. 

The gradual redshift in Raman active modes in our DFT calculations becomes apparent 

only at field strengths > 20 MV/cm, while in our experiments, a redshift of similar 

magnitude already occurs at > 0.002 MV/cm. This is possibly due to the disparity in the 

sample thickness between experimental setup and theoretical model calculations based on 

an isolated periodic structure in the periodic boundary condition with no environmental 

effects or sample substrate interactions, which is the case for a practical device structure. 

Besides, the changes in the interlayer Coulomb potential, dielectric screening, and strain-

induced by the electrostriction might exhibit a drastic/unusual change in real devices 

depending on experimental conditions and proximity effects under the applied field 

generated by the charged impurities in sample substrate interface. The vibrational modes 

are found to be robust against the lower field strength (< 0.5 MV/cm), owing to the strong 

intra-layer polar covalent bonding between Mo and S atoms within the basal plane of 
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MoS2. However, with an electric field exceeding 0. 5 MV/cm, a dramatic redshift in the 

frequency of E1
2g and A1g mode has been observed with increasing value of field strength. 

 

Figure 3.18 a) shows the changes in the bond angle under the application of lower (inset) 

and higher transverse electric field. b) Variation in the S-S vertical distance with respect 

to high and low (inset) strength of the electric field in the transverse direction.  

 

An abrupt increase in the Mo-S bond length and S-Mo-S bond angle has also been 

observed when the transverse electric field is getting higher than 30 MV/cm, as shown in 

figure 3.17b and 3.18 a. The S-S vertical distance also increases along the c-axis, as shown 

in figure 3.18b, due to the induced internal effective field along the c-axis under the 

externally applied transverse field. The elongation in Mo-S bond length under an 

increasing transverse electric field changes the interatomic potential and charge density 

between the effective charges, thus, reduces the overall resorting forces between vibrating 

atoms within the basal plane of MoS2 that results into a redshift in E1
2g mode. The 

frequency drop in the out-of-plane A1g vibration is due to enhanced inter-layer Coulomb 

interactions between the adjacent monolayer units in a 2D van der Waals’ multilayer 

structure. This is because of the increase in the S-Mo-S bond angle and charge 

accumulation near the outer layers of S-atom. The effect of a uniform transverse field on 

MoS2 is found to be very similar to that of uniform tensile strain on MoS2.59 At a large 

magnitude of electric field ~ 90 MV/cm, the frequency of vibrational modes cross one 

another and a semiconductor-to-metal transition also found to take place at this critical 

value of field strength.  
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Figure 3.19 a) Field-induced effective charge density difference, Δρ = ρ(Eext) - ρ(Eext = 0) 

and electrostatic potential, ΔV = V(Eext) - V(Eext = 0) distribution between MoS2 layers for 

different values of Eext (0-90 MV/cm ). The charge density and potential are averaged over 

the transverse direction (xy –plane) and plotted along the lateral direction (z-axis) of 

MoS2.  The inset in figure a) represents the electric field induced charge density difference 

isosurface when electric field is 60 MV/cm with respect to the 0 MV/cm. The isolevel in 

charge density isosurface is 0.02 e/Å3, where the yellow color represents the charge 

accumulation, and cyan color is the charge depletion regions b) Evolution in the 

electronic band structure of MoS2 with transverse E-field varied from 0 to 80 MV/cm.  1st 

Brillouin zone of MoS2 with high symmetry points in the irreducible Brillouin zone in the 

standard notation is shown in the pink region. 

 

At a microscopic level, the applied external electric field induces a redistribution in charge 

density and electrostatic potential within the MoS2 layers due to electrodynamical 

coupling.60 Figure 3.19a shows the variation in field-induced charge density and planar-

averaged electrostatic potential in response to externally applied transverse electric field. 

It is observed that under a progressively increasing transverse field strength, charge 

density redistributes and gets localized at the outer sublayer of S-atoms near the interface 

region. While the same gets depleted in the bonding region of Mo-S (around the central 

Mo atom), thus, resulting in a net reduction in the orbital overlap or covalence in the Mo-

S bond, which lengthens the Mo-S bonds at a higher value of the applied field. As a result, 

the combined effect of the external electric field and the concomitant tensile strain drive 

a rapid phonon softening in MoS2 with an increase of transverse electric field strength. It 

is clear that the charge density difference (Δρ) increases at the S atoms near to the interface 

with increasing transverse electric field strength (0- 90 MV/cm), as shown in figure 3.19a, 
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correspondingly, the potential (ΔV) drops at the interface of layers. Bulk or few-layer 

MoS2 is an indirect bandgap semiconductor, an electronic phase transition from 

semiconductor-to-metal could be induced under an applied external electric field.53 The 

internal built-in electric field brought about by an externally applied field upon the 

changes in the electrostatic potential and charge density difference can effectively 

modulate the band structure and bandgaps in MoS2.60 Figure 3.19b shows the evolution 

in the electronic band structure of bulk MoS2 in response to a homogeneous transverse 

electric field in the range 0-80 MV/cm.  Figure 3.19b shows that a large transverse electric 

field strongly affects the electronic band topology of the conduction/valence sub-bands 

along the Г-M-K-Г momentum path (blue shaded region) in the 1st Brillouin zone as 

compared to the bands along the A-L-H-A momentum path (pink region). This is 

attributed to the effect of a transverse field in delocalizing the in-plane electronic charge 

density and effective potential within the basal plane of MoS2.   The valence band 

maximum (VBM) around the K-point and the conduction band minimum (CBM) 

occurring in a mid-way along with the high symmetry K- Г line is mainly influenced by 

the transverse electric field. This is because the VBM at K-point and the CBM along the 

K- Г path is predominantly contributed by Mo-dxy and 𝑑𝑥2 −𝑦2 orbitals. Due to the in-

plane nature of their orbital wave functions, these orbitals get strongly affected by a 

transverse field. 

 

Figure 3.20 a) Electron and hole conductivity as a function of chemical potential at 

different values of applied transverse electric field calculated at room temperature 300K. 

b) Variation in electronic band gap with varying transverse electric field using DFT 

calculations.  

 

Figure 3.20a shows the calculated value of electron and hole conductivity at room 

temperature 300K with respect to the chemical potential at varying applied transverse 

electric field. The applied vertical E-field induces electron or n-type doping in the 

configuration and influences the phonon vibration modes of MoS2, which leads to redshift 

Theoretical

a) b)
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in both modes due to the electron occupation on its antibonding states.34 The n-type 

conductivity mainly gets enhanced with an increase in transverse field strength. The 

strong electron-phonon coupling weakens the Mo-S bonds and softens the phonon 

vibration modes. It provides the possible reason for drastic redshift in phonon modes of 

MoS2 under the influence of the transverse electric field. Figure 3.20b shows the changes 

in the bandgap as a function of the transverse electric field. The electronic bandgap, Eg, 

remains nearly unchanged until the electric field reaches a critical value of 15 MV/cm and 

then decreases monotonically with a further increase in the electric field. The bandgap 

remains indirect in the entire range (0- 80 MV/cm) of applied transverse electric field and 

ultimately reduces to zero at   90 MV/cm. Similar to our observations in figure 3.17a, the 

phonon frequency crossover between Raman active E1
2g, A1g mode at 90 MV/cm, a 

semiconductor-to-metal transition is also found to occur at the same critical field strength, 

as shown in figure 3.19b and 3.20b. It is worth noting that the GGA functional 

underestimates the magnitude of bandgap and the critical field strength for a 

semiconductor-to-metal transition, which is mainly dependent on the choice of exchange-

correlation functional and the incorporation of most accurate many-body effects such as 

GW methods. However, the level of theory used in the present study is efficient in 

predicting the general trends in the properties of MoS2 in response to an applied electric 

field, as studied in earlier reports.60,61The numerical discrepancy between theory and 

experiment can be primarily improved via the more accurate quasi-particle (QP) based 

many-body perturbation theory, such as the full self-consistent GW approximations and 

by varying the number of atomic layers in MoS2 under the impact of a transverse electric 

field.62,63 However, such calculations are enormously computationally intensive and 

demanding and, therefore, beyond the scope of the current work. To validate the 

calculated results on bandgap evolution experimentally, PL measurements on the same 

marked region of MoS2 flake (figure 3.7c) has been performed under the applied 

transverse electric field (figure 3.21a and b). The abrupt redshift in PL spectra is observed 

with increasing the strength of the electric field from 0.0047 MV/cm to 0.0082 MV/cm 

(figure 3.21b), signifying the variation in the bandgap of MoS2. PL spectra have been 

correlated with the bandgap, Eg, and plotted as a function of the applied transverse electric 

field in figure 3.21c. The energy, Eg remains unchanged till 0.0047 MV/cm (provided in 

figure 3.21c), PL spectra for varying electric field from 0 to 0.0047 MV/cm (figure 3.21a), 

and gradually decreases to 0.06 eV (1.82 eV to 1.76 eV) upon a further increase in electric 

field strength, indicating the evolution in bandgap with the applied transverse electric 

field.  
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Figure 3.21 a) PL spectra of the same MoS2 channel at varying transverse electric field 

from 0 to 0.0047 MV/cm. b) PL spectra of MoS2 flake by varying the transverse electric 

field through side gate configuration from 0.0047 MV/cm to 0.0082 MV/cm. c) Energy 

(Eg) variations with respect to applied transverse E. field. 

 

3.2.4 Conclusion 

In summary, alteration in phonon characteristics and electronic band structure in 

multilayer MoS2 brought about by the application of electric field along transverse and 

vertical directions has been comprehensively investigated.  Phonon softening and peak 

broadening in both the E1
2g & A1g phonon vibrational modes have been observed under 

the application of the external electric field applied along the transverse and vertical 

direction. The rate of phonon softening is found to be considerably higher in the case of 

the transverse electric field. DFT calculations have suggested the higher response or 

sensitivity of the properties along the in-plane transverse direction arise from its nature of 

orbital wave functions at the band edges. The band edges primarily consist of the in-plane 

dxy, 𝑑𝑥2 −𝑦2 orbitals of Mo, and hence, respond more sensitively to the application of the 

in-plane transverse electric field. Mo-S bond is found to lengthen, while the charge 

density and electrostatic potential in MoS2 flakes undergo redistribution, resulting in the 

modification of band structure from semiconducting to metallic with progressively 
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increasing transverse electric field. PL measurements validate the evolution of band 

structure, where a decrease in bandgap is observed beyond a threshold value of 0.0047 

MV/cm of the applied electric field in the transverse direction. Overall analysis proves 

that the effect of the transverse electric field has a significantly more pronounced effect 

on the vibrational and electronic properties of MoS2 channel as compared to the vertical 

electric field due to a combined effect of external electric field and the strain induced by 

the electrostrictive response in the system. A simultaneous occurrence of both these 

effects provides an additional advantage in the effective tuning of vibrational and 

electronic properties of MoS2.  

 

Note: R. Rani, N. Jena, A. Kundu, A.D. Sarkar, K. S. Hazra* Impact of transverse and 

vertical gate electric field on vibrational and electronic properties of MoS2, Journal of 

Applied Physics, 127, 14510, 2020. 
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4.1 Formation of nanostructures on MoS2 flake in a controlled 

manner via focused laser irradiation  

MoS2 based nanostructures are predicted to exhibit unique electronic and magnetic 

properties, which raises a great deal of interest toward the nanopatterning on MoS2.1, 2 

DFT based calculations have predicted promising optoelectronic and magnetic properties 

of MoS2 nanoribbons.3 It has depicted that zig-zag nanoribbons exhibit ferromagnetic and 

metallic behavior, whereas armchair nanoribbons have non-magnetic and semiconducting 

properties.3 The optical and electronic properties of MoS2 vary with respect to ribbons 

width and thickness of the nanostructure. 4-5 The electrical properties of MoS2 

nanostructure-based devices can be tailored significantly by varying the width of 

nanoribbons.6-8 Developing nano-patterns on MoS2 flakes may also modulate the overall 

electrical conduction through MoS2 based channels.9, 10  Moreover, the nanostructuring on 

MoS2 flakes may shed light on the promising applications in photonic devices and 

plasmonic antennas.11,12 MoS2 based nanostructures may exhibit non-linear optical 

responses, which may open new opportunities in the potential application in optical 

devices such as mode lockers, saturable absorber and Q-switchers.13-17 Till date, several 

methods have been employed for patterning and thinning of MoS2 flakes, such as optical 

lithography followed by plasma etching or chemical etching.18-23 For an instant, Lui et al. 

have developed 2-D heterostructure on MoS2 flakes with periodic single layer and bilayer 

through Ar+ plasma treatment.18Y.Huang et al. have shown the creation of hexagonal void 

via chemical etching of MoS2 flakes.19 However, the major impediment lies in the 

complexity of the existing micro-fabrication process, i.e., lithography, printing, etc. for 

creating such nanostructures. Recently, few routes have been established based on laser-

induced etching for nanopatterning in 2-D materials. 24-26 However, these efforts are at the 

very rudimentary level and do not offer detailed insight into the mechanism underlying 

the laser etching and its controlling parameters. Therefore, to achieve controllability over 

the nanostructuring on MoS2, it is essential to comprehend the various key factors 

responsible for the size, geometrical shape, etching rate, and orientation adopted by the 

etched voids.  

In the first part of the chapter, we demonstrate a detailed understanding of the mechanism 

behind focused laser-based etching on MoS2 flakes via experimental and computational 

studies. Here, we have presented patterning of nanostructures, such as nanoribbons, 

nanomesh, directly on MoS2 flakes via a simple one-step process of low-power focused 
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laser irradiation technique. This process does not require any photoresist coating or 

chemical etchant to create nano-patterns and is hence free from contamination. This 

process could be used for rapid prototyping to develop an array of MoS2 based devices on 

large-area MoS2 film for industrial applications.27 This technique offers the resolution of 

nanostructure up to the diffraction limit of the laser used (i.e.   ̴300 nm for 532nm laser 

line). Raman spectroscopy and AFM analysis have been carried out to understand the 

dynamics of the etching process as a function of power and exposure time. The shape of 

the voids, created by laser irradiation, has been modeled theoretically, and the orientation 

of the crystal planes of MoS2 has been determined.  

 

4.1.1  Experimental details 

4.1.1.1 Synthesis of MoS2 

Initially, bulk MoS2 flakes from the crystal are peeled off using scotch tape and exfoliated 

several times on the fresh new tape until the semi-opaque region is visible on the tape to 

thin down the sheets. Finally, after getting thin flakes on the tape, MoS2 layers are 

exfoliated onto 300 nm SiO2/Si substrate by putting down the tape firmly using a finger 

and get rid of the air bubbles.  Before transferring MoS2 flakes on SiO2/Si substrate, the 

substrate is cleaned with a piranha solution.  

4.1.1.2 Characterizations 

4.1.1.2.1   Raman and PL measurements  

 Raman analysis of MoS2 flakes is done by using WITec alpha 300R Raman spectrometer 

with 532 nm Nd-YAG continuous laser line at 1800 line mm-1 grating.  Primarily, the 

Raman spectra of MoS2 flake are taken by focusing the beam at 100x objective by varying 

the power of the laser with exposure of laser 1 sec and further carried out the real scan 

mode with varying exposure of laser on sample from 10 sec-100 sec.  

4.1.1.2.2   AFM Imaging 

Detailed AFM analysis is carried out by using BRUKER multimode 8 AFM in tapping 

mode at the same spots where patterns were made for different laser power and exposure 

time. Laser etching by Raman confocal microscope and AFM measurement both have 

been conducted in ambient conditions. 

 

4.1.2 Computational details  

DFT calculations are performed using the projector augmented wave (PAW) method in 

VASP. The exchange-correlation functional is treated at the level of GGA using its 
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Perdew-Burke-Ernzerhof variant (i.e. GGA-PBE). An energy cut-off of 500 eV is used 

for the expansion of the electronic wave function in plane wave basis. The PAW potentials 

with the valence states 4p, 5s and 4d for Mo, 2s and 2p for S have been used with self-

consistency attained at least 0.01 meV. A vacuum thickness of 16 Å was used to decouple 

the periodic images of the slab of MoS2 monolayer nano-sheet. The structure of MoS2 

monolayer nano-sheet has been optimized in a large asymmetric unit cell of dimensions 

13 Å x 14 Å x 15. 

 

4.1.3 Results and discussion 

 

 

Figure 4.1 (a) Nano-mesh fabricated on MoS2 flake by focused laser with exposure time 

~ 5 sec for each point. b) and c) AFM topography of MoS2-nanostructure with a minimum 

feature size of ~ 300 nm  (d) SEM image of nanoribbons, fabricated on MoS2 flake by 

moving the focused laser spot with exposure time ~1 sec for each point, with an average 

separation of ribbons is ~ 300 nm and average ribbon width of ~ 430 nm. 

 

As shown in figure 4.1a-4.1d, the focused laser irradiation technique can directly write 

desired nano-patterns on 2-D MoS2 flakes just simply by moving the focal spot of the 

laser beam on MoS2 surface with particular laser power and exposure time. We have 

created various nanostructures on the MoS2 flakes such as nanomesh, nanoribbons, as 

shown in figure 4.1a-4.1d. To pattern these structures, we have kept the laser power fixed 
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at 10 mW. The laser beam is focused with 100x objective having NA=0.90. By using 

Abbe diffraction limit for a microscope  [𝜆 (2 × (𝑁𝐴))⁄ ], the resolution attained for 

nanostructures are ~ 300 nm (as shown in figure 4.1b). The nanoribbons (figure 4.1c) are 

created by drawing parallel lines with the focused laser spot on the MoS2 flake. For the 

nanomesh structure (figure 4.1a), each void is created with 5-sec exposure of the laser 

beam per spot. The average separation between the nanoribbons is ~300 nm, and the 

average nanoribbon width is ~ 430 nm (figure 4.1c and figure 4.1d).  

 

 

Figure 4.2 a) AFM images of the trenches created due to the variation of laser power 

(only partial part) (b) shows the variation of void depth and number of etched layers with 

respect to the power of the laser, which is obtained from the AFM images of figure a). (c) 

The AFM image of an array of voids on MoS2 flakes with the variation exposure time from 

1 sec to 60 sec, showing the variation in the width of the voids. (d) Corresponds the plot 

for variation of void width with an exposure time of the laser. The x and y-direction of 

void width are shown in the inset image.  

 

The etching rate on the MoS2 layers using this focused laser etching technique could be 

controlled by (i) varying the laser power and (ii) the exposure time. These parameters can 

be tuned in such a manner that the rate of etching depth can be calibrated to achieve layer 

by layer etching to reach the desired thickness of MoS2 layers. However, it is found that 
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controlling laser power is more convenient than tuning short duration laser exposure time. 

AFM analysis has been carried out to understand the dependency of the void dimension 

on exposure time and power of the laser. It is observed that the depth of the void, i.e., a 

number of etched layers, depends on the power of the laser, as shown in figure 4.2a and 

4.2.b. AFM image in figure 4.2a shows the etched patterns with laser power, varied from 

8 mW to 45.5 mW at intervals of 7.5 mW. To find the average value of the etching depth, 

each trench is created with 3 consecutive laser shots of the same laser power and exposure 

time with ~ 1 µm separation. A constant exposure time of 1 sec has been maintained for 

every shot of a focused laser beam for various laser power. The fitted data set of void 

depth and the number of etched layers with varying laser power shows excellent linear 

response (figure 4.2b). The surmount laser flux and the propagation of heat energy due to 

the rise in laser power from the surface of the laser-irradiated spot persuade further 

penetration of the layers beneath the top one. Consequently, it leads to an increase in depth 

of the voids as well as the number of etched layers by varying the power of the laser. From 

figure 4.2b, the rate of etching depth is found to be ~ 1.3 nm/mW, i.e., ~ 2 layers/mW, 

which could be used as a parameter to achieve layer-by-layer etching of MoS2 flakes. It 

is also found that the area of the voids can be controlled by the exposure time of the laser.  

Figure 4.2c shows the AFM image of the voids on the MoS2 flake created by laser 

irradiation with exposure time varying from 1 sec to 60 sec at 8mW laser power. In figure 

4.2d, the dotted lines show the polynomial fitted plot of the width of voids in x and y- 

direction at varying exposure time of the laser. It is observed that initially, the widths of 

the voids increase rapidly in both x -and y-direction, probably due to the initialization of 

rapid laser etching from MoS2 flake. However, after complete void formation, a further 

increase in voids diameter with sluggish rate is possible due to the propagation of heat 

energy from the laser spot to the void periphery.  
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Figure 4.3 (a) AFM image of an array of fashioned hexagonal void on MoS2   flake. (b) 

shows the high magnified AFM topography of single hexagonal void, marked with a 

dotted box in figure a, where the low contrast triangular void is highlighted with dotted 

lines. (c) The 3-D interpretation of the AFM image of a single hexagonal void corresponds 

to the figure. 2b. High contrast hexagonal void ABCDEF and low contrast equilateral 

triangular voids UVW and XYZ are formed on a few layers of MoS2 flake. The 

crystallographic orientation of the plane of the MoS2 flake is depicted from the orientation 

of the hexagonal void. Dotted blue and the red arrow indicates the armchair and the zig-

zag direction of the MoS2 2-D crystal. d) Shows the clear version of crystal orientations 

of the MoS2 flake, obtained from the hexagonal void. 

 

Interestingly, with a closer look at the AFM images of the voids, it is found that the shape 

of the voids are formed either in hexagonal or in a triangular fashion, where hexagonal 

voids are found to be a most abundant and stable shape (figure 4.3a). Figure 4.3a shows 

the AFM image of the array of hexagonal voids formed on multilayer MoS2 flake having 

an identical shape, dimension, and orientation. AFM height images of a single hexagonal 

void are shown in figure 4.3b, and its 3-D representation is shown in figure 4.3c, where it 

is clearly visible that the high contrast hexagonal void (ABCDEF in figure 4.3c) occur in 

the majority of the layers of the multilayer MoS2 flake and the low contrast triangular-
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shaped voids occur in lesser number of layers (XYZ and UVW in figure 4.3c). The 

hexagonal void formed by ABCDEF has all internal angle close to 120˚, showing 6-fold 

rotational symmetry. The triangular voids XYZ and UVW are perfectly equilateral in 

shape and have internal angle ̴ 60˚. We can also determine the crystal orientation of the 

flake from the crystal orientation of hexagonal void as shown in figure 4.3c and 4.3d 

(discussed in later section).  The crystallographic defect may occur in this nanopatterning 

process due to laser etching, which commonly occurs in other conventional lithography 

techniques as well. However, unlike other methods, the chances of chemical changes in 

the flake are lesser in the case of laser etching. To understand the reason behind the 

particular shape, orientation and size of the void formation due to laser etching, we have 

done theoretical modeling of void on a single layer MoS2, based on first-principles density 

functional theory (DFT).28-30 The energy required to remove Mo and S atom(s) have been 

calculated as- 

           Edeformation=Epristine-Edefective-nMoEMo-nSES………………………(1) 

where Epristine is the energy of the pristine MoS2 monolayer nano-sheet, Edefective is that of 

the defective structure resulting from the removal of nMo number of Molybdenum (Mo) 

and nS number of Sulphur (S) atoms from the pristine monolayer nano-sheet, while EMo 

and ES are the energies of an isolated Mo and an isolated S atom respectively. 

Theoretically, MoS2 monolayer can think of a tri-layer structure where a layer of Mo 

atoms is sandwiched between two layers of S atoms. From figure 4.4a, it is clear that the 

smallest hexagonal void is formed on the top layer of the MoS2 sandwich structure when 

S atom from the top layer enclosed by the blue circle is removed by the laser incident 

upon it. It is also energetically favorable as it takes 6.85 eV of energy to create S vacancy 

as compared to 17.77 eV needed to create a Mo atom vacancy. These energies have been 

calculated using Equation (1). Assuming the center of the concentric circles to be the 

void/defect nucleation site and the laser radiation to spread radially outward from the 

center, it will move uniformly and equidistantly along all directions. To form hexagonal 

voids, the no. of S atoms lie along its periphery of progressively increasing void size are 

6,12,18,24...(Arithmetic progression); whereas for triangular voids, Mo atoms lie 

circumferentially along the sides of the equilateral triangle, occur in a geometric 

progression 3, 6, 12... (figure 4.4a). Figure 4.4b gives a theoretical estimate of the energy 

required to create hexagonal voids using Equation (1), which shows a steep rise in the 

void formation energy at the initial stages, while the rate of increase in void formation 

energy is found to decrease with increase in the number of voids.  
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Figure 4.4 (a) Top view of MoS2 nano-sheet simulated by first-principles DFT showing 

the geometry of the possible void. The alternately occurring zig-zag and the armchair 

directions are indicated by arrows. The blue and orange circles have radii of 2.4 (Mo-S 

bond length) and 3.19 Å’s (S-S or Mo-Mo distance in one plane), respectively. The 

outlines of hexagonal voids of different sizes are shown by black contours on the S atoms, 

whereas the triangular voids are highlighted in blue on the Mo atoms.  (b) The plot shows 

the required energy to create hexagonal voids of different sizes in the MoS2 monolayer 

nano-sheet. 

 

The possible geometry for both hexagonal and triangular voids are shown in figure 4.4a 

with black and blue contours, respectively. An exactly similar arrangement of hexagonal 

and triangular voids can be noticed from the experimental results, as shown in figure 4.3c. 

The AFM image in figure 4.3c shows consecutive voids XYZ, ABCDEF, and UVW, 

having a similar relative dimension and orientation as it is predicted in the theoretical 

model (figure 4.4a). The orientation between the two consecutive concentric triangular 

voids has a 180° difference, and the corners of the triangle XYZ touch the midpoint of the 

arms for the next order triangle UVW in figure 4.3c. Since the experimental observation 

of the void geometry perfectly fits with the theoretical model, hence it is most likely that 

the periphery of hexagonal voids lies on S atoms, whereas, for triangular voids, it lies on 

Mo atoms. Comparing figure 4.3c and figure 4.4a, it is also demonstrated that crystal 

orientation of the 2-D MoS2 flake can be identified accurately using the Bravais-Miller 

system from the orientation and the shape of the void on MoS2, which paves a unique and 

simple way for finding crystal orientation of 2-D materials. The out of plane direction is 

[0001]of the MoS2 flake and the other direction of the plane of the hexagonal void formed 

by the etching process, as shown in figure 4.3d.  The crystal orientation of the hexagonal 

void edges, as well as the zig-zag and armchair direction of the crystal, has been identified 



Controlled fabrication of MoS2 nanostructures and its electrical properties 
 

117 
 

by comparing figure 4.3c and figure 4.4a. Interestingly it is found that the direction, which 

is zig-zag for the crystal structure, is the armchair direction of the hexagon voids, and vice 

versa. The etching on MoS2 flake due to focused laser irradiation at different laser power 

is examined through optical microscope and AFM, as shown in figure 4.5 a- 4.5 c.  

 

 

Figure 4.5 (a) and (b) Optical images before and after void formation due to focused 

laser irradiation. (c) Corresponding AFM image of the flake after void formation. Black 

circles show the location of the voids.   

 

Figure 4.5 a and 4.5 b shows the optical image of the MoS2 flake before and after the 

etching process, whereas dotted circle represents the etching point at the surface of the 

MoS2 flake. The corresponding AFM topography of the same MoS2 flake depicts the 

formation of the voids after the etching process, highlighted with dotted circles in figure 

4.5c 

 

Figure 4.6 (a) Illustrate Raman spectra of MoS2  flake in real-time scan mode by varying 

the power of laser with a fixed exposure time of laser ~ 10 sec. (b) The change in the peak 

position of the two vibration modes of MoS2 with respect to the power of the laser.  

 

In order to understand the dynamics of the void formation on MoS2 flake due to focused 

laser, detailed Raman spectroscopic study has been carried out during the etching process. 

Primarily, we have conducted Raman measurements on MoS2 flake by varying the power 

a) Before etching After etching,2 holeb) c)
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of the laser and fixing the exposure time approximately 10 sec, as shown in figure 4.6a. 

The two most prominent signature peaks E1
2g   and A1g are observed at around 383 cm-1 

and other ~ 408 cm-1 (figure 4.6a).31, 32 At a particular power of the focused laser, the 

interaction of laser point beam with MoS2 flake accomplishes a stage where it triumphs 

over the total energy required to knock out  Mo and S atoms from MoS2 structure, which 

initiate the void formation on the 2-D nano-sheet. Therefore, to find the igniting laser 

power required to initiate etching, the Raman spectra are recorded for varying laser power 

starting from as low as 5.75 mW with exposure time ~10 sec in real-time mode. Figure 

4.6a shows no shift in phonon modes as well as no sign of void formation is observed at 

low laser power irradiation. However, at 6.95 mW, a sudden redshift in both phonon 

modes is seen due to the elongation of the bond length at the void edges. Figure 4.6b 

demonstrates that the peak positions of both phonon modes remain unchanged with a 

variation of laser power until the etching process is initiated at 6.95 mW. To study the 

dependence of exposure time on the igniting point of laser etching, we have studied the 

Raman signal with laser power lower than igniting power for various exposure time, 

varying from 10 sec to 100 sec (figure 4.7a), and found no evidence of etching of the 

MoS2 layers. To study the optical response, we have recorded the photoluminescence (PL) 

spectra at different laser power (figure 4.7b). For MoS2, PL peaks at 670 nm and 627 nm 

are generally observed due to A and B excitonic transitions directly at K-point from split 

valence bands to the lowest conduction band.33,34 In figure 4.7b, the prominent redshift of 

A-exciton peak and an increase in peak intensity is observed for elevated laser power, 

showing the dependency of A-exciton emission on laser power. 35 
 However, at igniting 

laser power (6.95 mW) for etching, a rapid increase in intensity (~ 6 fold) and prominent 

redshift of A-excitation peak from 672 nm to 682 nm are observed due to the etching of 

MoS2  layers at the laser-irradiated spot.  
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Figure 4.7 (a) Raman spectra of MoS2 for exposure time varying from 10 sec-100 sec at 

a fixed laser power (5.75 mW), which is lower than igniting power (6.95 mW) for void 

formation. (d) Photoluminescence spectra of MoS2 flake at different power of the laser. 

 

In the case of the 532 nm laser line, the etching is always confirmed on MoS2 flake for 

laser power ≥ 6.95 mW with an exposure time of  ≥1 sec. To understand the etching 

dynamics of MoS2 layers at higher laser power as well, the Raman study is conducted for 

laser power varying from 8-75.5 mW, keeping the exposure time fixed at 1 sec (figure 

4.8a). An overall redshift (~ 2.5 cm-1) in both phonon modes is visible for laser power 

varying from 8 mW to 75.5 mW (figure 4.8b). The FWHM is also found to be increased 

rapidly beyond 60 mW laser power (figure 4.8c) due to the presence of more dangling 

bonds at the edges of the voids, possibly due to the expansion of void diameter caused by 

local heating.  
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Figure 4.8 (a) The Raman spectra of MoS2 for different laser power (higher than igniting 

power i.e. 6.95 mW) having fixed exposure time ~1 sec. (b) Plots for a shift in peak 

position and (c) variation of FWHM for laser power varying from 8 mW- 75.5 mW.  

 

4.1.4 Conclusion 

 In summary, we have developed unique nanostructures such as nanoribbons, nanomesh, 

etc. on MoS2 flakes by direct one-step laser irradiation process using a 532 nm focused 

laser. The minimum feature size is achieved ~300 nm, which is close to the diffraction 

limit of laser used. The minimum power required to ignite the laser etching is 6.95 mW, 

and the etching rate recorded is 1.3nm/mW, i.e., 2 layers/mW. AFM and Raman analysis 

revealed that the etching depth and the void diameter could be controlled by tuning the 

laser power and the exposure time. The geometry of voids due to laser etching always 

takes either hexagonal or triangular shape, where hexagonal voids are most abundant. The 

mechanism of void formation in particular shape has been explained by first-principles 

DFT modeling. Comparing the experimental results and the theoretical modeling, it has 

been concluded that the periphery of the hexagonal void lies on S atoms, whereas for the 

triangular void, it resides on Mo atoms. From the orientation of the hexagonal and 

triangular voids, the crystal orientations of MoS2 crystal have been determined, and 

interestingly, the zig-zag direction of crystal structure turns out to be the armchair 

direction of the hexagonal void and vice versa. Hence, focused laser-induced direct 
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patterning on MoS2 flake opens up a different avenue to create unique nanostructures. 

Moreover, it provides an easy way of determining the crystal orientation in layered 

materials. This simple yet unique technique shows a great deal of potential in scaling up 

the fabrication of nano-electronic devices based on MoS2 nanostructures. 

 

Note: R. Rani, D. Sharma, A. Kundu, N. Jena, A De Sarkar*, K. S Hazra* Controlled 

Formation of Nanostructures on MoS2 Layers by Focused Laser Irradiation,Applied 

Physics Letters, 110, 083101, 2017.    

 (Featured in APL Cover Page) 

 

4.2 Characterization of electrostatic properties of diamond and 

shape nanostructured MoS2 using Electrostatic force 

microscopy (EFM) 

In the recent past, the electrical and dielectric properties of 2D layered material based 

nanostructures are being explored due to their uniqueness in electrical and optical 

response over the regular 2D configuration. So far graphene-based nanostructures are 

generally investigated due to its established synthesis route for controlled nanostructuring 

over a large area.36-41 Graphene nanostructures such as nanomesh, nanoribbons have 

introduced interesting physical properties such as edge conduction, quantum confinement, 

magnetic properties, etc., which leads the modernization in nanoelectronics and 

nanophotonics field.42-47 With growing interest in this field of research, researchers are 

trying to discover the unknown physical properties of other 2D layered materials based 

nanostructures, especially MoS2 nanostructures due to  its promising optoelectronic 

properties for potential applications in optoelectronic devices. The major limitations for 

experimental realization of MoS2 nanostructures so far is lack of uncomplicated 

synthesis/fabrication route for nanostructuring 2D flake of desired shape and size in a 

periodic manner. 48-55 However, our established technique based on low power focused 

laser irradiation as described in details in previous section, offers the fabrication of the 

desired shape of nanostructures in a simple one-step process way just by tuning the laser 

power and exposure time. To realize the potential applications of these nanostructures in 

nanoelectronics and photonics, it is essential to understand its electrostatic and dielectric 

properties in ambient conditions.  

In this part of the chapter, we have presented a comprehensive study on electrostatic 

properties of patterned nanostructures by low power-focused laser irradiation on MoS2 
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flake using Electrostatic force microscopy (EFM). To understand the electrostatic 

behavior of MoS2 nanostructures, Electrostatic force microscopy (EFM) is a reliable 

method to study surface charge density and dielectric properties of the nanostructures. It 

provides the information about surface contact potential and capacitance gradient of the 

sample surface. Researchers have extensively used EFM technique to characterize 

electrostatic properties of various nanomaterials including MoS2 2D flakes .56-66   

Electrostatic measurement on MoS2 monolayer by EFM has been done to probe magnetic 

response by Lu Hua Li et al. .60  J. Moser et al. has reported the study of the induced 

electric field due to water molecule on top of graphene by using EFM.62
 However, till now 

no experimental study on MoS2 nanostructures has been done using EFM due to 

complexity of fabrication as well as presence impurity at the pattern edges, fabricated by 

the available techniques. Here, to do a detailed study on MoS2 nanostructures, EFM has 

been carried out with varying tip bias voltage for different lift height. Finite element 

analysis (FEA) has been used to simulate the experimental parameters and validate the 

experimental results. The experimental findings and theoretical simulation confirm the 

dominance of the capacitive nature of MoS2 nanostructures fabricated by the focused laser 

etching process. The existence of such capacitive nature of MoS2 based nanostructures of 

desired shape and size as compared to pristine 2D flake has opened up a new prospect of 

various capacitive devices. 

 

4.2.1 Experimental details 

4.2.1.1   Synthesis of MoS2 

MoS2 flakes are obtained on 100 nm SiO2/Si substrates from the MoS2 crystal by 

mechanical exfoliation technique.  

4.2.1.2 Nanostructuring on MoS2 using Raman spectrometer 

MoS2 nanostructures of desired shape and size are patterned on MoS2 flakes by focused 

laser irradiation technique using WITec alpha 300R Raman spectrometer with 532 nm 

Nd-YAG continuous laser line. By moving the focused laser beam of power 10 mW at 

100x objective having NA=0.90, we have patterned diamond and star-shaped 

nanostructures on MoS2 flakes using a programmable piezo stage. Nanostructures of 

different geometry have been created on the same MoS2 flake of ~20 µm diameter and 

~45 nm thickness to ensure the uniformity in dimension and chemical environment of the 

nanostructures. 
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4.2.1.3 AFM and EFM measurements 

 Detailed AFM analysis is carried out using Asylum Research (Model: MFP-3D) in the 

ambient environment. Here in our work, we have used EFM mode with the conductive tip 

of Pt/Ir coating (type: ATEC-EFM-10) and spring constant of 0.7-9 N/m. This mode 

provides the visualization of electric field variations and capacitance gradient along the 

surface of the sample. It facilitates the qualitative contrast change with minimal parameter 

variation, such as lift height and tip bias voltage on the sample.  

 

4.2.2  Results and discussion 

Figure 4.9a shows the AFM topography image of the diamond shaped pattern on MoS2 

flake along with its height profile in figure 4.9b, having height ~30 nm. Figure 4.9c shows 

the star-shaped pattern topography image on the same flake with height ~40 nm (figure 

4.9d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 AFM topography and height profile of diamond and star-shaped MoS2 

nanostructures, patterned by laser irradiation technique. (a) & (c) The topography image 

of the diamond and star shaped pattern, respectively. (b) & (d) The height profiles of the 

pointed regions with red arrow shown in (a) and (c), respectively.  

 

To investigate the electrostatic properties of these patterned MoS2 nanostructures, we 

have conducted Electrostatic Force Microscopy (EFM). DC bias is applied between tip 

and sample at different lift height ranging from 50 nm to 150 nm, which ensures the 
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interaction force between tip and sample is solely due to long-range Coulomb interaction 

and not due to short-range Van der Waals force. EFM measures the force gradient rather 

than the force directly, where the force (F) experienced between tip and sample is 

expressed as follows65

F= 
qtqs

4πϵ0z2 + 
1

2
 
𝑑𝐶

𝑑𝑍
(𝑉𝑡𝑖𝑝 − 𝑉𝑐)2                                              (1) 

The 1st term of Equation (1) corresponds to the electrostatic force due to the Coulombic 

interaction between the tip and the sample, where qs is the surface charge; qt is the charge 

induced at the tip; z is the separation between tip and sample i.e., lift height; 𝑉𝑡𝑖𝑝  is the 

applied voltage to the tip and 𝑉𝑐is the contact voltage between tip and sample.  2nd term of 

Equation (1) arises due to the capacitive interaction between the tip and sample.  It 

signifies the capacitance gradient which is quadratic in nature with the variation of   𝑉𝑡𝑖𝑝 . 

This quadratic variation of force with  𝑉𝑡𝑖𝑝 shows that generally, the capacitive force is 

dominating over the Coulomb force which eventually exhibits parabolic response of the 

phase shift with   𝑉𝑡𝑖𝑝 . The phase shifts (Φ) due to the change in the cantilever oscillation 

are related to the force gradient in EFM, which is expressed by   

Φ= 
𝑄𝐹′

𝑘
 where 𝐹’ = 

𝑑𝐹

𝑑𝑍
= 

−qtqs

2πϵ0z3 +
1

2
 
𝜕𝐶2

𝜕𝑧2 (𝑉𝑡𝑖𝑝 −  𝑉𝑐)2       (from equation 1) 

Φ=
𝑄𝐹′

𝑘
= 

−qtqs

2πϵ0z3

𝑄

𝑘
+

𝑄

2𝑘
 
𝜕𝐶2

𝜕𝑧2 (𝑉𝑡𝑖𝑝 −  𝑉𝑐)2                        (2) 

Where 𝐹’   is the force gradient, k is the spring constant, and Q is the quality factor. The 

phase shift (Φ) due to the capacitive interaction shows the parabolic response with   𝑉𝑡𝑖𝑝. 

The phase shift measured from EFM provides the information about the force gradient 

between the tip and sample as it is directly proportional to the force gradient. Hence, our 

approach has been concentrated on phase mode rather than frequency mode of EFM in 

which improved resolution can be achieved by mapping the Φ of the oscillating tip, 

induced by the electrostatic force gradient. EFM study has been conducted on the laser 

patterned MoS2 nanostructures at varying 𝑉𝑡𝑖𝑝 of both polarity ranging from 0 V to 10 V 

with a different lift height of 50 nm, 100 nm, and 150 nm. To check the reproducibility of 

the results, different geometries (diamond and star-shaped) of MoS2 nanostructures 

patterned on the same flake of uniform thickness (~ 45 nm) are used to do the 

measurements.  
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Figure 4.10. a) Schematic of performed experiment along with EFM phase images of a 

diamond shaped MoS2 nanostructure at a lift height of 50nm at varying tip bias voltage.  

EFM phase image for 𝑉𝑡𝑖𝑝 of 0 V, shows the variation in phase shift at patterned area due 

to the floating ground of sample in EFM configuration. EFM phase image are taken for 

applied tip bias 𝑉𝑡𝑖𝑝 of ±3𝑉, ±5𝑉  and ±10𝑉 respectively, which shows the enhancement 

in the contrast of the phase. 

Figure 4.10 shows the EFM phase image of the MoS2 nanostructure when no tip bias 

voltage is applied at a lift height of 50nm. A small variation in the contrast of phase is 

evident between the laser-etched area and the rest of the flake at 0V, which arises due to 

the existence of a non-zero electric field between tip and sample in EFM configuration. 

By increasing the 𝑉𝑡𝑖𝑝 further, the contrast and resolution of the phase image can be 

enhanced further. The 𝑉𝑡𝑖𝑝  of opposite polarity has been applied to probe the type of 

interaction between the tip and patterned nanostructures (figures 4.10). In case of the 

presence of free charges on the MoS2 surface, the 1st term of equation 1 would dominate, 

and the contrast of the phase image would flip (dark to bright or vice versa) upon changing 

the polarity of the tip. When the tip bias and the free charges on the sample are of the 

same polarity, the phase image exhibits bright contrast, whereas in case opposite polarity, 

it shows dark contrast.  The overall phase images (figure 4.10) of the MoS2 nanostructures 

show that there is no such flipping of contrast occurs while changing the polarity of the 

tip except a very small portion of the top corner of the diamond shape nanostructure. After 

a specific time of scanning, this small portion of static charge fades away automatically, 

which is evident in figure 4.10. However, the periodic variation of the contrast in the 

phase image is quite prominent over the patterned area of MoS2 nanostructures, which 

arises due to capacitive interaction. By increasing the 𝑉𝑡𝑖𝑝 from 3 V to 10 V, the contrast 

of the laser-etched area is found to enhance in identical fashion for both polarities of AFM 

tip (figure 4.10). Hence it is evident that the laser-based nanopatterning technique can be 



Controlled fabrication of MoS2 nanostructures and its electrical properties 
 

126 
 

used as a simple and rapid process to induce a periodic variation of capacitance on MoS2 

flake. To investigate the effect of electric field uniformity over the MoS2 nanostructure, 

EFM measurements are conducted on MoS2 nanostructures at a different lift height of 100 

nm and 150 nm as shown in figure 4.11a-b. For both lift heights, the effect of tip bias 

polarity is identical as of 50 nm lift configuration (figure 4.10). To understand the scale 

of variation of Φ at different lift height, we have plotted Φ with respect to the lateral 

distance of the flake. Figures 4.11c-d depict the plots of Φ across the nanostructure with 

the variation of tip bias for lift height 100 nm and 150 nm. Abrupt variation of Φ can be 

observed in the laser-etched area as compared to the pristine part of the flake. For an 

instant, in the case of 100 nm lift height, the sharp variation of 10 degrees in Φ is seen in 

the laser-etched area at 10V.  However, in the case of the 150 nm lift height, the variation 

in Φ goes down to ~ 5 degrees. It can also be noticed from both graphs (figure 4.11c & d) 

that the variation of Φ is identical and falls in same scale range in case of same  𝑉𝑡𝑖𝑝 of 

opposite polarity. However with the variation of  𝑉𝑡𝑖𝑝, Φ changes drastically. It can be 

clearly noticed in figure 4.11c and d that the plots for  𝑉𝑡𝑖𝑝 +3 V and -3V are closely 

spaced to each other; whereas the plots for  𝑉𝑡𝑖𝑝 +10 V and -10 V are far apart from  𝑉𝑡𝑖𝑝 

3V plots and shows enhanced Φ values.  
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Figure 4.11 a-b EFM phase images and phase profiles of diamond shaped nanostructure 

at lift height of 100 nm and 150 nm. a) and b) EFM phase images of a diamond-shaped 

nanostructure on MoS2  flake at  varying 𝑉𝑡𝑖𝑝 at lift height 100 nm and 150 nm. c) and d)  

Phase profile with respect to lateral distance of the diamond-shaped nanostructure at 100 

nm and 150 nm. The red dotted area shows the abrupt variation in phase shift on a 

patterned area at varying  𝑉𝑡𝑖𝑝.  
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Figure 4.12 EFM phase images and phase profiles of star shaped nanostructure at lift 

height of 100 nm and 150 nm. a) and b) EFM phase images of a star-shaped nanostructure 

on MoS2  flake at  varying 𝑉𝑡𝑖𝑝 at lift height of 100 nm and 150 nm. c) and d)  Phase shift  

profile with respect to lateral distance of the star-shaped nanostructure at 100 nm and 

150 nm. The blue dotted area shows the sudden variation in phase shift on patterned area.  

To investigate the repeatability of the results, EFM measurements have been carried on 

different shape of nanostructures on MoS2 flake by varying𝑉𝑡𝑖𝑝. Figure 4.12a & b 

demonstrate the EFM phase images of star-shaped MoS2 nanostructures with respect to 

the variation of 𝑉𝑡𝑖𝑝at lift height 100 nm and 150 nm, respectively. Identical behavior is 

also observed in star-shaped MoS2 nanostructure as well. The variation in contrast in 

phase image, originated due to capacitive interaction, shows significantly higher 

capacitive interaction in the laser-etched area as compare to the pristine area of the MoS2 

flake. The plots of phase contrast (figure 4.12c & d) along the lateral distance of the 

nanostructures show abrupt rise at the laser-etched parts. By taking the average value of 

Φ on the patterned area, the variation of Φ with 𝑉𝑡𝑖𝑝 is plotted in figure 4.13a and b for 



Controlled fabrication of MoS2 nanostructures and its electrical properties 
 

129 
 

both 100 nm and 150 nm lift heights for both nanostructures. The fitting of the data shows 

a parabolic response of Φ with  𝑉𝑡𝑖𝑝 for all lift heights, which agrees well with equation 2 

where Φ ∝ 𝑉𝑡𝑖𝑝
2 in case of capacitive interaction. However, the plot with a higher lift 

height of 150 nm is flatter as compared to the 100 nm lift height plot due to reduced 

electrostatic interaction. Also, the variation in Φ value has been observed for both 

diamond and star shape nanostructures. Such variation is arising due to the variation of 

height in both nanostructures, as shown in figure 4.13a and 4.13b. With under the same 

applied tip bias, in the case of the diamond-shaped nanostructure (depth ~ 30 nm), the 

effective applied higher electric field strength is higher as compared to the star-shaped 

nanostructure (depth ~40 nm), and hence diamond-shaped nanostructure shows slight 

higher phase value. Overall, both the geometry of MoS2 nanostructures show periodic 

variation in capacitance of the same scale along with the lateral distance at fixed 𝑉𝑡𝑖𝑝 and 

lift height. Hence laser-based direct writing on MoS2 flake could emerge as an innovative 

and rapid technique to induce a variation of capacitance locally and in an array form of 

the desired periodicity.  

 

 

 

 

 

 

 

 

 

 

Figure 4.13 a-b) Plots of corresponding average Φ on the patterned area as a function 

of applied  𝑉𝑡𝑖𝑝. The parabolic response is observed in both lift height which follows Φ α 

V2 relation.   

 

However, the significance of these measurements is that the difference in contrast in the 

phase image between the laser-etched area and the pristine part of the MoS2 flake 

prominently depends on lift height and it seems to decrease with increasing the lift height 

as shown in figure 4.14a. To further understand the dependence of Φ in the EFM phase 

image of the MoS2 nanostructures with the lift height, we have done numerical simulation 

based on finite element analysis using Lisa 8.0 software with the boundary conditions of 

the actual EFM experiments. We have employed a 2-D model of MoS2 flake having 3µm 

area and 50 nm thick, which is taken on Si/SiO2 substrate of 3.6 µm area and 500 nm 
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thickness of the SiO2 layer. Laser-etched trenches are formed on MoS2 flake of ~300 nm 

width and thickness 45 nm. A constant tip bias of 3V is applied, keeping the sample 

grounded. The lift height has been varied from 100-250 nm with 50 nm interval. The 

second derivative of the capacitance value with respect to lift height, has been used to plot 

the phase shift vs. lift height, shown in figure 4.14b. The simulated data for variation of 

phase shift with respect to the local electric field has been plotted in figure 4.14c, which 

shows parabolic response with the variation of the local electric field (Vtip). The local 

electric field values are obtained in the pattern area for various 𝑉𝑡𝑖𝑝, which is plotted in 

figure 4.14d, showing linear relation between local Electric field and 𝑉𝑡𝑖𝑝. The simulation 

data agrees well with the EFM measurements demonstrating the parabolic response of Φ 

with respect to the local electric field.  In addition, simulation results also show that Φ 

varies linearly with lift height, which obeys well with the experimental data plotted in 

figure 4.14a. Both results show that the Φ decreases linearly with lift height due to the 

weaker capacitive interaction between the tip and the sample. From the EFM phase 

analysis, we have concluded that the phase shift is observed due to the capacitive signal 

induced by the presence of the nanostructures created on the MoS2 flake. The origin of 

the EFM capacitive signal is from the polarization of the nanostructure in the field induced 

by the EFM tip. The EFM signal would be changed due to the dependency of polarization 

on the design of the nanostructure. 
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Figure 4.14 Phase profile with respect to lift height of the diamond shaped nanostructure. 

a) Experimental average data points of Φ vs lift height at ±3𝑉 & ± 10𝑉.  b) Plot of FEA 

based simulated data of Φ with variation of lift height. Both results show identical 

response with the variation of lift height. The Φ decreases linearly with increasing the lift 

height showing capacitive interaction between tip and the sample. c) Simulated phase 

profile as a function of local electric field. d) The relation of local Electric field with 𝑉𝑡𝑖𝑝.  

 

4.2.3 Conclusion  

In summary, we have investigated the capacitive behavior of diamond and star-shaped 

MoS2 nanostructures using EFM qualitatively. The phase shift on the patterned area along 

with lateral distance by varying the tip bias voltage and lift height shows relatively high 

response as compared to the pristine flake. The parabolic variation of phase shift with tip 

bias voltage on both nanostructures signifies the rise of capacitive signal due to the 

patterned nanostructures interaction with the tip. Our experimental and theoretical 

simulation both show a linear variation of phase shift with lift height. The array of 

nanostructures on MoS2 show a great deal of potential application in capacitive and nano-

electronic devices. The simple one-step method of fabrication of nanostructures on MoS2 

flake using laser-based irradiation and realization of their capacitive behavior boosts the 
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interest towards the revelation of unexplored properties of these nanostructures on the 2-

D layered material.  

 

Note: R. Rani, A. Kundu, M. Balal, Goutam Sheet, K. S. Hazra*, Modulating Capacitive 

Response of MoS2 Flake by Controlled Nanostructuring through Focused Laser 

Irradiation, Nanotechnology, 29, 345302, 2018.            
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Chapter 5 

 
Ultrasensitive SERS sensing platform having 

localized hotspots on nanostructured 

monolayer MoS2 
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5.1 Introduction 

Precise control over hotspot location is still a challenging task towards the development 

of the proficient, quantitative, qualitative, and reproducible Surface-Enhanced Raman 

Scattering (SERS) substrate. Researchers have put extensive efforts into controlling the 

hotspot location by fabricating or synthesizing nanoparticles (especially Au and Ag) of 

unique shape and arrangements.1-10 It involves the synthesis of sophisticated 

morphologies such as nanorods, nanocubes, octahedral forms, star-like structures, etc. via 

electrochemical deposition or chemical synthesis. 3-6 
 The different  geometry of 

nanoparticles helps in attaining intense light confinement at the nanoscale, and in turn, 

enhances the strength of the electromagnetic field at the hotspots.9-10 The self-assembly 

of such complex nanoparticle morphologies is widely used in the “bottom-up” fabrication 

of commercially available SERS substrates, which typically features the electrochemical 

deposition of Au or Ag nanoparticles on indium tin oxide (ITO) substrates. However, the 

shape-controlled synthesis of nanoparticles and random distribution of hot spots, leading 

to the insufficient enhancement in the electromagnetic field at hot spots, is the major 

impediment for the realization of efficient SERS platform for ultra-sensing of various 

analytes.5,9    To overcome this issue, the top-down approach is being explored in parallel, 

involving e-beam lithography, nanoimprinting, and photolithography, which offers better 

controllability over hot spots distribution on the substrate.11-23 For an instance, Yue et al. 

studied the SERS effect of quasi 3D Au nanoholes with various geometrical shapes 

(quadrate, circular, triangular, and rhombus) deposited on silicon substrates via e-beam 

lithography. They concluded that rhombic nanohole geometry yields the highest SERS 

response.11 Another report presented the fabrication of aluminum nanovoid-based SERS 

substrates by a nanoimprinting technique combined with e-beam lithography for the 

detection of bio-analytes.12 The fabrication of hierarchical 3D SERS substrates of various 

microstructures (prism, truncated cone and square) has also been demonstrated through 

integration of 3D laser photolithography with self-assembly of Ag nanoparticles.13 

However, the feature size and precision of the geometrical orientations are the limitations 

of this approach. Also, the complexity of the process flow makes this approach difficult 

to implement at the industrial level. Both methods have implemented the traditional 

random approach to probe the qualitative and quantitative SERS signals of analytes and 

involve nanometer precision of nanostructures, which limits the realization of the ideal 

SERS substrate.  In light of the above discussion, it is of utmost necessity to develop and 
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explore new approaches in which hotspot locations are precisely controlled instead of 

randomly distributed, and that does not require nanometer-scale precision of the 

nanostructure’s orientation. Furthermore, it is also necessary to visualize the hotspots 

experimentally for localized detection of the analyte, which would be advantageous over 

the random probing of the Raman signal throughout the substrate.  

In this chapter, we have demonstrated a hybrid platform of MoS2 nanostructure with 

AuNPs for the controlled formation of localized hotspots for ultrafast SERS sensing. 

Here, we have presented that low power laser irradiation technique24-25 can be used to 

engineer artificial edges on monolayer MoS2 sheets. The anchoring of AuNPs on such 

artificial edges offers experimental visualization of hotspots, through Raman mapping at 

predefined locations for localized probing of the analyte. The monolayer MoS2 flake, 

having intrinsic Raman active modes as well as strong optical absorption in the visible 

range26-29, combined with highly active plasmonic nanostructures (i.e., AuNPs)30-32, 

results in a superior SERS substrate with localized hotspots.  We have presented the SERS 

capability of the AuNP-decorated MoS2 nanostructure (at predefined hotspots) by using 

Rhodamine B (RhB) as an analyte. The Raman mapping conducted at the signature peak 

of RhB depicts the formation of hot spots along the edges of the nanostructure, which 

provides the exact location of hot spots for attaining the enhanced Raman signals of the 

analyte. The enhancement factor (EF) has been calculated and compared for the different 

zone of the nanostructure. It depicts high enhancement at hotspots located along the 

artificial edges of the nanostructures. This approach enables the detection of RhB at 

concentrations as low as ~10-10 M. Density functional theory (DFT) calculations 

demonstrate that nanostructuring by laser irradiation can lead to the creation of dangling 

bonds along the nanostructure edges which promote the higher accumulation of AuNPs 

owing to their strong affinity towards Au. This results in a high concentration of AuNPs 

along the nanostructure edges, leading to an incrimination in the number of conductive 

transmission channels near the Fermi level. This is in stark contrast to Au adsorption on 

the surface, which has little to no effect on conductivity.  The high-density adsorption of 

AuNPs along the etched edges prompts a transition from semiconducting to metallic 

behavior, generating regions of mobile charge that can oscillate in phase with the incident 

laser light.  The charge oscillations drastically enhance the local electric field, magnifying 

the dipole response of any nearby reporter molecule.  This, in turn, increases the 

molecule’s Raman cross-section by several orders of magnitude, giving rise to hotspots 

in the Raman mapping. So far, the visualization of hotspots has been provided by 

theoretical simulations only. We have demonstrated that AuNPs decorated MoS2 
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nanostructure-based hybrid SERS substrate allows the localized arrangement of hotspots 

of the desired geometry, guided by the etched edges of the flake, enabling the detection 

RhB analyte at ultralow concentrations. The nanostructured MoS2-based hybrid SERS 

platform opens a new avenue towards controllable hotspot formation with localized 

detection capability.  

  

5.2   Experimental details 

5.2.1   Synthesis of MoS2 

MoS2 sheets are grown on 300 nm SiO2/Si substrate by a chemical vapor deposition 

method. We have used MoO3 and sulfur as a precursor for synthesizing the monolayer 

MoS2 flakes. The reaction is carried out at 700˚ C in Argon environment.33  

5.2.2 Engineering of artificial edges on monolayer MoS2 using Raman 

spectrometer 

We have patterned artificial edges of desired shape and size on monolayer MoS2 flake via 

low power-focused laser irradiation process using WITec alpha 300R Raman 

spectrometer. We have used a 532 nm laser line of Nd-YAG to etch the surface of the 

monolayer MoS2 sheet. The laser power used for this purpose is 6.95 mW. The 

nanostructuring on monolayer MoS2 sheets are done at 100x objective having NA=0.90 

using a programmable piezo x-y stage. 

5.2.3   Characterization 

5.2.3.1 Raman and PL measurements 

Raman and PL measurements are carried out with a 532 nm laser line, keeping grating at 

600 line mm-1, using WITec alpha 300 R Raman spectrometer. The mapping has been 

conducted with a scan rate of 150 line/ scan using laser power of 1 mW, keeping 

integration time 1 sec.  

5.2.3.2 AFM, UV-Vis and TEM measurement  

AFM imaging is conducted using a Bruker Multimode 8 AFM system in tapping mode 

under ambient conditions. The as-prepared AuNPs are characterized by Shimadzu UV 

2600 spectrophotometer. The as-prepared AuNPs are drop-casted on a copper grid and 

kept for drying in a vacuum desiccator and characterized by JEOL TEM at 200 kV to 

probe the crystallinity and size of as-prepared AuNPs. 

5.2.4 Synthesis of AuNPs 

The well-established citrate reduction method is used to prepare the gold nanoparticles 

(AuNPs), where the solution of 12 mL of HAuCl4 (1 mM), with 2 mL of trisodium citrate 
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(2%), is heated at 200˚ C for ~30 min. under vigorous stirring condition. The red color 

appearance of the solution indicates the formation of AuNPs. 

 

5.3 Computational details 

 Relaxation of atomic structures is carried out using the projector augmented wave (PAW) 

method of density functional theory (DFT) as implemented in the Vienna ab initio 

simulation package (VASP) 34 employing the Perdew-Burke-Ernserhof (PBE) generalized 

gradient approximation (GGA) for the exchange-correlation functional.35 The basis set 

includes plane waves with energies up to 600 eV. The Brillouin zone of pristine 

monolayer MoS2 was sampled with a 7x7x1 Γ-centered Monkhorst-Pack grid. 36 

Relaxation iterations continued until the Hellmann-Feynman forces on all atoms settled 

below 1 meV/Å, while electron field iterations persisted until changes in both the total 

energy and Kohn-Sham eigenvalues fell below 10-6 eV. Meanwhile, 12 Å of vacuum was 

inserted in the z-direction (out-of-plane direction) to ensure that interactions with the 

periodic images were negligible.  Relaxation of surface and edge structures with adsorbed 

Au fulfilled the same convergence criteria.  For nanoribbons periodic in the x-direction, 

12 Å of vacuum was again inserted in y- and z-directions to negate periodic interactions. 

We followed the conventional nomenclature for graphene nanoribbons37, 38, in which the 

width of a ZZ. (AC) nanoribbon is denoted by the number Nz (Na) of zigzag (dimer) lines 

across the transverse direction.  Our simulations utilized ZZ. nanoribbons of width Nz = 

9 and A.C. nanoribbons of width Na = 16.  These ribbons were also sufficiently wide, at 

least 20 Å across, to ensure that either edge behaved as an isolated edge of a semi-infinite 

monolayer. The transport properties of Au-adsorbed MoS2 edges were calculated using 

DFT as implemented in SIESTA39 in conjunction with the non-equilibrium Green’s 

function method, as implemented in Gollum-2.040. SIESTA implements a localized 

numerical-atomic-orbital basis set approach. A single zeta polarization (SZP) basis set is 

applied for all the atoms in Au-adsorbed MoS2. SZP basis sets have been previously 

shown to satisfactorily depict the ground state properties of MoS2
41. The PBE-GGA 

exchange-correlation functional, cutoff energy of 200 Ry, and an energy shift of 0.001 Ry 

were used for all systems. Periodic boundary conditions are applicable in the transverse 

directions, with transport calculations are done in the semi-infinite direction along the 

edges of interest. A dense Monkhorst-Pack grid of 5x1x100 k-points is used for 

calculating the Hamiltonian of the leads. The DFT calculations yield the mean-field 

Hamiltonian, H, and overlap matrices, S, which can then be used to calculate the electron  
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transmission coefficient, T(E) between left and right electrodes according to the equation, 

𝑇(𝐸) = 𝑇𝑟[Γ𝑅(𝐸)𝐺(𝐸)Γ𝐿(𝐸)𝐺†(𝐸)] 

where 𝐺 = (𝐸𝑆 − 𝐻 − Σ𝐿 − Σ𝑅)−1 is the retarded Green’s function, Σ is the electrode 

self-energy term which quantifies the coupling between the left (L) or right (R) electrodes 

and the scattering region (or device), matrix Γ = 𝑖[Σ(𝐸) − Σ†(𝐸)] depicts the level 

broadening due to coupling between the electrode and scattering region. 

5.4   Results and discussion 

  

 

Figure 5.1 a) AFM topography of monolayer MoS2 flake (indicated by dotted outline) and 

its corresponding height profile (inset) shows the thickness of the flake as ~ 0.8 nm. (b) 

Raman spectra of a pristine monolayer MoS2 flake, depicting the difference between its 

two characteristics modes, i.e., E1
2g and A1g (inset panel) with a red dotted line. (c) PL 

spectra of pristine monolayer MoS2 (flake shown in the inset) is fitted with Lorentzian 

function showing a peak at ~ 682 nm (green dotted line).  

 

In order to investigate the layer number and the quality of the as-grown MoS2 flakes, 

deposited by chemical vapor deposition (CVD), characterization using atomic force 

microscopy (AFM), Raman, and photoluminescence (PL) spectroscopy were carried out 

in an ambient environment. An AFM topography image of monolayer MoS2, grown on 

SiO2/Si substrate by the CVD method, is shown in figure 5.1a. The average size of the 

flakes is ~18 µm2, having smooth surfaces without any wrinkles or cracks. The 

corresponding cross-sectional height profile indicates that the MoS2 flake is single layer 

with a layer thickness of ~0.8 nm (figure 5.1a). Raman and PL spectra of MoS2 flakes 

were acquired using a 532 nm laser line with a laser spot of ~1µm (figure 5.1 b-c). From 

the Raman spectra of MoS2, the difference between its two signature peaks at ~ 383.1 cm-

1 and ~ 402.1 cm-1, associated with in-plane (E1
2g) and out-of-plane (A1g) vibration modes 

respectively, is found to be ~ 19 cm-1, confirming its monolayer configuration (figure 5.1 
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b). The PL spectra of monolayer MoS2 has been fitted with Lorentzian functions, which 

identifies a single peak at ~ 682 nm (1.81eV) originating due to the 𝐴 exciton from the 

direct bandgap transition at the K point (figure 5.1c).  

 

 

Figure 5.2 a) Raman mapping of an array of patterns (of various shapes and sizes), 

created on a monolayer MoS2 flake by the laser irradiation technique. b) Magnified 

Raman mapping image of a single triangular and star-shaped pattern on a monolayer 

MoS2 flake. 

 

Nanopatterns of various shapes and sizes were embossed on the pristine monolayer MoS2 

in an ambient environment via laser irradiation, as shown in figure 5.2a. Low-power 

focused laser irradiation is a practical approach to create patterns of desirable shape and 

size on MoS2 flakes via two controlling parameters, i.e., laser power and exposure time, 

as demonstrated in our previous report.24 For fabricating the nanostructures via laser 

irradiation, a threshold laser power of ~ 6.95 mW has been used to attain the resolution 

of ~ 300 nm for patterning, close to the diffraction limit of the laser that was used. 

Triangular and star-shaped patterns can be embossed by moving the programmable piezo 

stage while focusing the laser spot on the pristine monolayer MoS2 flake at 100x objective 

(figure 5.2b).  Raman mapping was carried out on the nanostructured MoS2 flake with a 

scan rate of 150 lines/scan, keeping the laser power below the threshold value (1 mW) to 

avoid any etching action during the measurement (figure 5.2b). Mapping micrographs 

represent the intensity variation of the characteristic MoS2 Raman peak (383 cm-1 within 

a bandwidth of 2 cm-1), showing uniform contrast throughout the MoS2 flake. It is evident 

that no significant variation is observed in the signature Raman peaks (383 cm-1 and 402 

cm-1, respectively) at the edges of the etching sites, indicating that the flake’s crystallinity 

is not significantly altered during the etching process. This can be attributed to the use of 

a low-power laser for fabricating the patterns, which prevents oxidation (figure 5.2b). 

Darker shades at the etched voids confirm the complete removal of MoS2 from the etching 

sites. In this way, the low-power focused laser-based nanopatterning process modifies the 
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surface of the flake by creating artificial (internal) edges and defect sites, which can act 

as active sites that facilitate the adhesion of metal nanoparticles to the MoS2 flake. 

 

 

Figure 5.3 a) Absorption spectra of as-prepared AuNPs shows the characteristics peak 

of Au indicated by the black dotted line at ~ 522 nm. (b-c) Low magnification TEM image 

shows spherical shaped AuNPs; the size distribution is depicted in the corresponding 

histogram plot, where a total of 17 particles are measured to obtain the average (mean) 

size and standard deviation of the particles (inset panel). (d-e) HRTEM image of a single 

AuNP and its auto-correlated lattice fringe image acquired from the selected area of 

figure 2d (shown by the dotted red box) reveals a lattice spacing of 0.22 nm (top inset 

panel), which is consistent with the Au (111) plane.   

 

 For functionalizing the patterned nanostructures with metal nanoparticles, gold 

nanoparticles (AuNPs) were prepared by a well-known citrate reduction method (details 

in Methods).42 Figure 5.3 shows the characterization of gold nanoparticles (AuNPs) using 

UV-vis spectrometer and Transmission Electron Microscope (TEM). The as-prepared 

AuNPs, by well-known citrate reduction method, is initially characterized by their 

absorbance spectra, probed via a UV-Vis spectrometer.  A prominent absorption peak at 

522 nm indicates the Surface Plasmon Resonance (SPR) band (figure 5.3a). The SPR 

band of the AuNPs originates from the coherent oscillations of electrons in the conduction 

band of the nanoparticles induced by the varying electromagnetic field of the incident 

photons.43,44 A transmission electron microscope (TEM) was utilized to investigate the 

crystalline nature of the as-prepared AuNPs. The low magnification image (figure 5.3b) 

shows that AuNPs are spherical and have a highly uniform size distribution. Its 

corresponding histogram has been plotted by considering all the NPs in figure 5.3c (i.e., 
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17), showing the average particle size to be 14 nm ±  0.89 nm. The HRTEM image of a 

single AuNP is shown in figure 5.3d, where the lattice planes of Au are clearly visible. 

To measure the d-spacing of the nanoparticle, an inverse FFT is done over the selected 

area (dotted box) of figure 5.3d, and its corresponding auto-correlated lattice fringe image 

is shown in figure 5.3e, depicting lattice spacing to be 0.22 nm along the (111) plane, 

which matches well with the theoretical value (0.23 nm).  An AuNPs solution (Au = 0.05 

mM) of 6 µL, prepared by the citrate reduction method, is incorporated on monolayer 

MoS2 flakes immediately after the laser etching is completed by a drop-casting method, 

and kept in a vacuum desiccator for drying to avoid passivation of dangling bonds created 

at the engineered (artificial) edges. Preventing the engineered edges from being passivated 

is crucial since we do not see any pronounced deposition of AuNPs along the natural 

edges of the flake that are already passivated. For a clear understanding of the executed 

experiment, graphical representation of the performed steps is shown in figure 5.4a, where 

an as-grown monolayer MoS2 flake on SiO2/Si substrate is patterned using a 532 nm laser 

line, followed by immediate incorporation of AuNPs through drop-casting method to 

achieve the localized arrangement of AuNPs along the artificial edges. AFM 

measurements have been conducted in a tapping mode to investigate the distribution of 

AuNPs on the surface of the patterned MoS2 flake (figure 5.4b-d). For comparison, AFM 

topography images, before and after the AuNPs’ incorporation on a star-shaped MoS2 

pattern, have been acquired in ambient conditions as shown in figure 5.4b (before) and 

5.4c (after).   
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Figure 5.4 a) Schematic graphics demonstrate the nanopatterning of monolayer MoS2 by 

laser irradiation, followed by AuNPs deposition for creating localized hotspots along the 

artificially created edges of the nanostructure. (b-c) AFM topography image of the MoS2 

sheet before and after the decoration of AuNPs on the SiO2/Si substrate, showing the 

distribution of AuNPs on the 2D MoS2 flake. (d) Magnified view of the AuNPs-decorated 

artificial edge of the MoS2 sheet, where white dotted lines indicate the outlines of the 

laser-etched edges.  

 

The higher magnification image (figure 5.4d) of the etched region of the star-shaped MoS2 

pattern establishes that the AuNPs are anchored predominantly at the etched edges (shown 

by the white dotted line) rather than on the other parts of the MoS2 and Si surfaces. The 

patterning on the MoS2 flake by the low-power focused laser leads to the formation of 

defects and dangling bonds at the freshly created etched sites, which in turn could act as 

active sites for anchoring AuNPs.  Interestingly, due to anchoring of AuNPs at the etched 

edges (figure 5.4d), Raman active hotspots are created predominantly along the 

engineered edges, which can be detected from Raman mapping (later section). This opens 

up exciting possibilities for the design of SERS substrates, based on AuNPs deposition 

on nanostructured MoS2 (henceforth defined as n-MoS2@AuNP), where a simple one-

step process of focused laser-etching can be followed to fabricate arrays of hotspots of 

desired geometry and location.  
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Figure 5.5 | DFT study of the binding of AuNPs to various MoS2 edge structures and 

surfaces. Relaxed structures corresponding to the energies listed in Table 1. Mo atoms 

are depicted as purple spheres, S as yellow spheres, and Au as orange spheres. (a) 

Pristine monolayer MoS2. Au-adsorbed on (b) pristine AC, (c) pristine S-ZZ, and (d) 

pristine Mo-ZZ, (e) AC with VS, (f) AC with VS2, (g) AC with VMo, (h) S-ZZ with VS, (i) S-

ZZ with VS2, (j) Mo-ZZ with VMo, (k) surface hole, and (l) surface Mo. In (e-j), VS, VS2, and 

VMo are indicated by red dashed, red solid, and solid blue circles, respectively.  

 

To explain why the adsorbed AuNPs density is much higher on the artificial edges than 

on the surface, we use density functional theory (DFT) to calculate the binding energy of 

Au at various MoS2 surface and edge adsorption sites. On the surface of a MoS2 sheet, Au 

can adsorb on one of two surface sites: the “hole” site centered on a 6-membered ring, 

and the “metal” site directly above a Mo atom (figure 5.5 k, l). Meanwhile, pristine MoS2 

sheets can terminate with one of three distinct edge configurations: armchair (AC), Mo-

terminated zigzag (Mo-ZZ), and S-terminated zigzag (S-ZZ), each of which possesses 

one stable Au binding site (figure 5.5 b-d).   To consider the different terminations, ~20 

Å wide nanoribbons bounded by ZZ and AC edges are used to simulate isolated MoS2 

edges of semi-infinite sheets. Because AuNP deposition immediately follows the laser-

etching, we assume that the etched MoS2 edges are unpassivated during the adsorption 

process. Thus, strong interactions between Au and the dangling bonds of S and Mo on the 

MoS2 edges leads to greater adsorption affinity at the laser-etched edges than at the 

surface. This is shown in the first column of table 1, where it is evident that the binding 

energy of Au on any of the three edges is much greater than that of either of the surface 

sites. Thus, we expect the equilibrium distribution of adsorbed AuNPs to populate the 
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edges at a higher density. We have also considered the possibility that the etching causes 

some of the atoms along a given edge to sputter, leaving behind Mo (VMo), single S (VS), 

and double S (VS2) vacancies (see figure 5.5 e-j).  Specifically, we consider the sputtering 

of the edges’ outermost atoms, i.e., VS and VS2 in S-ZZ edges, VMo in Mo-ZZ edges, and 

VS, VS2, and VMo vacancies on AC edges. Binding energies of Au in the presence of these 

vacancies are also listed in table 1.  Here we see that VS and VS2 can dramatically increase 

the binding energies on the zigzag edges while reducing those on the AC edge. This 

suggests that the binding energies at the laser-etched edges, both pristine or defective, are 

larger than those on the surface for the vast majority of edge morphologies. 

 

 

Table 1 | Binding energies (eV) of Au on various surface and edge structures. 

 

It is necessary to understand the consequence of adsorption of AuNPs at the laser-etched 

edges of the MoS2 sheet in terms of its effect on the SERS signal. The adsorption of 

AuNPs increases the local conductivity of MoS2, and as a result, incident electromagnetic 

waves can promote resonant charge oscillations in the adsorbed AuNPs. These 

oscillations enhance the local electric field, amplifying the dipole response in nearby 

molecules, which drastically elevates the likelihood of a Raman scattering event. Au 

adsorption on MoS2 has been previously shown to significantly affect its electrical 

Edges pristine VMo VS VS2 

zigzag (S) 2.272 --- 2.632 3.960 

zigzag (Mo) 3.820 3.393 --- --- 

Armchair 2.527 2.147 0.789 1.855 

 Hole Metal   

Surface 0.775 0.681   
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conductivity.45 It is expected that modification at the edges may create active sites for 

electromagnetic interaction.  

  

Figure 5.6 (m, n) Schematic representations of the electrode and scattering regions of an 

(m) AC- and (n) ZZ-edged pristine MoS2 nanoribbon. The dashed lines enclose the left 

and right lead or electrode regions.  

 

As a check, the transmission coefficients of MoS2 nanoribbons with varying edge 

morphologies and Au adsorption are calculated using DFT. These coefficients are also 

indicative of the number of open channels available for electron conduction in the periodic 

system. At a particular temperature, the electronic conductance is directly proportional to 

these coefficients averaged over an energy range near the Fermi level.46 Thus, the 

transmission coefficient plots can be effectively used to deduce the conductance of a 

device. Transport is calculated in the semi-infinite direction along the edge of interest, as 

shown in figure 5.6 (m and n) with a vacuum in the transverse directions to avoid periodic 

image effects. The change in transmission coefficients of pristine MoS2 edges and laser-

etched edges after adsorption of Au atoms, as calculated by DFT, is shown in figure 5.7. 

Figure 5.7 (a-c) depicts the transmission of pristine un-etched MoS2 nanoribbon edges 

before (dotted lines) and after Au adsorption (colored lines). In figure 5.7a, there is a wide 

region of zero transmission of about 1 eV from -0.5 eV to 0.5 eV for MoS2 nanoribbons 

without Au atoms. However, after Au adsorption at the edge, this region is drastically 

reduced to a width of only 0.09 eV near the Fermi level. Additionally, Au adsorption 

causes the emergence of a single channel for electron transmission at the Fermi level as 

compared to the zero channel before adsorption, as recorded in Table 2.  
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Figure 5.7 | DFT study of transmission coefficients of various Au/MoS2 edge structures. 

Transmission coefficients are denoted by the solid colored lines for Au atoms adsorbed 

on the following MoS2 nanoribbon edges:  (a) pristine AC, (b) pristine S-ZZ, (c) pristine 

Mo-ZZ, (d) AC with VS, (e) AC with VS2, (f) AC with VMo, (g) S-ZZ with VS, (h) S-ZZ with 

VS2, (i) Mo-ZZ with VMo. The dotted lines represent the transmission coefficients of 

corresponding pristine edges (AC or ZZ) without Au. The grey curves denote the 

transmission coefficients for Au adsorbed on MoS2 surface hole along with corresponding 

directions of the nanoribbon (AC or ZZ). The insets indicate the respective relaxed 

structures, as shown in figure 5.5b-j. 

 

Figure 5.7 b-c compares the change in transmission before and after Au adsorption on the 

zigzag edge (Mo-ZZ and S-ZZ) of pristine MoS2 nanoribbons. It is interesting to note that 

even without Au atoms, there are 3 channels of conduction at the Fermi level along zigzag 

edges compared to zero along the armchair direction (dotted lines in figure 5.7 a). This is 

in accordance with the anisotropic electrical conductivity of MoS2 nanoribbons reported 

in prior studies47 and is due to the presence of a greater number of edge states near the 

Fermi level for the zigzag edges.  Figures 5.7 d-f compare the transmission after Au 

adsorption at laser-etched edges, having vacancies of VS, VS2, and VMo along the AC 

direction. Au adsorbed at double sulfur vacancies (VS2) shows the highest transmission 

among the three cases with 2 channels at the Fermi level compared to just 1 for the other 

two types of vacancies (Table 2). This is also supported by the near absence of a non-

conductive region for this case (figure 5.7e). On the other hand, even though Mo 

vacancies replaced by Au atoms exhibit 4 channels of conduction just below the Fermi 

level, there is a range of non-conduction of 0.5 eV width above the Fermi level (figure 
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5.7f). Thus, it is clear that Au adsorbed at etched AC edges creates a number of conduction 

channels, which were entirely absent for pristine AC edges. 

 

 Without Au With Au 

Edges Pristine Pristine VS VS2 VMo 

Arm 0 1 1 2 1 

Zigzag (S) 
3 2 2 3 

--

- 

Zigzag (Mo) 3 3 --- -- 2 

        Hole Metal   

Surface  0 ---   

 

Table 2 | Number of transmission channels for conduction at Fermi energy level (E-Ef 

=0) before and after Au Adsorption at different surface and edge structures. 

 

Figures 5.7g-i show the transmission for Au adsorbed at ZZ edge vacancies. Compared 

to pristine zigzag edges, it is clear that Au adsorption does not significantly enhance 

electronic transmission in this case. From Table 2, there is a decrease in number of 

conduction channels at the Fermi level for Au adsorbed at single sulfur (VS) and 

molybdenum (VMo) vacancies. Only Au adsorbed at the double sulfur vacancy (VS2) 

retains 3 conduction channels at the Fermi level. For the case of Au adsorbed at Mo 

vacancies, there is a non-conductive region of about 0.1 eV width just below the Fermi 

level. These three cases are compared with the transmission of Au adsorbed at a pristine 

zigzag edge (Figures 5.7b-c). By comparing figures 5.7c and figures 5.7i, it can be 

concluded that Mo vacancies at zigzag edge causes drastic reduction in the transmission 

function. Overall from figures 5.7d-f, we conclude that the presence of vacancies and 

deposited Au atoms creates a noticeable increase from zero to finite conduction channels 

in the armchair direction. Although the same cannot be said for the zigzag edges with Au 

at single atom vacancies (figures 5.7g, i), for double sulfur atom vacancies at zigzag edges 

(figures 5.7h), Au adsorption increases conductance. Nevertheless, zigzag edges 

intrinsically possess higher number of conduction channels. Thus, both armchair and 

zigzag edges with Au nanoparticles act as conductive sites for hotspot creation along the 

laser-etched edges. For zigzag edges, it has been earlier shown that Mo and single/double 
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S atom vacancies at edges significantly suppresses the conductance of MoS2 

nanoribbons.48 This conductivity suppression can thus be countered by the addition of Au 

atoms on the zigzag edges of pristine flakes. This is also in accordance with the highest 

adsorption energy calculated for Au adsorbing to double S zigzag vacancies reported in 

Table 1. We compare the transmission coefficients of all the structures with that of 

monolayer MoS2 having a standalone Au adsorbed at the “surface” hole site (distance 

between nearest Au atoms being 12.74 Å). The coefficients are calculated along with the 

respective AC and ZZ directions (grey curves in figures 5.7a-i). It is evident the surface 

Au atoms fail to impart any conductivity to the monolayer sheet of MoS2, and a wide 

insulating range is present near the Fermi level. This is also clearly demonstrated in 

figures 5.8 onwards, which shows that the enhanced Raman response is localized only 

along the artificial edges of the star-shaped nanostructures instead of the MoS2 surface. 

To evaluate the detection ability of the n-MoS2@AuNP as a SERS substrate, Rhodamine 

B (RhB) is used as a reporter molecule. RhB being a non-thiolated aromatic molecule, is 

challenging to detect due to its low absorption ability on AuNP, which results in a weak 

Raman signal. For our test, ~6μL aqueous solution of 10 nM RhB is drop-casted on the 

n-MoS2@AuNP, which is then kept in vacuum for drying. Raman spectroscopy was 

carried out on the artificial edges of n-MoS2@AuNP (in an ambient environment) by 

maintaining a grating of 600 lines/mm using a 532 nm laser line of ~1 mW power. Raman 

spectra of RhB (figure 5.8a), acquired from the nanostructure edge (circled area in the 

inset image of figure 5.8a), depicts the phonon vibration modes of RhB along with 

characteristics peaks of the MoS2 and Si substrates. 
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Figure 5.8 | Rhodamine B (RhB) Raman signature from a typical laser-etched MoS2 

surface decorated with AuNPs. (a) Raman peaks of RhB dye (denoted black dotted line) 

along with characteristic signals of MoS2 (red and green dotted line) and Si (yellow dotted 

line), acquired at the edge of the nanostructure (white marked circle in inset panel).   

 

Raman signals at 382.5 cm-1 and 402.4 cm-1 (marked by a red brace) correspond to MoS2 

in-plane (E1
2g) and out-of-plane (A1g) phonon modes, whereas the peak at 524 cm-1 

(yellow dotted line) arises from the Si substrate.  Interestingly, additional peaks also occur 

in the spectrum at the high-frequency range (1000 cm-1 to 1700 cm-1) as characteristic 

Raman peaks of RhB. Intense Raman peaks (centered on black dotted lines) are associated 

with various vibration modes of RhB, where peaks at 1196 cm-1 and 1361 cm-1 

corresponds to C-C bridge band stretching and aromatic C-C bending.49 The Raman signal 

at 1289 cm-1 is associated with C-H bending, whereas the aromatic C-H bending of RhB 

is represented by peaks at 1515 cm-1 and 1562 cm-1, respectively.49The high-intensity peak 

at 1650 cm-1 signifies the aromatic C-C bending and C=C stretching of the RhB 

molecule.38 In order to detect the exact location of Raman active hotspots, Raman 

mapping was conducted on RhB@n-MoS2@AuNP at characteristics signals of MoS2, Si 

and RhB by keeping the bandwidth filter within a 2 cm-1 range (under the same conditions 

as those used in figure 5.2).   
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Figure 5.9 a-h) Raman mapping images of a star-shaped feature at signature peaks of 

MoS2 (b-c), Si (d), and RhB (e-i), depicting the formation of localized hotspots along the 

artificial edges of the star-shaped nanostructure.  

Figures 5.9 a-b show Raman mapping of RhB@n-MoS2@AuNP for the two Raman 

characteristic modes of MoS2, having peaks positions at  ~382.5 cm-1 and ~ 402.4 cm-1 

respectively, where uniform contrast is observed all over the MoS2 surface, and darker 

shade depicts the complete removal of MoS2 from the etched sites. As is to be expected, 

upon selecting the Raman peak for Si at ~524 cm-1, the Raman mapping (figure 5.9 c) 

shows a brighter region throughout the etched area arising from the substrate. The 

obtained signature peaks of RhB in figure 5.8 have been taken into consideration to 

acquire the Raman mapping of RhB. Figure 5.9 d-h show the mapping of the characteristic 

Raman modes of RhB (~1289 cm-1, ~1361 cm-1, ~1515cm-1, ~1562 cm-1 and ~1650 cm-1, 

respectively), where the edge of the nanostructure is found distinguishably brighter than 

the rest of the area of the flake. Raman mapping appears identical for all five Raman 

modes of RhB, providing confidence in the spatial distribution of the analyte on the 

nanostructure and enabling us to locate the high-intensity spots from which the enhanced 

Raman signal can be recorded. Interestingly, it is found that distinct bright dots (i.e., the 

hotspots from which the enhanced Raman signal originates) are formed only along the 

artificial edges (figure 5.9 d-h) and not on the natural edges (as seen in figure 5.10) of the 

flake. 
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Figure 5.10 Raman mapping of star-shaped nanostructure on monolayer MoS2 flake. a)-

b) Two different nanostructure sites depict that hotspots are not created at the pristine 

natural edges at the boundaries of the flake due to inferior deposition of AuNPs, which 

are highlighted with dotted contours in both images. However, hotspots are clearly 

observable along the artificially created edges of the stars-shaped nanostructure. 

 
It is evident from the Raman mapping data of two different star-shaped nanostructure sites 

(figure 5.10 a-b) on monolayer MoS2 flake that the hotspots are located only along the 

artificially created edges of the nanostructure. It depicts that artificially created edges are 

more favorable for the deposition of AuNPs than the pristine natural edges of the flake. 

The white dotted contours in figure 5.10 encircle the natural boundaries of the monolayer 

MoS2 flake, where no hotspots are visible along the boundaries of the flake. It is also 

found that without introducing AuNPs, no hotspots are formed along the artificial edges 

(shown in figure 5.11); however, high accumulation of RhB solution along created edges 

are observed, which may be due to edge effect. It is noticeable that only after introducing 

the AuNPs on the nanostructure leads to the formation of hotspots along the edges (figure 

5.11a), where enhanced Raman signal of the analyte is attained. AuNPs seem to have a 

higher affinity towards artificial edges where the nanoparticles deposits in a higher degree 

of ordering (unlike other parts of the basal plane), resulting in the formation of hotspots. 

If AuNPs are not added on the sample (figure 5.11 b), then no hotspots are visualized 

along the edges; however, a very bright region is observed at the center. It may be possible 

due to the high accumulation of RhB solution at the confine region of the nanostructure. 

The overall analysis concludes that our reported SERS results are due to the 

electromagnetic field effect, which is dominant here, rather than the chemical field effect. 

No AuNPsNo AuNPs

a) b)
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Figure 5.11 Raman mapping of star-shaped nanostructure with and without 

incorporation of AuNPs. a) Shows the formation of hotspots along the artificially created 

edges of both nanostructures when AuNPs are introduced on the sample before detecting 

the analyte b) without adding AuNP on both nanostructures represents very bright region 

at the center and faint bright lines along the edges of nanostructure.  

 

It should be noted that once the AuNPs are fixed along the edges, they offer a stable SERS 

response with hotspots along the laser-cut MoS2 edges. Figure 5.12 compares the hotspots 

formation immediately after depositing AuNPs (figure 5.12a) and after 1 week (figure 

5.12b) of exposure to ambient conditions. It indicates that even after the passivation of 

dangling bonds (over the 1 week period), the formation of hotspots for RhB along the 

artificial edges remains unperturbed due to permanent fixation of the AuNPs along the 

edges. Hence the practical use of such SERS substrates with high stability requires the 

immediate deposition of AuNPs on freshly sculptured edges to ensure permanent fixation 

and trapping of AuNPs along the edges. All hotspots in figure 5 are shown on monolayer 

flakes only. However, we have evidence of hotspots forming on few-layer as well as 

monolayer MoS2 (figure 5.12c). The star-shaped pattern in figure 5.12c is created partially 

on a few-layer (upper lighter contrast zone) and partially on monolayer (lower darker 

contrast zone) regions of a single MoS2 flake, where the interface is clearly visible 

(pointed by arrows). It is evident from the Raman mapping data in figure 5.12c that the 

few-layer MoS2 configuration is also highly effective for forming hotspots. This is 

a) With AuNP b) Without AuNP
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presumably because few-layers also offer an abundance of dangling bonds for fixation 

and trapping of AuNPs to the MoS2 flake edges. 

 

Figure 5.12 a-b) Raman mapping for Rhodamine B on laser-cut MoS2 over a 1 week 

period under ambient conditions. c) Raman mapping of Rhodamine B on laser-cut MoS2, 

where the arrows indicate the demarcation between the monolayer (lower) and few-layer 

(upper) regions of the MoS2 flake. 

 

 

It is well-known that the RhB dye cannot be efficiently adsorbed on metal nanoparticles; 

in our case, the etched edges of the MoS2, which are conjugated with AuNPs, offer 

stability to the adsorbed RhB. Due to the superior adsorption of the analyte and the 

presence of enhanced local electric-field from AuNPs, a high-intensity Raman signal 

arises throughout the edges and especially at the hotspots, enabling high sensitivity 

detection.  

 

 

 

 

 

 

 

 

 

 

 

 

After 1 week

a) b) c)
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Figure 5.13 | High-sensitivity detection of RhB at hotspots. (a) The comparative plot of 

Raman spectra collected from different zones of the nanostructure, where different zones 

are marked with white dotted circles numbered 1 to 7 in the inset mapping image, showing 

the variation in the intensity of RhB signals. The calculated enhancement factor (top inset 

panel) for an intense peak at 1650 cm-1 (marked with a star symbol in Raman spectra 

panel) depicts the drastic enhancement of Raman signal at zones having hotspots (circled 

with red dotted line).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

 

To establish the figure of merit of the SERS effect, a comparative study of Raman signals, 

originating from different zones of the substrate, is conducted (figure 5.13 a). Raman 

signals are picked from 7 distinct zones of the star-shaped nanostructure numbered 1 to 7 

in the inset of figure 5.13 a.  Zone numbers 1 and 2 correspond to the surface of the flake 

and the center area of the patterned region, showing no trace of characteristic Raman 

peaks of RhB.  Meanwhile, zone 3 indicates the trenched area, formed due to the etching 

of the MoS2 flake, from which virtually no RhB Raman signal is obtained, as this region 

consists only of the exposed Si substrate. In contrast, the inner and outer edges of the 

engineered etch, represented by zone numbers 4 and 5, show the presence of very intense 

RhB Raman signals. The Raman mapping of RhB depicts that along both the inner and 

outer edges of the laser-etched edges, the distribution of Raman intensity is almost 

uniform and continuous. The comparative Raman spectra (figure 5.13 a) clearly show that 

the most intense peaks of RhB at 1650 cm-1 (aromatic C-C- bending and C=C stretching) 

is present along with other signature peaks at 1280, 1360, 1515 and 1560 cm-1 of 

comparable intensity in both the inner and outer edges (zones 4 & 5). The RhB Raman 
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peaks observed at hotspots along the edge of the nanostructure are particularly intense; 

two of them are denoted by zone numbers 6 and 7. To evaluate the improvement in Raman 

intensity of RhB in different zones of the nanostructure, the enhancement factor (EF) of 

the Raman peak (at 1650 cm-1) are determined from the peak intensity ratio of the SERS 

active regions (zones 4-7) and the flake surface (zones 1 & 2). The intensity is normalized 

by the effective Raman active area under the laser spot. The inset plot of the enhancement 

factor in figure 5.13 shows an enhancement of  ̴ 103 for the peak at 1650 cm-1 for both the 

inner and outer edges of the nanostructure (zones 4 and 5). Interestingly, the enhancement 

factor increases to  ~104 for the same peak position at the hotspots (zones 6 and 7). 

  

Figure 5.14 Raman spectra of RhB collected from different hotspot zones, which are 

marked in the inset panel with white circles, for flakes A (a), B (b), and C (c). (d) The 

enhancement factor calculated for the RhB peak at ~1650 cm-1 for 16 different hotspot 

zones in flakes A, B, and C. 

 

To check for reproducibility, we have analyzed Raman data from different hotspots on 

the same flake as well as from hotspots across multiple different flakes. Figure 5.14 

represents the comparison of hotspots on different MoS2 flakes (represented by A, B, and 

C in inset panel). The comparative Raman spectra of RhB obtained from different hotspot 

zones show nearly the same enhancement of RhB signals at the hotspot zones in all the 
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flakes. The SERS enhancement factor for the RhB peak at ~1650 cm-1 for 16 different 

hotspots on flakes A, B, and C is shown in figure 5.14d. The data indicates an 

enhancement factor of 1.06 ± 0.048 × 104, which confirms the hotspot reproducibility. In 

general, the low-power focused laser irradiation technique, enables us to fabricate 

sculpted regions of the desired shape and size, at any location on the MoS2 flake, by 

programming the x-y piezo stage of the Raman set up and by tuning the laser power and 

exposure time. In figure 5.15a, we have demonstrated various shape patterns (star, 

hexagonal, square) sculpted on the same MoS2 flake using the low-power, focused laser 

etching process. It should be noted that SERS hot spots for RhB are not restricted to just 

star-shaped regions, as indicated in figure 5.15b.  

 

Figure 5.15 a) Atomic force microscopy topography imaging of various shapes patterned 

on a MoS2 flake via low-power laser etching. b) Raman mapping for Rhodamine B peak 

at 1650 cm-1 on laser-cut MoS2 sheets with a triangular shape. 

 

Apart from the enhancement factor (EF), it is also necessary to quantify the detectability 

offered by the laser-etched MoS2 substrate. To investigate the detectability as a function 

of the molecular concentration of RhB present on the nanostructure, aqueous solutions of 

six different concentrations (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, and 1000 nM) of 6µl 

each are deposited on 6 different n-MoS2@AuNP SERS substrates. The corresponding 

Raman spectra, collected from hotspots, are compared in figure 5.16a (10 nM to 1000 

nM) and its inset panel (10 pM to 1 nM). The Raman signal of RhB is clearly detectable 

till 100 pM concentration (inset figure 5.16a), and thereafter with a further decrease in the 

concentration, the vibration modes of RhB are found to be indistinguishable, which 

defines the limit of detection. In figure 5.16b, the plot (in log scale) for variation in 

intensity for the Raman peak at ~1650 cm-1 with RhB concentration shows a clear linear 

trend as is to be expected for the SERS effect. Based on the test data in figure 5.16b, the 

limit of detection for RhB is ~ 0.1 nM.   

a) b)
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Figure 5.16 (a) Raman spectra of RhB with varying concentration of the molecules, where 

inset panel shows Raman signal at lower concentrations from 10 pM to 1 nM. (b) Intensity 

variation plot for the peak at ~ 1650 cm-1 as a function of the molecular concentration in 

log scale.  

 

5.5 Conclusion 

In summary, we have demonstrated a hybrid SERS platform of MoS2 decorated with 

AuNPs, in which one can use a simple low-power laser- etching procedure to generate 

localized hotspots with outstanding precision and control. The anchoring of AuNPs takes 

place primarily along the sculpted edges of the laser-etched MoS2 sheets. Comparative 

analysis of Raman signals acquired from the different zones of the nanostructure depicts 

a clear enhancement in the Raman intensity of RhB along the artificial edges of the 

nanostructure. A significant SERS enhancement of   ̴ 104 is observed only at the hotspots. 

Lowering the molecular concentration of RhB produces an exponential decrease in the 

measured Raman intensity (linear variation in a log scale plot), with a detection limit of 

~10-10 M. DFT calculations reveal that the Au atoms bind much more strongly to 

unpassivated MoS2 edges, both pristine and defective than to the MoS2 surface, thereby 

explaining the higher density of Au adsorbed along the artificial edges. Our calculations 

also indicate that Au adsorbed at these artificial edges exhibit high electrical conductance 

owing to the availability of more conduction channels around the Fermi level. In contrast, 

MoS2 flakes with isolated Au atoms adsorbed on the surface (i.e., away from the edges) 

were shown to have zero conductance near the Fermi level. Our analysis further indicates 

that Au atoms are instrumental in making semiconducting laser-etched MoS2 edges 

metallic. These conductive edges enhance the local electric field induced by incident 



MoS2 nanostructures based SERS with localized hotspots 
 

165 
 

photons, resulting in the formation of hotspots in the Raman response. The n-

MoS2@AuNP hybrid system represents a new class of SERS substrates, featuring precise 

spatial control of hotspots, enabling the sensing of target analytes at ultralow 

concentrations with high reproducibility.  

Note: R. Rani, A. Yoshimura, S. Das, M. R. Sahoo, A. Kundu, K. K. Sahu, V. Meunier, 

S. K. Nayak, N. Koratkar, K. S. Hazra Sculpting Artificial Edges in Monolayer MoS2 for 

Controlled Formation of Surface Enhanced Raman Hotspots,  ACS Nano, 2020,14, 5, 

6258–6268. 
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6.1 Introduction 

Tailoring active sites of electrocatalyst for an electrocatalysis reaction is very significant 

and necessary to design potent catalysts that expedite the robust electronic interactions 

and offers high activity and selectivity. Different categories of electrocatalyst, such as 

metal-based, metal-oxide derivative, and hybrid catalyst, are being utilized for enhancing 

the activity and selectivity in the electrocatalytic reaction.1-5 To increase the  active sites 

in the electrocatalyst, several design & strategies are employed to advance catalytic 

activity.6,7 It entails material structuring, which comprises facets orientation, porosity, 

crystallinity, altering electronic structure via defect engineering or incorporating dopants 

and varying electrochemical properties such as catalyst vs. electrode or catalyst vs. 

electrolyte.8-13 However, an ample understanding of catalyzed sites of the materials is 

essential for maximizing the active sites to improve the catalytic behavior. In this aspect, 

the emergence of transition metal dichalcogenides has enticed global research attention 

towards a promising catalyst for heterogeneous catalysis owing to its tunable properties 

to activate several vital reactions related to energy provision.14-16 MoS2 is the most 

promising candidate to understand and explore the active catalytic sites for enhancing the 

catalytic response because of its excellent optoelectronic properties. It is well known that 

the peripheral edges of MoS2 are favorable for catalytic activity rather than the basal 

surface.17-19 Guoquing Li et. al. has demonstrated the catalytic activities of all potential 

active sites of MoS2,  in which edges sites, basal plane, grain boundaries, sulfur vacancies 

are included. They have shown that edge sites are catalytic active, grain boundaries has 

weak catalytic active and sulfur vacancies offer major catalytic response. 17 Consequent 

efforts have been made for exploring superior catalytic activity of the peripheral 

edges/boundaries of the flake.20-22   Kibsgaard et al. have reported the structural 

engineering of MoS2 by modifying the morphology at the atomic scale for allowing active 

sites to expose extensively in the reaction.20 They have shown that the high surface 

architecture facilitates the large fraction of edges sites to improve the catalytic activity. 

However such peripheral area of active sites constitutes very less proportion of the 

cumulative surface of the catalyst, leading to insignificant catalytic contribution in the 

reaction. Hence it is important to induce active sites on basal planes which has major 

surface exposure to the catalytic reaction. In recent years, some strategies are strived to 

trigger the active sites on the basal surface via employing various plasma exposure means 

such as oxygen, argon, hydrogen plasma etc. 23-25 Tsai et al. have demonstrated a route 

towards activating the basal plane of MoS2 via exposure of argon plasma, which creates 
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S vacancies and allows favorable hydrogen binding at the sites and, in turn, enhances the 

hydrogen evolution reaction (HER). 23 It is reported that defects formation such as cracks, 

holes could be hosted on the pristine monolayer MoS2 by oxygen plasma and hydrogen 

treatment at high temperature, which induces the active catalytic sites on the surface of 

MoS2 and leads to significant enhancement in electrocatalytic reaction.24 Another report 

mentioned the chemical functionalization approach to form defect-rich sites by reducing 

Mo (VI) to Mo(IV) by incorporating the various amount of thiourea.25 Recently, some 

new strategies have been employed for promoting the electrocatalytic reaction by tailoring 

the electronic properties, which includes the phase, strain engineering, doping of hetero-

atom, and heterostructuring. 26-28 However, the lack of controllability over inducing 

activated sites on the surface via various ways has restricted to attain its bursting upshot. 

Therefore, there is dire need to explore a facile and efficient route to customize the active 

catalytic sites of desired location and quantity to bring out the maximum output from the 

material for an electrocatalytic reaction.  

In this chapter, we present an efficient and facile approach to catalyze the surface sites of 

MoS2 in preferred shape and location via low power-focused laser irradiation, followed 

by decoration of AuNPs towards its potential application in the electrochemical reduction 

of nitrogen under ambient conditions.  We demonstrate the preferential potent static 

deposition of Au along the laser-induced nanoribbons on MoS2 sheets by optimizing the 

key parameters such as deposition time, potential, and electrolyte.  The prominent 

reduction of Au ion to neutral Au along the engraved nanoribbons signifies the formation 

of defect sites at the patterned region, which initiate strong interaction between Au and S 

vacancies (detail description is provided in chapter 5). The functionalized MoS2 

nanoribbons with Au (henceforth Au-NR/MoS2) has been employed as a nitrogen 

reduction catalyst, where it efficiently catalyzes Nitrogen Reduction Reaction (NRR) 

under ambient conditions. To increase the ammonia (NH3) selectivity, it would be 

desirable to fabricate an electrocatalytic system that could lower the free energy barrier 

of adsorbed N2 to compete with H for active sites and thus promote the NRR at low 

overpotentials. Several schemes have been explored to find the suitable electrocatalyst, 

which suppresses the hydrogen evolution reaction and contribute towards NRR.29-31 For 

instance, Yan’s group has studied tetra hexahedral gold nanorods for the electrochemical 

reduction of N2 in 0.1 M KOH solution. It showed that the synthesized nanorods by seeded 

growth approach benefits the NRR.29 Another report shows the scalable route to enhance 

the N2 fixation by decorating MoS2 with Ru, which offers the active sites for N2 fixation.30 

MoS2 is already known to act as a promoter enhancing NRR, and our investigation reports 
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that NRR is more catalyzed at the interface of Au-NR/MoS2 at a potential as low as -0.1 

V vs. RHE (Reversible hydrogen electrode) as compared to bare MoS2 and patterned 

nanoribbons MoS2.  Au-NR/MoS2 exhibits the manifestly amended NRR performance 

with an NH3 yield of 21.6×10-8 mol s-1 cm-2 and Faradaic efficiency of 4.37% as 

comparing favorably to prior reported literature and corroborates as an effective, highly 

active, and selective electrocatalyst for NRR at the ambient condition. It is concluded that 

the engineering of active catalytic sites of favored shape, size, and location on MoS2 via 

laser cutting play a crucial role in promoting catalytic behavior and opens a new prospect 

for the design of efficient and robust catalysts for NRR.  

 

6.2 Experimental details 

6.2.1 Synthesis of MoS2 

Indium tin oxide (ITO) substrates are cleaned with Isopropanol (IPA), and then MoS2 

flakes are transferred on ITO substrates from the MoS2 crystal by using scotch tape.  

6.2.2 Fabrication of nanoribbons on MoS2 using Raman spectrometer 

MoS2 nanoribbons are patterned on MoS2 flakes by focused laser irradiation technique 

using WITec alpha 300R Raman spectrometer with 532 nm Nd-YAG continuous laser 

line. By moving the focused laser beam of power 10 mW at 100x objective having 

NA=0.90, we have patterned nanoribbons on MoS2 flakes using a programmable piezo x-

y stage.  

6.2.3 Raman mapping and AFM measurements  

Raman mapping is carried out in an ambient environment by keeping grating at 600 line 

mm-1, the scan rate of 150 lines/scan, and laser power below the threshold value of ~1 

mW to avoid any etching action during the measurement using WITec alpha 300 R Raman 

spectrometer.   

AFM measurements are conducted in tapping mode under ambient condition using Bruker 

Multimode 8 AFM system. 

6.2.4 Electrochemical measurements 

All electrochemical measurements were performed using CHI 760E electrochemical 

analyzer. The reference electrode used that is Ag/AgCl (3 M KCl) was calibrated with 

respect to a reversible hydrogen electrode (RHE), and their potentials can be related by 

the formula as follows:- 

ERHE ꞊ E(Ag/AgCl) + 0.0591×pH + 0.210 (E°(Ag/AgCl) for 3M KCl) 
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The electrochemical reduction was initially evaluated through linear sweep voltammetry 

(LSV) technique in both Ar and N2 purged conditions for comparative analysis. Before 

each measurement, the electrolyte solution was saturated with the respective gases for 30 

minutes at a constant flow rate. From LSV, the potential at which reduction of di-nitrogen 

commences was taken into consideration for further electrochemical studies with 

chronoamperometry. This measurement was conducted for a time period of 2 hours with 

continuous gas purging with the gas inlet being positioned close to the working electrode 

in the cathodic chamber of the H-cell. 

6.2.5   Calculation and formulae involved for performance evaluation 

The rate of NH3 formation was determined using the following equation –  

ν(NH3) =  
𝐜(𝐍𝐇𝟑) ×𝐕

𝟏𝟕 × 𝐭 ×𝐀 
 

where ν(NH3) is the rate of NH3 formation (mol s-1 cm-2), c(NH3) is the amount of NH3 

evolved during the reduction reaction (μg mL-1), V is the volume of electrolyte solution 

for NH3 collection (2 mL), t is the reduction reaction time (7200 sec), and A is the 

effective area of the cathode (7328.328 × 10-8 cm2).  

The faradaic efficiency of N2 reduction is defined as the efficiency with which electric 

charge is transferred in a system in order to bring about the electrochemical reduction 

reaction. Literally, FE is the amount of electric charge utilized to synthesize NH3 divided 

by the total charge passed through the electrolyte during the electro-analysis. It can be 

calculated as –  

FE =  
𝟑 × 𝐅 × 𝐜(𝐍𝐇𝟑)× 𝐕

𝟏𝟕 × 𝐐
 

where, to form 1 mole of NH3, the required number of electrons is 3, F is the Faraday 

constant, and Q is the quantity of applied electricity. 
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6.3 Results and discussion 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Characterization of MoS2 flake before and after AuNP deposition a) AFM 

topography of pristine MoS2 flake and its corresponding height profile is shown in the 

inset. b) Raman characteristics of MoS2, E
1
2g mode associates with in-plane vibration and 

A1g with out-of-plane.  

 
For engraving nanoribbons on MoS2 flakes, we have mechanically exfoliated MoS2 flakes 

on the Indium Tin-Oxide (ITO) substrate from MoS2 crystal by scotch tape technique. 

The as-exfoliated sheets are characterized by Raman and AFM technique, which is 

provided in figure 6.1. The characterizations are done in an ambient environment using a 

532 nm laser line at 600 g/mm grating by keeping low laser power (1 mW) to avoid 

heating and damage of the sample. Both Raman and AFM analysis confirm the multilayer 

nature of the as-exfoliated MoS2 sheets, where AFM height profile depicts thickness of 

layers  ̴ 140 nm and the difference in Raman characteristics peaks (in-plane mode E1
2g and 

A1g out-of-plane) of MoS2 are 25 cm-1. The nanoribbons are engraved on the as-exfoliated 

sheets by focused low power laser irradiation technique, which is demonstrated in detail 

in our previous report.32 The engraving of nanoribbons is performed above the threshold 

etching laser power (  ̴ 6.95 mW), i.e., 10 mW at 100x objective. To investigate the 

catalytic activity of the engraved nanoribbons on MoS2 sheets, the deposition of AuNPs 

has been executed via the electrochemical deposition approach using the electrochemical 

station.  
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Figure 6.2 Schematic representation of the executed experiment for the electrochemical 

deposition of AuNPs on the laser-crafted MoS2 nanoribbons.  

 

Figure 6.2a depicts the graphical illustration of the performed experiment with subsequent 

phases. The engraved MoS2 nanoribbons on the ITO substrate is considered as a working 

electrode (WE), whereas Pt as a counter electrode, i.e., CE (shown in green), AgCl as a 

reference electrode (red) and tetrachloroauric acid (HAuCl4) of 10 µM concentration is 

used as an Au precursor. The electrochemical set- up and procedure of Au deposition are 

mentioned in detail in experimental section.  
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Figure 6.3 a) Raman mapping and AFM topography of crafted nanoribbons on MoS2 

flake before deposition. b) High magnification AFM topography of the marked area in the 

inset, which shows crafted nanoribbons before AuNPs deposition. c) Raman map after 

electrochemical deposition of AuNPs depicts prominent accumulation of AuNPs along the 

crafted nanoribbons and pristine edge of MoS2. d) AFM topography of crafted 

nanoribbons after AuNPs deposition. e) Low magnification TEM image of the AuNPs 

decorated along the pristine edge of MoS2 flake. f) High magnification TEM image of 

pristine edge, shows the deposition of AuNPs. g) –i) represents the AFM image of 

patterned nanostructure of various geometry after the deposition. 

 

Raman mapping of engraved nanoribbons on the MoS2 sheet before the electrochemical 

deposition of AuNPs (figure 6.3a) depicts nearly the same contrast all over the surface 

and indicates no variation in crystallinity of the sample after engraving via laser etching. 

Interestingly, it is found that during electrochemical deposition, AuNPs tend to 

accumulate prominently along the engraved nanoribbons of MoS2, which is evidenced via 

Raman mapping (figure 6.3c). The exquisite decoration of AuNPs is clearly observable 

in the form of bright strokes along the engraved nanoribbons of the MoS2 sheet in the 

acquired Raman mapping (figure 6.3c). AuNPs are fashioned along the engraved 
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nanoribbons and pristine edges of the MoS2 flake only. AFM topography of engraved 

nanoribbons on the MoS2 flake (figure 6.3b) shows the uniform width formation of the 

nanoribbons and the clean surface of the flake before deposition. However, AFM 

topography obtained on nanoribbons MoS2 flake depicts the periodic distribution of 

AuNPs along the engraved nanoribbons (figure 6.3d). The low magnification transmission 

electron microscope (TEM) characterization has been carried out on AuNPs deposited 

MoS2 sheet, depicts the periodic distribution of AuNPs along the pristine edges (figure 

6.3e). The high magnified image shows the spherical shaped AuNPs formation along the 

edges (Figure 6.3f). The electrochemical deposition of AuNPs is also executed on the 

various shape of nanostructures (shown in figure 6.3g-i), which validates that the 

patterning via low power laser irradiation facilitates the active sites on the basal plane, 

i.e., priory absence.  

 

 

Figure 6.4 Elemental composition of the modified surface of patterned MoS2 flakes after 

AuNPs deposition via EDX technique. (a) Shows the selected edge of the flake for 

undergoing elemental analysis. Individual elemental composition of (b) Mo, (c) S, and (d) 

Au and the overall distribution can be seen in (e). 

 

The Energy Dispersive X-Ray (EDX) mapping validates the AuNPs formation along the 

engraved nanoribbons, which is provided in figure 6.4. The reason for high accumulations 

of AuNPs along the engraved edges is that the engraving on the surface of MoS2 flake via 

laser irradiation modifies the surface by forming defects sites, which promotes the 

prominent anchoring of AuNPs owing of the high affinity of Au to Sulfur (also described 

in detail in chapter 5). The engraved sites on the surface of MoS2 flake serve as active 

sites for the reduction of Au3+ ion to neutral Au, i.e., form AuNPs. Therefore, the patterned 

nanoribbons facilitates the sites for more reduction of Au3+ ion and the formation of 
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prominent AuNPs along the engraved edges results in the preferential decoration of 

AuNPs. The findings of microscopic and spectroscopy characterizations signify that this 

simple one-step approach of nanostructuring on MoS2 sheet via focused low power laser 

irradiation offers the accessibility to customize the active catalytic sites of desired 

geometry and location on MoS2 flake. 

 

  

Figure 6.5 AFM topography of the selected patterned flakes of MoS2/ITO before and after 

deposition in 0.1 M of experimental electrolytes, (a) KCl, (b) Na2SO4, and (c) PBS. 

 

To investigate the role of various factors for the preferential potentiostat deposition of 

AuNPs on the engraved nanoribbons, a comprehensive study has been carried out on the 

electrodeposition process of AuNPs on patterned nanoribbons by varying the following 

parameters, i.e., potential, deposition time and electrolytes. The selection of the 

experimental electrolyte is a crucial factor for determining the superior electrodeposition 

of the AuNPs on the patterned nanoribbons of MoS2. Three neutral electrolytes have been 

carefully selected to study the optimal deposition of AuNPs, including potassium chloride 

(KCl), sodium sulfate (Na2SO4), and phosphate buffer solution (PBS). Identical 

experimental conditions were maintained while electrodepositing AuNPs in three 

different electrolytes, having a concentration of 0.1 M, on three different patterned 

MoS2/ITO substrates (figure 6.5).  The surfaces of the modified electrodes (Au-NR/MoS2) 

were subjected to AFM analysis in order to physically determine the extent of AuNPs 

deposition on patterned MoS2 nanoribbons. AFM topography on the same flake before 

and after deposition depicts that the superior deposition takes place in 0.1 M PBS 
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electrolyte (figure 6.5). Therefore, 0.1 M PBS solution has been utilized as the deposition 

electrolyte throughout all investigations. To acquire the optimum potential for the better 

deposition process, AuNPs are electrodeposited on three different patterned MoS2 

nanoribbons samples at varying potentials (0.6V, 0.7V, and 0.8 V vs. 3 M Ag/AgCl) under 

the same experimental conditions. AFM topography on patterned MoS2 flakes after 

deposition at varying potentials shows that 0.7 V is the optimum potential for the supreme 

deposition of AuNPs (figure 6.6a-c). 

  

 

Figure 6.6 Potentiostatic deposition of AuNPs on patterned MoS2/ITO glass electrode via 

optimization of deposition potential. AFM topography of the modified surface after 

deposition at (a) 0.6 V, (b) 0.7 V, and (c) 0.8 V. (d) Comparative cyclic voltammograms 

of the electrode after AuNPs deposition, as compared to the blank patterned MoS2/ITO 

surface. (e) A calibration plot showing the reduction peak current of the deposited AuNPs 

at 0.7 V is maximum, indicating the optimal electrodeposition potential is 0.7 V. 

 

It is further validated by the current response curves observed in the cyclic 

voltammograms acquired at varying potentials in figure 6.6d. The corresponding 

calibration plot highlighting the reduction peak current of the AuNP deposited (figure 

6.6e), clearly indicates the optimum deposition potential to be 0.7 V. In order to further 

optimize the deposition time at the potential of 0.7 V, electrodeposition of AuNPs are 

carried out on a particular electrode (having patterned MoS2 nanoribbons) by varying 

deposition time from 10 sec to 180 sec (figure 6.7).  Magnified view of the same patterned 

flakes of MoS2 before and after deposition was studied via AFM topography with an 
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interval of 10 sec, as shown in figure 6.7. The systematic time-bound analysis reveals the 

controlled nature of the deposition of AuNPs, particularly at the edge of the patterned 

MoS2 flakes. 

 

Figure 6.7 AFM analysis of the modified surface before (a) and after 10 sec-180sec (b-

h) of AuNPs deposition on patterned MoS2/ITO surface. 

 

However, it is interesting to note that the deposition gets saturated after the 40 sec of 

deposition, with a random distribution of the nanoparticles at higher deposition times. The 

current response corresponding to the deposition time of 30 sec in figure 6.8a depicts the 

reduction peak for Au is maximum for deposition time 30 sec, which is clearly shown in 

its corresponding histogram in figure 6.8b. The detailed analysis of the electrodeposition 

of AuNPs at various parameters provides the optimized values, i.e., 30 sec at 0.7 V (in 0.1 

M PBS electrolyte) for the preferential deposition of AuNPs on nanoribbons MoS2/ITO 

electrode.  

 

 

 

 

 

 

 

 

 

 

Figure 6.8 (a) Comparative cyclic voltammograms of the electrode after AuNPs 

deposition, as compared to the blank patterned MoS2/ITO surface. (b) A calibration plot 

showing the reduction peak current of the deposited AuNPs at 0.7 V is maximum, 

indicating the optimal electrodeposition potential is 0.7 V. 
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Figure 6.9 Electrochemical impedance analysis of the AuNP-MoS2/ITO patterned 

electrode with deposition time; (a) Nyquist plot, (b) Bode plot. 

 

To explore the effect of AuNPs deposition time on the conductivity of patterned MoS2 

nanoribbons as well as to understand its kinetic feature, electrochemical impedance 

analysis is carried out in a frequency range from 0.01 Hz to 100 kHz at an AC amplitude 

of 5 mV. The Nyquist plot in figure 6.9a shows the gradual variation in the impedance of 

the patterned nanoribbons MoS2/ITO with time. The plot shows little to no semi-circular 

region, indicating a very negligible presence of charge-transfer resistance in the 

electrolyte.33 The solution resistance (Rs) of bare patterned MoS2/ITO glass electrode 

(82.12 Ω) increased only slightly with increasing AuNP deposition time. At the lower 

frequency region of the Nyquist plot, a vertical curve suggests capacitive property. 

Interestingly, with increasing AuNP deposition time, the capacitive property slightly 

decreases up to 30 sec. The slight increase in impedance after the immediate deposition 

of AuNPs may be attributed to the covering up of the patterned sites on the MoS2 flakes 

with AuNPs, indicating the importance of the engraving artificial nanoribbons as being a 

more catalytically active site for the facile deposition of AuNPs, as compared to pristine 

MoS2 flakes. The bode plots in figure 6.9b, corresponding to the modified electrodes 

before and after AuNP deposition, depicts a phase angle shift close to 90° in the lower 

frequency region, indicating the capacitive behavior of AuNP decorated nanoribbons on 

patterned MoS2.34 The characteristic frequency (f0) at which the phase angle reaches 45° 

(knee frequency), where the capacitive and resistive impedance of the electrode is equal, 

gives the relaxation time (t0=1/f0).35 After this point, at higher frequencies, the electrodes 

are supposed to show more resistive behavior. Therefore, t0 is indicative of the reaction 

kinetics of the electrodes as well. It is well known that higher the knee frequency, higher 

is the rate capability, or the capacitive impedance is higher (lower the relaxation time).36 
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Therefore, as can be seen in the inset of Figure 6.9b, with increasing deposition time up 

to 30 sec, the t0 value increases, indicating not only a slight increase in the impedance 

property but also a saturation towards controlled AuNPs deposition at the active edge site 

of the patterned MoS2 flakes. 

 

Figure 6.10 Electrochemical NRR of Au-NR/MoS2 in acidic medium a) Schematic 

representation of the performed experiment. b) LSV curves in 0.1 M HCl electrolyte 

saturated with Ar (pink) and N2 (blue) c) Time-dependent current density curves of Au-

NR/MoS2 for NRR at different potentials for 2hrs. 

 

In order to explore the efficiency of the deposited AuNR/MoS2 as an electrocatalyst, the 

performance of the catalyst towards electrochemical di-nitrogen (N2) reduction has been 

checked. To begin with the reduction of N2 to ammonia, the foremost thing to be taken 

care of is the electrochemical set-up, which would provide an ambient condition for the 

process to occur. In this work, the basic electrochemistry was carried out in an H-type cell 

in order to separate the cathodic and anodic chamber. This separation was further 

enhanced by applying nafion in between the two chambers, which is particularly selective 

towards proton transport across the membrane and impermeable to any other ion. All the 

measurements were done in a three-electrode set-up where Pt-wire was taken as the 

counter electrode, Ag/AgCl (3 M KCl) as a reference electrode, and Au-NR/MoS2 as 

working electrode. The reference and the working electrodes were dipped in the cathodic 
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chamber to accomplish the reduction reaction while the counter electrode was placed in 

the anodic chamber to facilitate the counter-oxidation reaction. The electrolyte used in 

this study is 0.1 M HCl (pH = 1). To properly immerse the electrodes, each compartment 

of the H-cell was fed with 50 mL of the electrolyte solution. All through the 

electrochemical study, there was continuous Ar and N2 purging (as required), and for 

proper dissolution of the gases, a temperature of 40° C was thoroughly maintained. The 

electrocatalysis is initiated in an H-cell under ambient conditions by the initial 

performance of linear sweep voltammetry (LSV). The schematic of performed experiment 

is shown in figure 6.10a. During the measurements, there was continuous Ar and 

subsequent N2 purging. The significant shift, as observed in the polarization curve in 

figure 6.10b under Ar and N2 atmosphere, which indicates that the catalyst is responsive 

to NRR. An apparent increase in the current density, initiating NRR, is observable under 

the N2 saturated environment when the potential lowered further from -0.05 V vs. RHE 

(figure 6.10b). Therefore from LSV measurement, a potential range from -0.03 V to -0.3 

V vs. RHE, at which reduction of di-nitrogen commences, is taken into account for 

attaining the highest selectivity to NRR activity. To corroborate this fact, 

chronoamperometric measurements are performed at varying potential ranges from -0.03 

V to -0.3 V (figure 6.10c), which shows that potential -0.1 V vs. RHE yields maximum 

current density.  

 

 

Figure 6.11 (a) UV-vis absorption spectra of known concentrations of NH4Cl stained with 

indophenol indicator after 2hrs incubation time (b) Calibration curve for calculating NH3 

concentration in the experiments (c) Series of NH4Cl solutions of known concentration 

stained with indophenol indicator. 

 

For detecting the ammonia, we have used following procedure as given below: 

Ammonia (NH3) detection: Indophenol blue method  

From the cathodic chamber, 2mL of the aliquot solution was taken and added to 2mL of 

NaOH solution containing 5 wt% of each salicylic acid and sodium citrate. This is 

followed by the addition of 1mL of 0.05M NaClO and 0.2mL of 0.5 wt% of C5FeN6Na2O 
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(sodium nitroferricyanide) in water. The solution mixture was then incubated in the dark 

for 2 hours before UV-Vis analysis. The absorption spectra (at 660 nm) of known 

concentrations of NH4Cl (stained with indophenol indicator) is attained at a varying 

concentration of NH4Cl in 0.1 M HCl to determine the concentration of ammonia evolved 

in the reduction process (figure 6.11a).  The concentration of ammonia evolved in the 

reduction process was determined by a calibration plot (concentration vs. absorbance) 

obtained from a set of solutions containing a known concentration of NH4Cl in 0.1 M 

HCl. To each of these solutions, the above-mentioned reagents were added, and their 

absorbance was measured after a 2 hour incubation time. The fitted plot in figure 6.11b 

shows good linearity of absorbance with the concentration of NH3 given by - 

(𝑦 = 0.05031𝑥 + 0.0169, R2 = 0.988) 

The optical image of different concentrations shown in figure 6.11 c), which is being used 

for calculating the ammonia concentration in the experiment.  

 

Figure 6.12 (a) UV-vis absorption spectra of known concentrations of N2H4 stained with 

coloring reagent (p-C9H11NO, HCl, and C2H5OH) after 15 mins incubation time (b) 

Calibration curve for calculating N2H4 concentration in the experiments (c) Series of 

N2H4 solutions of known concentration stained with coloring reagent. 

 
The detection of hydrazine (N2H4) is executed by the watt and chrisp method, which is 

described in detail in below: 

Hydrazine (N2H4) detection: Watt and Chrisp method  

The indicator solution was prepared by dissolving 0.6g of para-(dimethylamino) 

benzaldehyde in 30 mL absolute ethanol, and 3mL concentrated HCl (35%). 2 mL of this 

color agent was mixed to the same volume of the electrolyte solution, and the mixture was 

then incubated in the dark for 15 mins. UV-Vis absorbance of known concentrations of 

N2H4 (stained with coloring reagent) is obtained at varying concentration as evident from 

figure 6.12a. A set of solutions with the known concentration of N2H4 in 0.1 M HCl was 

used as calibration standard, and their absorbance was measured at λ = 460 nm. The fitted 

calibration plot in figure 6.12b obeys linearity of absorbance with a concentration of N2H4 



Catalytic activity of AuNPs-MoS2 nanostructures for Nitrogen fixation 
 

186 
 

as - (𝑦 = 2.0108𝑥 + 0.1284, R2 = 0.993) and used for computing its concentration in 

the experiment. The optical image of different concentration shown in figure 6.12c.  

For detecting the yield of ammonia (NH3) in the N2 reduction process at varying potential 

range, absorbance spectra of the electrolyte (0.1 M HCl), stained with indophenol 

indicator, is acquired at varying potential by UV-vis spectrometer (as shown in figure 

6.13a). The UV-Vis spectra show absorbance at 660 nm under varying potential range, 

depicts the highest absorbance at the potential of -0.1 V (figure 6.13a). 

 

Figure 6.13. a) UV-vis absorption spectra of the electrolyte (0.1 M HCl) stained with 

indophenol indicator at different potentials after 2hrs from the completion of 

electrocatalysis of Au-NR/MoS2 b) Average NH3 yield rates and Faradaic efficiencies of 

Au-NR/MoS2 at different potentials in 0.1 M HCl. 

 

From the above result findings, the average ammonia yield NH3 and faradaic efficiencies 

are being calculated for Au-NR/MoS2 at varying potentials in 0.1 M HCl (shown in figure 

6.13b). It is evident that the potential of -0.1 V is yielded not only maximum current 

density but also accomplished a notable production rate of 21.6×10-8 mol s-1 cm-2 for NH3 

and maximum Faradaic efficiency of 4.37% among all other potentials. It is well 

established from the UV spectra and bar diagram (figure 6.13a and b) that at more 

negative potentials, ammonia yield and Faradaic efficiency show a deterioration in value, 

which is in good negotiation with the decrease in current density. This could be reasonably 

due to the competitive selectivity for HER activity becoming dominant over NRR in the 

catalytic reaction. 37 For comparative study, controlled experiments are performed with 

bare ITO glass, only MoS2 sheets on ITO glass, nanoribbons MoS2 sheets on ITO glass, 

and Au-NR/MoS2. The comparative absorbance spectra of the electrolyte (0.1 M HCl) for 

bare ITO, only MoS2, patterned MoS2, and Au-NR/MoS2 samples from the completion of 
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electrocatalysis at -0.1 V in figure 6.14 shows the highest absorbance for the Au-NR/MoS2 

sample.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 UV-vis absorption spectra of the electrolyte (0.1M HCl) stained with 

indophenol indicator for controlled samples like Bare ITO, only MoS2, patterned MoS2 

and Au-NR/MoS2 after 2hrs incubation time from the completion of electrocatalysis at -

0.1 V. 

 

The acquired absorbance spectra (shown in figure 6.15a) of the electrolytes (stained with 

coloring agent) after NRR represents a slight hump at around 460 nm, indicating the 

evolution of N2H4 as a by-product. It suggests that the reduction process of N2 has 

followed an associative-alternating pathway. The comparative absorbance spectra (figure 

6.15b) of the electrolytes at varying potentials in N2 and Ar environments depicts that 

there is no emergence of N2H4 at potentials below -0.2 V (vs. RHE). It indicates that the 

final product is extremely suitable to show NRR activity at low potentials with proper 

NH3 formation with no side products.38  
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Figure 6.15 (a) UV-vis absorption spectra of the electrolytes stained with coloring 

reagent (p-C9H11NO, HCl, and C2H5OH) after 15 mins incubation after NRR on Au-

patterned MoS2 and different controlled samples (b) UV-vis absorption spectra of the 

electrolytes stained with coloring reagent (p-C9H11NO, HCl, and C2H5OH) after 15 mins 

incubation after NRR on Au-patterned MoS2 at different potentials in N2 and Ar saturated 

environments. 

 
The histogram representing the NH3 yield and faradaic efficiency in figure 6.16 refers to 

a very insignificant response for bare ITO; however, the yield of ammonia as well as 

faradaic efficiency seems to enhance with MoS2. The pristine edges of MoS2 appear active 

for any catalytic activity rather than basal plane, which is also verified via electrochemical 

deposition of AuNPs.17-19 Dinitrogen gets adsorbed on the Mo surface, with the N-N bond 

overlap population being the same as that of free N2. The N-atom at closer proximity to 

the metal center is slightly electrophilic, while the distal N-atom is prone towards 

protonation first.39  

 

 

 

 

 

 

 

 

 

Figure 6.16 Average NH3 yield rates and Faradaic efficiencies of Bare ITO, only MoS2, 

patterned MoS2 and Au-NR/MoS2 at -0.1 V in 0.1M HCl. 
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The NRR activity seems to advance on the patterned MoS2 due to the enhancement of 

active catalytic sites on the basal plane via laser engraving. Upon patterning on the surface 

of MoS2, the number of active edges increases via creating S-vacancies due to the low 

binding energy of the Mo-S bond. MoS2, as we know, is a semiconductor material having 

a reasonable bandgap that could be easily overcome upon applying little energy or slightly 

high temperature. So although there is an abundance of electrons in patterned MoS2, there 

is also a chance of electron-hole recombination. To inhibit this, an electron-scavenger is 

required. Bare Mo-atoms are capable of activating N2 at the edge of the defect sites where 

the N≡N gradually changes to N꞊N weakening the N-N bond and increasing the 

probability of emitting NH3. 40  In the case of Au-NR/MoS2, where Au is incorporated in 

the S-vacant sites playing a crucial role in enhancing the NRR activity. Here, apart from 

Mo, gold acts as an additional center to serve as active sites for N2 adsorption. It is evident 

from the bar histogram that nitrogen yield and faradaic efficiency is extreme for Au-

NR/MoS2 at -0.1 V in 0.1 M HCl. The NRR performance map of various catalysts in terms 

of NH3 yield and potential shows the maximum performance of Au-NR/MoS2 as 

compared with prior reported values (as shown in figure 6.17). Our findings conclude that 

designing of efficient MoS2 catalyst with high activity and selectivity can be engineered 

by tailoring the active catalytic sites of desired geometry and location on MoS2 via laser 

cutting, which opens a new prospect for scheming better catalyst for electrocatalysis at 

ambient condition. 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 6.17 NRR performance map of various catalysts with performance of our Au-NR/MoS2. 
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6.4 Conclusion 

In summary, we have presented a simple approach to trigger the active catalytic sites on 

the basal plane of MoS2 via laser irradiation followed by electrochemical deposition of 

AuNPs, which is further employed as an electro catalyst for efficient Nitrogen fixation. 

The reduction of Au3+ ion to AuNPs are found to be prominent along the engraved 

nanoribbons during the electrochemical deposition reaction. Raman mapping depicted the 

preferential decoration of AuNPs along the engraved nanoribbons, indicating that 

engraving nanoribbons facilitate the active sites for the formation of AuNPs due to high 

affinity of Au towards Sulfur vacancies. The optimal parameter values are found to be 0.7 

V (potential) for 30 sec in PBS electrolytes for achieving superior deposition of AuNPs. 

The significance of Au-NR/MoS2 is examined via using it as electrocatalyst for the 

electrochemical reduction of N2 to the ammonia. It is found that the potential of -0.1 V 

vs. RHE yields maximum current density along with a remarkable production rate of 

21.6×10-8 mol s-1 cm-2 for NH3 and maximum Faradaic efficiency of 4.37%. The 

comparative NRR activity for bare ITO, only MoS2, patterned MoS2, and Au-NR/MoS2 

has demonstrated the maximum ammonia yield and faradaic efficiency in the case of Au-

NR/MoS2. It concludes that this approach offers new limelight for customizing the active 

catalytic sites of desired geometry and quantity on MoS2 towards efficient electrocatalysts 

for the N2 fixation.  

 

Note: R. Rani, A. Biswas, A. Kundu, T. Purkait, S. Sarkar, M. Raturi, R.S. Dey, K.S. 

Hazra*. Engineering catalytically active sites on MoS2 flake for showing efficient 

dinitrogen reduction at a low overpotential. (Manuscript communicated)  
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7.1 Summary of the thesis 

The thesis demonstrates the facile and rapid approach for nanostructuring MoS2, just by 

using 532 nm laser line of Raman Confocal Microscope, which facilitates the sculpting 

of any shape, size and location of structures on the surface of MoS2 in a precise manner. 

Our study shows a significant progress in the field of micro/nanostructuring process of 

MoS2 and light up the advances in practical/commercial translation of MoS2 

nanostructures in nanoelectronic or opto-electronic applications. The findings in the 

present thesis will be helpful to provide the guidance for controlled nanostructuring 

process in other 2D-layered materials and also opens a vast opportunities to explore the 

potential applications of MoS2 nanostructures. This thesis has seven chapters including 

this chapter.  

The introductory chapter presents a historical overview of micro/nanostructuring and 

arising its significance in the emerging field of nanoscience and technology. Further, the 

significance of micro/nanostructuring on 2D-layered materials and its utility for 

developing the performance of 2D-layered materials based devices are talked about. The 

reason for selecting MoS2 in all 2D-materials are presented with its salient features 

description. The relevance of MoS2 nanostructuring and the existing challenges lies in its 

implementation are also discussed.  

The second chapter of thesis describes the synthesis process and characterization 

techniques used in this work. The Raman confocal microscope and Scanning Probe 

microscope techniques are rigorously utilized to perform the nanostructuring process and 

investigate induce/modify surface properties of MoS2. We have also talked about the 

nanofabrication techniques in this chapter, which is used for making metal contact 

electrodes.  

In the third chapter, we have discussed the requisite of accurate thickness determination 

of 2D-layered materials using an easy, fast and reliable approach and demonstrated a 

comprehensive study on the accurate thickness identification using spectroscopic 

technique. Also, the significance of direction-dependent electric field in tuning the 

vibrational and electronic properties of MoS2 are demonstrated in details.  

The highlights of the work in chapter 3 are provided below: 

 A comprehensive and accurate technique is presented for thickness (layer number) 

determination of 2D flakes by spectroscopic mapping of white light reflection from the 
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flake instead of following conventional crude way of optical image analysis through RGB 

filters. 

 

 The process provides information about spectral dependency of the optical contrast in the 

full visible range and defines the spectral range of filters to be selected for optimized 

contrast imaging.  

 The contrast in reflection intensity mapping data shows clear distinguishability of various 

thickness zones on MoS2 flake and shows linear response with increasing the number of 

layers.  

 The extrapolation of such liner response has been used for accurate thickness 

determination of unknown thickness of MoS2 flake which is further validated by AFM 

measurement.  

 The experimental contrast result agrees well with theoretically calculated contrast data 

obtained from Fresnel’s theory.  

 The overall analysis confirms the consistency of our approach to determine the thickness 

of 2D MoS2 flake by spectrometric optical imaging technique which provides an optical 

mean for accurate thickness measurements.  

 A comprehensive study on the effect of direction-dependent electric field on 2D MoS2 

channel, via two different gate configuration i.e. side gate and back-gate, has been 

demonstrated. 

 The transverse electric field via side gate geometry is found to be significantly more 

efficacious in altering the phonon properties in MoS2 channel, as compared to vertical 

electric field via back gate configuration.  

 DFT calculations confirmed the higher response of the phonon properties and the 

modification of band structure with progressively increasing electric field along the 

transverse direction.  

 Overall analysis proves that the effect of electric field in transverse direction has a 

significantly more pronounced effect on the phonon modes and electronic properties of 

MoS2 channel as compared to the vertical electric field due to a combined effect of 

external electric field and the strain induced by the electric field in the system.  

 

The chapter four demonstrates the fabrication of nanostructures on MoS2 via low power 

focused laser irradiation technique, where 532 nm laser lines of Raman confocal 

microscope is being used to pattern the structures. Here, we have done thorough analysis 

on the controlling parameters using Raman and AFM measurements. The DFT 
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calculations are also performed to understand the shape of void and the crystal orientation 

of void and the plane.  Further, we have looked into the electric properties of sculpted 

nanostructures on MoS2 using EFM. 

 

The significance of the work is summarized below: 

 This work shows the formation of novel nanostructures, such as nano-ribbons, nano-mesh 

on MoS2 flakes by focused laser based etching. The simply moving the focal spot of laser 

beam (532 nm laser) on MoS2 surface leads the formation of structures. Such process pave 

a path towards layer-by-layer etching of MoS2 flakes in a controlled manner. It is a simple 

one step process and does not required any photoresist, hence free from contamination.  

 For calibrating the etching process, the laser power and exposure time are being varied, 

which depicts the rate of etching depth is ~ 1.3 nm/mW i.e. ~ 2 layers/mW. This parameter 

could be used to achieve layer-by-layer etching of MoS2 flakes. AFM and Raman analysis 

reveal that the etching depth and the void diameter can be controlled by tuning the laser 

power and the exposure time.  

 The minimum power required to etch MoS2 layer for 532 nm laser is found to be ~ 6.95 

mW. The minimum feature size of the nonpatterns achieved in this technique is   ̴ 300 nm, 

which is close to the diffraction limit of the laser used (532 nm).  

 Using AFM, Raman spectroscopy and DFT modeling, in-depth investigation has been 

carried out to understand the nature and mechanism of the void formation. It is found that 

the voids created due to laser etching, always take hexagonal or triangular shape, from 

which the crystal orientation of the MoS2 flake has been determined.  

 Investigation shows that the periphery of hexagonal void lies on S atoms whereas for 

triangular void, it lies on Mo atoms of the MoS2 crystal. The zigzag direction of crystal 

structures is found to be the armchair direction of the hexagonal void and vice versa.  

 This unique technique manifest a promising future to manipulate MoS2 based 

nanostructures for various applications in nano-electronic, plasmonic and opto-electronic 

devices. 

 We have further demonstrated the unique electrostatic properties of MoS2 nanostructures 

fabricated by laser irradiation technique in a controlled manner. Using Electrostatic force 

microscopy, detail analysis has been done to understand the electrostatic behavior of 

MoS2 nanostructures by varying tip bias voltage and lift height.  

 The analysis shows no contrast flip in phase image of the patterned nanostructures due to 

the absence of free surface charges. However, the prominent change in phase shift is 
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observed at patterned area which signifies the capacitive interaction between tip and 

nanostructures irrespective of their shape and size.  

 Our experimental result agrees well with FEA simulation which shows that the phase shift 

of the patterned nanostructures decreases linearly with increasing the lift height.  

 

 The overall investigation confirms that the patterned nanostructures on MoS2 flake always 

show the capacitive behavior as compared to the pristine flake which opened a new 

prospect of various capacitive devices. 

 

The potential applications of sculpting nanostructures on MoS2 in the field of surface 

enhanced Raman scattering sensing are demonstrated in Chapter 5. Here, we have 

introduced a hybrid SERS platform of laser-etched MoS2 nanostructures, decorated with 

AuNPs as a pathway to confine the analytes at desired Raman active sites.  

The outcomes of this work are mentioned below: 

 Hotspot engineering has taken a vast progress in the SERS development to track down 

the analyte with no/weak Raman activities to ultra-trace levels. However, resolving the 

two major problems, i.e. detection of the analytes having no specific affinities to SERS 

active sites and engineering hotspots with desired location and geometry over a large area 

on SERS substrates, remains the most challenging task in this field. Here, with aim to 

solve these issues, we have demonstrated a facile and rapid detection approach via 

nanostructuring monolayer MoS2 followed by decoration of AuNPs, which shows that the 

spatial distribution of hotspots can be precisely controlled by creating “artificial edges” 

in monolayer (2D) MoS2. 

 Raman mapping demonstrates the creation of hotspots on desired location of the hybrid 

SERS platform, where the hotspots are guided along the edges of the nanostructure only. 

 Significantly high SERS signal enhancement ~ 104 is observed for the phonon modes of 

RhB analyte of concentration as low as 100 pM, confined at the localized hotspots. 

 Enhancement in Raman signal of RhB shows linear trend (in log scale) with increasing 

molecular concentration, as is expected for SERS effect. 

 DFT calculations indicate that the conductance along the flake’s edge rapidly increases 

upon Au adsorption at the edge; while, in contrast, Au adsorption on the flake’s surface 

leaves its conductance unaltered. 

 In case of laser-etched edges, the number of conduction channels near the Fermi level are 

found to increase significantly after adsorption of Au along both the armchair and zigzag 

directions, which is not the case for naturally occurring edges. 
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 The superior adsorption of Au leads to the semiconductor transition to metallic along 

artificial edges of the nanostructures.  This results in the enhancement of local electric 

field by incident photons, creating localized hotspots.  

 

 

In Chapter six, we have presented the significance of artificial nanostructuring on MoS2 

in the field of electro catalysis to activate the inactive basal surface of MoS2 flake, which 

in turn enhances the active sites exposure extensively and paves a modest way to design 

potent catalysts for electrochemical reaction. 

The highlights of the work are given as: 

 A facile and efficient approach are presented to trigger the catalytic active sites on basal 

plane of MoS2 via laser irradiation followed by electrochemical deposition of AuNPs, 

which is further employed as electro catalyst for efficient nitrogen fixation. 

 Initially, the gold nanoparticles are deposited in nanostructured MoS2 sheets on ITO 

substrate electrochemically using HAuCl4 as an electrolyte in PBS solution for probing 

the catalytic activity of etched nanoribbons. It demonstrates that the electrochemical 

reduction of Au3+ ion to neutral Au (i.e. AuNPs) occurs prominently along the artificial 

etched nanoribbons during deposition reaction process. 

 AFM and Raman mapping have been carried out before and after the electrochemical 

deposition of AuNPs to monitor the deposition of Au on the sample. It depicts the superior 

decoration of AuNPs along the artificial etched nanoribbons. It signifies that 

nanostucturing process via low power laser irradiation facilitates the catalytic active sites 

for the formation of AuNPs due to strong bonding of Au for Sulfur vacancies. 

 We have also performed an optimization experiments on different patterned MoS2/ITO 

substrates to attain optimize salient factors (deposition time, potential and electrolyte 

solution) at which superior accumulation of AuNPs occurs.  

 The selection of electrolytes plays a crucial role in electrochemical deposition process. 

Therefore, we have selected three neutral electrolytes carefully to attain the suitable and 

highly efficient electrolytes for optimal deposition of AuNPs, which consists potassium 

chloride (KCl), sodium sulphate (Na2SO4) and phosphate buffer solution (PBS). The 

deposition is carried out in three different electrolytes (0.1 M) on three different patterned 

MoS2/ITO substrates by keeping the identical experimental condition.   

 The other optimization experiments involves the variation of potential  and deposition 

time, where potential are varied from 0.6, 0.7 and 0.8 V  vs 3 M Ag/AgCl and time are 
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varied from 10 sec to 180 sec with interval of 10 sec. All experiments are carryout in same 

experimental conditions.  

 We have attained the following optimal parameter values i.e 0.7 V (potential) for 30 sec 

(deposition) in PBS electrolyte for achieving superior deposition of AuNPs.  

 The prominence of Au-NR/MoS2 are inspected via using it as electro catalyst for the 

electrochemical reduction of N2 to the ammonia, which depicts that potential of -0.1 V vs 

RHE yields maximum current density and significant ammonia production rate of 

21.6×10-8 mol s-1 cm-2 with maximum Faradaic efficiency of 4.37%.  

 We have also performed the controlled experiment to ensure that the achieved NRR 

response from the prepared catalyst.  We have investigated the NRR activity of ITO, only 

MoS2, patterned MoS2 and Au-NR/MoS2 to find the relevance of Au-NR MoS2 catalysts 

for N2 fixation. The comparative study reveals that Au-NR/MoS2 exhibits the maximum 

ammonia yield and faradaic efficiency among all samples.  

 We have also demonstrated the comparison of our prepared Au-NR MoS2 catalysts with 

so far reported various catalysts in NRR performance map, which depicts high 

performance of our prepared Au-NR MoS2 catalysts. Our reported findings offers a new 

avenue for engineering the catalytic active sites of desired geometry and quantity on MoS2 

towards efficient electro catalyst for the N2 fixation.  

 

Thus, controlled fabrication of nanostructures on MoS2 flake via low power focused laser 

irradiation is a versatile platform to induce new features or modify the existing promising 

properties of MoS2.  It offers the pioneering field of research to advance the practical 

applications of MoS2 nanostructures based devices.  

 

7.2. Scope for the future work 

 

The outcomes presented in this thesis provides a comprehensive investigation about the 

controlled nanostructuring process using low power focused laser irradiation on MoS2 and 

its potential applications in various field of research, which can provides a guidance to 

perform nanostructuring in other 2D-layered materials in precise manner using this 

technique. It offers a comprehensive platform to explore wide range applications of MoS2 

nanostructures in the field of  surface plasmon resonance sensing, FET based bio-

chemical sensing, opto-electronic, photonics and so on. However, it requires mutual 
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multidisciplinary efforts to discover the practical translation of these results in scientific 

and technical fields. 

For an instance 

 Nanostructuring can be done on other 2D-layered materials such as WS2, phosphorene 

etc. by using this technique. The presented results will be helpful for controlled 

nanstructuring as well as provide a deeper understanding of the crystal structure of these 

materials.  

 

 Designing nanostructures of desired shape and locations can be used in the field of field 

effect transistor (FET) based bio- and chemical sensing. Like the presented results shows 

localized detection of analytes on the nanostructured MoS2, similarly it will be useful to 

detect the biomarkers with high sensitivity via MoS2 nanostrucutures based FET devices. 

It will open a fast, reliable and flexible prospective of probing biomarkers at atomic scale.  

 

 The opto-electronic properties of 2D-layered materials can be tuned via controlled 

nanostructuring process, which modifies the surface or interface properties of the 

materials. Spatial control in nanostructuring enables the formation of junctions as well as 

reduce the layer numbers at the edges of the junction. The photoconductivity and transport 

properties of materials can be modulated via using this technique. The results will help to 

understand the role of created dangling bonds or defects in tailoring the optical and 

electrical properties of the materials. 

 

 Applications of MoS2 nanostructures would be interesting in developing sensitive 

photonic devices via designing the nanoantennas like structures in periodic manner. The 

results will help to design such structures periodically which exhibits high localized 

electromagnetic field and pave a way to develop optical antennas and sensors.  

 

 Surface modification via nanostructuring will be helpful in the field of 

microfluidic/nanofluidic, where the nanostructuring will facilitates the optimal 

attachment of biomolecules probes. Our results will be useful to understand the 

mechanism of functionalization, which will be helpful for improving the performance of 

microfluidic devices. 
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