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Abstract

Transition metal dichalcogenides (TMDs) have attracted significant attention in recent years
due to their remarkable and unique electrical, optical, and mechanical properties, making them
promising candidates for next-generation electronic and optoelectronic devices. Among the
various TMDs, the interest in molybdenum disulfide (Mo0S>) has been primarily driven by its
potential to enable groundbreaking advancements in fields such as valleytronics, spintronics,
and quantum computing. Its most notable characteristics are tunable bandgap, strong spin-
valley coupling, and strong excitonic effects, which are used in field effect transistors,
photodetectors, energy storage devices, and sensors. To reveal how these materials respond to
ultrafast excitations, ultrafast terahertz emission spectroscopy has emerged as a powerful tool
to probe the fundamental charge, spin, and excitonic dynamics at femtosecond timescales. In
this thesis, the main research focuses on investigating and understanding new physical
phenomena occurring in the femtosecond optically excited bulk and few-layer MoS; crystals.
Initially, we demonstrated the THz generation efficiency from single crystalline bulk MoS> by
tuning excitation wavelength and sample temperature and gained insight into the fundamental
processes governing the response. A key aspect of this investigation was the differentiation
among the distinct mechanisms responsible for THz emission when MoS; is excited above and
below its photonic bandgap energy. This distinction is crucial for understanding the interplay
between different charge carrier dynamics contributing to THz radiation. Subsequently, by
performing temperature-dependent THz emission studies, the presence of the excitonic shift
current in the bulk MoS; at low temperatures has been investigated and the possible transition
of the pure exciton-rich phase to an electron-hole liquid phase has been highlighted. Further,
we have used the THz time domain emission spectroscopy for obtaining quantitative
information about the THz radiation generation efficiency of thin films (monolayer and a few-
layer) of MoS:. Here, a significant enhancement in THz generation efficiency due to Nb-doping
in thin film MoS: as compared to the pristine MoS> samples is observed. Finally, we have
studied the role of interfacial effects in a heterostructure, for which, we choose a multilayer
MoS;-nanocrystalline graphene heterostructure. Here, the influence of the interfacial charge

transfer and photon drag effect on the THz emission property have been investigated.



TR

T & guf H, TIfRH Acd SRHIeh oSy (TMDs) = 3T SRTeRul 3R fafdy fagyq,
T 3R T UN % BRUT AP T BT B! e DT o 8, a3 srreht
W & IS 3R SfifigddciHe IuHRON & fore T SHTaARie Il &= 7u €1 faftra
TMDs § ¥, HifclesTH SRURPTES (MoS,) faRIN =0 ¥ srauMadisf & g Sty &1 dg a1
B3, T *U  defieiay, Rumeiey iR HicH S S8 &= § 39! Hifder! wifd Bt
HYTIGIST & BRUT| MoS, B $& THE RIS §: S[Had o1, Hofgd fUH-del Hafei, 3R
TGl TRIREIA® UHTd, S 39 hics-3hae CifoRey, hiel-f8eaeR, 3ol HERU IUHRUN
3R IR T VAN & AT Iugad S 5 | I8 0 & o fob & Al segiwRe (3ifd-cdi)
SRIST & i S uffhan At €, SieeIhRe 2R (TH2) Iooi WIEPI Teh Heeaqul
JUBRUN & 7Y H IR 8, S BHCISS CSHGd R A TSI, U 3R TaIgeled Tiae!
B! O FRA DI & Y ST §1 39 MY Yoy § T Y ¥ BHcGS SHfPerd &0 3
3T Seb 3R FS-URd a1 MoS, fhedl § Usbe gF arelt 93 Hifds geref &t oig 8k
TS R M Bisd B T 8| URH #, 597 Tha-foheedid b MoS, ¥ THz Icei q&rdl &
3era fora, TR g8 SaoiT a¥vieed IR T dIudH &I FRifd SR 39 Ufshan &t Ted!
T U B1 | 3T 3T P Uh HE@YUl Ugq I8 U1 fh Ta MoS, & 3UF Blel-d S8y
Sl ¥ SR SR - Iford fordm Sl 8, df THz IoiA o forg SxRardt faftrs &= & &g iR
DI WY T Y 3T {51 oMY | Tg 3R THz fafeor & arre 37 aral fafv aret sRaR it &
TRER YHTT 1 TS & T ofid Heayul 81 39 16, A digdH-FHR THz Iei sread
HRb Tg OId Pl o HH AYHM W MoS, H TaEelRe Rive dic HINg 8, 3R 78 off sremm
T fob T Y5 TRATSCI-THG AR U TeideMH-Blel oRel S{TRIT H GHIIAd =UIaRT 81 bl
81 31, BHA THz CI3H-SH ol Wbl B SUTNT TR MoS, B! Uad fhed! (Thd-
IRA 3R FS-IRA) I THz A0 ST T Bt &l B AHATHS STHSHR! U Bl T8T, Nb-
ST & HRUT MoS, BT Udal fhedl B THz ITGA G&dl § I@ie-g gig od! TS, St i =
(ORETEA) MoS, AT &t gaT | 31fee ft| 3id H, T §RRCR H Sty WHTA! &1 YfHehT Bl
3o o, forads foT 89 98-TRA MoS,-A-ifohedrg UTh i gerRedr &I 99+ foar| Tgl,
§H SRBRAT TSl THR 3R WIerH ST UHE & THz I Tored IR uyTat &t fawgd S
Gl




Table of Contents

Certificate
Acknowledgments
Abstract (English)
Abstract (Hindi)
Table of Contents
List of Figures

List of Tables

List of Abbreviations

1. Introduction

1.1 TMDs: a case study of MoS: and its basic properties
1.1.1 Structural and electronic properties
1.1.2 Optical properties

1.2 TMDs under ultrafast light excitation
1.2.1 Ultrafast dynamics of carriers
1.2.2 THz radiation generation

1.3 Motivation and objectives of the work

1.4 Organization of the Thesis

Bibliography
2. Details of materials and ultrafast experimental methods
2.1. Structural and physical properties of bulk single crystalline MoS»
2.2. Characterization of mono to few layer MoS; and effect of Nb-doping
2.3. Ultrafast THz measurement setup
2.3.1 Femtosecond laser source
2.3.2 Optical parametric amplifier for wavelength tuning
2.3.3 Pulse characterization
2.3.4 THz time-domain spectrometer
2.3.3. Low-T measurements
2.4 Summary
Bibliography

Vi

i

v

vi
X
XXV

XXVi

10
16
16
19
27
29

32
41
41
48
55
55
59
61
65
68
70
72



3. An interplay between optical rectification and transient photocurrent effect on
THz pulse generation from bulk MoS: layered crystal
3.1 Emission of THz radiation at above and below the optical bandgap excitation
3.2 THz emission efficiency
3.2.1 Pump fluence dependence
3.2.2 Pump polarization angle dependence
3.2.3 Azimuthal angle dependence
3.3 Summary
Bibliography
4. THz probing of femtosecond light-induced excitonic shift current in single
crystalline bulk MoS:
4.1 Role of excitons in THz emission
4.1.1 Excitonic shift current
4.1.2 Exciton density dependence
4.1.3 Pump polarization dependence
4.2 Role of photogenerated free carriers in THz emission
4.2.1 Temperature dependence of excitation fluence and excitation polarization
4.3 Summary
Bibliography
5. Pulsed THz emission from mono and few layer MoS2
5.1 THz emission from mono and few layer pristine MoS;
5.2 THz emission from mono and few layer Nb-doped MoS;
5.3 Excitation fluence dependence
5.4 Azimuthal angle dependence
5.5 Excitation polarization dependence
5.6 Correlation between THz emission and piezoelectric properties
5.7 Comparative THz emission efficiency of TMDs
5.8 Summary
Bibliography
6. Pulsed THz emission from multi-layer MoS2/nanocrystalline graphene
heterostructure
6.1 2D van der Waal heterostructures

6.2 Physical properties of MoSz/nanocrystalline graphene heterostructures

75

75
79
81
83
85
87
88
89

90

92

94

97

98

102
105
106
109
110
111
117
119
120
122
124
127
129
131

131
133

Vii



6.3 THz emission efficiency
6.3.1 Linear and nonlinear effects to THz emission
6.3.2 Photon drag effect and interfacial charge transfer processes
6.4 Summary
Bibliography
7. Conclusions and future scope
7.1 Main conclusions of the research work in the thesis
7.2 Future scope

Curriculum vitae and List of publications

viii

139
141
144
147
149
153
153
155
157



List of Figures

Figure

No.

1.1

1.2

1.3

1.4

1.5

Figure Caption

Periodic table indicating the chemical compositions of TMDs. The
elements from groups 4, 5, 6, 7, 9, and 10 are commonly used as transition
metals while the chalcogens atoms S, Se, and Te as highlighted with
orange color, are used in the TMDs. Adapted from the ref. °.

A few representative applications of TMDs as demonstrated recently in
the fields of electronics, photonics, sensing, energy storage devices, and

biomedical applications. Recreated from the ref. 1416

(a) Hexagonal crystal structure of the layered bulk MoS; crystal. Red and
blue spheres represent the Mo and S atoms, respectively. Possible
coordinations in the hexagonal structure obeying (b) the trigonal
prismatic, and (c) the octahedral coordination. Different polytypes of
MoS,, (d) 1T (e) 2H, and (f) 3R phases. The numerics, 1, 2, and 3
represent the number of layers present in the unit cell, and T, H, and R

represent the tetragonal, hexagonal, and rhombohedral symmetries.

Schematic representation of the (a) top and (b) side views of the hexagonal
crystal structure of a monolayer MoS; with the basis vectors as indicated.
The diamond-shaped area represents the two-dimensional unit cell.
Schematic representation of the (c) side and (d) top views of the first
Brillouin zone of the MoS: in the k-space. I', A, M, H, and K represent
the high symmetry points in the first Brillouin zone, and I", M', and K'
represent the projection of these symmetry points. Ry, and R> = Bravais
lattice vectors; K; and K, = reciprocal lattice basis vectors; a; and a, =

unit vectors.

Electronic band structure and its evolution with the number of layers in

the MoS: calculated from the first principle DFT calculations. (a-f) For
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the bulk, 8-layers, 6-layers, 4-layers, 2-layers, and a monolayer of MoS,.
The horizontal dashed lines indicate the Fermi level and upward black
arrows indicate the fundamental indirect or direct (monolayer case only)
electronic bandgap energy values. The top of the valance band and the
bottom of the conduction band are highlighted with blue and red color,

respectively. Figure adapted from ref. 62,

Atomic displacements in the Raman active vibrational modes. (a) Four
modes in the unit cell of bulk MoS: and (b) three modes in the unit cell of

monolayer MoS,. Eyg4, E3,4, and E3; represent the in-plane vibrational
modes and A ;4 represents the out-of-plane vibrational mode. Red and blue

spheres represent the Mo and S atoms, respectively. Black arrows are

drawn to indicate the direction of atomic motion in different vibrations.

(a) Raman spectra for MoS: films having the number of layers varying
from 1 to 6 and comparison of the same with the bulk. The data for the
bulk is magnified by 2 for better comparison. (b) Variation of the peak
frequencies of the 4,4 and Ezlg modes (black curves), and their difference

(red curve) with the number of layers present in the sample. Taken from

ref, 74

(a) Schematic representation of the light absorption and
photoluminescence processes by electronic transitions in the MoS:. (b)
Optical absorbance and (c) photoluminescence spectra varying with the
number of layers present in MoS». (d) Schematic representation of the A
and B direct excitons at the K-point of the Brillouin zone. Figures (b) and

(c) are adapted from ref.

(a) Schematic illustration of the hexagonal band structure near the band
edges, showing the valence and conduction band valleys located at the K
and -K (K') points. (b) Schematic representation of spin-valley coupling,
where o' and o~ denote right- and left-circularly polarized light,

respectively. Figures (a) and (b) are adapted from ref.”
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(a) Schematic ultrafast optical excitation of MoS, and (b) possible
ultrafast processes including the carrier excitation, relaxation, and
recombination processes, and the THz radiation emission. VB: valance
band; CB: conduction band; fs: femtosecond; ps: picosecond; ns:

nanosecond; hv: incident photon energy; hv;: released photon energy.

(a) Schematic representation of exciton formation in MoS; by optical
excitation. With the relaxation over a period of time, the size of the exciton
shrinks down. (b) Sketch of the exciton formation in the electronic band
structure by an ultrafast pump excitation. Epump = pump photon energy;
Eprobe = probe photon energy; Eg = exciton continuum energy; Es = first
excitonic state energy and so on; 1(E) = relaxation time. Figures adapted

from ref.!%°

A schematic representation of the electromagnetic spectrum, illustrating
various regions based on the frequency range from radio waves to X-rays.
The THz band, positioned between the electronic and photonic regions,
usually spanning frequencies from 100 GHz to 10 THz. Recreated from

the ref, 101 102

Various applications of pulsed THz radiation across fields, including
microscopic  phenomena in  materials, high-speed  wireless
communications in free space, chemical-specific imaging, and security

pre-screening purposes. Figure adapted from refs. 10219,

(a) Schematic illustration of pulsed THz radiation emission from a MoS»
sample under the ultrafast optical excitation. (b) Time-domain waveform
and (c) corresponding Fourier transform spectrum of the THz radiation
emitted from MoS; as recorded in our laboratory. The sample was a bulk

layered crystal of MoSo.

Schematic representations of various possible mechanisms responsible in
bulk and at interfaces for the THz pulse generation from TMDs under

femtosecond laser pulse excitation. Adapted from ref. %!
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(a) Optical image (photograph) of a large single crystalline bulk MoS;
sample of dimensions ~5 mm x 10 mm, and (b) microscopic image of the
clean uniform surface of the sample that was used in the ultrafast THz

emission experiments performed.

XRD pattern of the bulk MoS; crystal. The positions of the diffraction
peaks corresponding to (00/) planes are marked. The occurrence of the
family of (002) crystal planes reveals the single crystalline nature of the

MoS; used in our study.

Raman spectrum of the bulk MoS; crystal showing the characteristic
Raman peaks at Ezlg =383 cm™ and A= 408 cm™. E21g is the in-plane
vibrational mode and A, 4 is the out-of-plane vibrational mode. The Insets

show the vibrations of the E' %g and A;, Raman modes.

(a) The experimentally measured broadband reflectance spectrum of the
bulk MoS». The spectral positions of the A and B excitons in the solid are
marked at energies of 1.89 eV and 2.08 eV. (b) The Tauc-plot as derived
from the reflectance spectrum of the sample. The intercept of the curve

with the abscissa indicates a bandgap of ~1.3 eV.

Experimentally measured XPS spectra of the single crystalline bulk MoS..
The peaks identifying the (a) Mo and (b) S atoms, are determined

accurately.

R-T and Hall measurements on the bulk single crystallin MoS,. (a)
Schematic representation of the measurement geometry of the Van der
Pauw method. (b) Longitudinal Rxx-T data was recorded in the 20 to 300
K temperature range as measured by using the four-point Van der Pauw
method. Insets (i) Zoomed-in view of the R-T curve at the low-
temperature range (20 K-100 K) and (i1) Zoomed-in view of the R-T curve
at the high-temperature range (100 K-300 K). (c) Schematic

representation of the geometry of Hall measurement. (d) Hall resistance
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(Rxy) as a function of the magnetic field at different temperatures for the

bulk MoS: crystal.

Sample temperature dependent variation of the carrier mobility p (cm?/
V.S) and the carrier density n (10'°cm™) as extracted from the Hall

measurements.

Layer-by-layer formation shown by the cross-sectional TEM images for a
MoS; sample containing (a) monolayer and (b) 11-layers. (c) HRTEM
image of the Nb-doped MoS; layer, and (d) IFFT image after the removal
of MoS; lattice information. In (c,d), the left top insets show the
corresponding FFT images, and the right insets show the magnified view
of the black area. (¢) Depiction of top and side views of the Nb-substituted
MoS$: lattice. Figures (a), (b), (c), and (d) are adapted from ref. ?°

Characteristic Ezlg and A4 phonon modes of the pristine and Nb-doped
mono (1L) and bilayers (2L) of MoSz samples. Vertical dashed lines are
drawn to capture any apparent shift in the frequency of the modes in

different samples.

Absorption spectra of the monolayer (1L) and bilayer (2L) pristine and
Nb-doped MoS, samples. The plots are shifted vertically for a better
comparison. The spectral positions of the A, B, and C-excitons are marked
by vertical dashed lines drawn at 660 nm, 612 nm, and 436 nm

wavelengths, respectively.

Estimation of the electronic bandgap energies from the Tauc-plots for the

(a) IL MoS: (b) 1L Nb-MoS: (¢) 2L MoS:, and (d) 2L Nb-MoS; films.

XPS spectra of the samples to monitor the peak positions of the (a) Mo
(b) S, and (c) Nb atoms in the pristine and Nb-doped MoS: bilayers.

Optical layout of the Ti:Sapphire based femtosecond amplified laser
system that was used for the ultrafast experimentation for THz
measurements in our laboratory. The system comprises a green pump

laser (pulse duration ~200 ns, repetition rate 1 kHz, wavelength 527 nm),
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2.14

2.15

2.16
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Xiv

a Ti:Sapphire femtosecond seed laser (pulse duration ~20 fs, repetition
rate 80 MHz, central wavelength 800 nm), a regenerative amplifier cavity
with a separate compressor/stretcher section in it. The amplifier output
provides pulses centered at 800 nm and a maximum pulse energy of ~5

mlJ.

Schematic of the femtosecond regenerative amplifier cavity defined by
the mirrors RM1, RM2, RM3, and RM4. The Ti: Sapphire gain medium
is pumped by the strong power ns pump laser centered at 532 nm. The
seed pulses are taken from the seed oscillator at 800 nm and with the help
of Pockels cells, PC1 and PC2, the pulses are selected and dumped out of
the amplifier cavity. Before the selection of the pulses, they are stretched
in the stretcher section, and after amplification, the pulses are compressed
back to their original pulse duration in the compressor section. The
telescopic assemblies TS1 and TS2 help to provide the required spatial
alterations to the beam for achieving specific height and directions in the
cavity. Finally, the output from the laser is pulses of duration ~35 fs

centered at 800 nm and a repetition rate of 1 kHz.

Spectra of the femtosecond pulses emerging from (a) the low pulse energy

laser oscillator (seed laser), and (b) the amplifier laser system.

(a) Schematic of the fundamental processes occurring in an optical
parametric amplifier using a nonlinear crystal and (b) Depiction of the
parametric amplification process in the energy band diagram.

Wpumpr Wsignal> Widler» ANd Wgeeq are the frequencies of the pump pulses,

signal, idler, and seed beams, respectively. y® is the second-order

nonlinear susceptibility.

(a) Actual layout, and (b) Schematic representation of the OPA system
used in the experiments. (c) The spectrum of the OPA output for pulses
centered at 650 nm wavelength. In (a), the red area represents the input

and pump beam distribution, the green area represents the amplification
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2.20

2.21

portion, and the pink area is where the nonlinear SHG, DFG, and SFG

phenomena occur.

Schematic of an intensity autocorrelation setup. The laser beam is split
into two parts which are collinearly matched on a BBO nonlinear crystal
to generate a second harmonic signal. The upper inset is an intensity
autocorrelation trace recorded in the lab for the amplified laser pulses at
800 nm. The FWHM width of ~87 fs of the intensity autocorrelation trace
corresponds to the actual laser pulse duration of ~60 fs. The lower inset is
an actual photograph of the SHG produced by the nonlinear crystal, where
A and C are due to the self SHG of the interacting beams and B is due to
cross SHG.

(a) Photograph of the commercial (model: AA-10DD-12PS)
interferometric autocorrelator available in the lab for pulse width
measurement. (b) Schematic of the optical layout of the interferometric
autocorrelation setup. Al: aperture, W1: reference hole, BS: beam splitter,
RR1 and RR2: retroreflectors, M1 and M2: mirrors, PD: nonlinear
photodiode. (c) Interferometric and (d) intensity autocorrelation traces as

recorded by the above autocorrelator for amplifier laser pulses.

Schematic of the home-built time-domain THz spectrometer for pulsed
THz generation and detection. The pulses are collected in the reflection
configuration, while the detection is via electro-optic sampling in a
nonlinear crystal. OPA: optical parametric amplifier, OPM1, and OPM2:
off-axis parabolic mirrors, QWP: quarter-wave plate, NC: nonlinear

optical crystal, WP: Wollaston prism, PD1, and PD2: photodiodes.

[Mustration for the electro-optic sampling scheme using a ZnTe nonlinear
crystal for the THz pulse detection. The gating pulse polarization states
without and with momentary THz electric field are shown in red and blue
color, respectively. QWP: quarter wave plate; ZnTe: zinc telluride crystal;

PD: photodiode; I: intensity of the probe pulse.
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3.2

(a) Typical time-domain trace and (b) the fast Fourier transformed (FFT)
spectrum of the THz pulses generated in the lab from a bulk single

crystalline layered MoS, sample.

Schematic of the home-built THz time-domain spectrometer in the
reflection configuration with a liquid helium optical cryostat integrated
into it. OPM1 and OPM2: off-axis parabolic mirrors; NC: nonlinear
crystal; QWP: quarter wave plate; WP: Wollaston prism.

Image of the liquid helium optical cryostat system integrated into the
home-built THz time-domain spectrometer. Images of the (a) cold head
and cryostat chamber, (b) turbomolecular pump, (c) gold-plated copper

sample holder, and (d) temperature controller.

THz emission from the surface of a bulk MoS, layered crystal as a
function of the wavelength of femtosecond excitation pulses. (a)
Schematic of the experimental setup for collection of THz signal in the
reflection geometry. Angles, a, and ¢ are the angle of linear polarization
of the excitation light, and the azimuthal angle, respectively. Time-
domain THz signals as recorded in the experiments at (b) above and (c)
below bandgap excitation wavelengths. (d) Fast Fourier transform spectra
of THz signal at two wavelengths of above (550 nm, 700 nm) and below

(1300 nm, 1550 nm) bandgap excitations.

Processes contributing to the THz emission for (b) above-bandgap,
E > E;~1.3 eV (950 nm) excitation, and (c) below bandgap, E < E,
excitation. The upper parts of (b) and (c) indicate the excitation
wavelengths used in the current study, the middle part mimics the light-
matter interaction at the surface, and the bottom part of (b) for TPE, and

(c) for NR-OR shows the interaction through the energy level diagram at

the surface of the material. ng):

second-order optical susceptibility; TPE:
transient photocurrent effect; R-OR: resonant optical rectification; NR-
OR: non-resonant optical rectification; Er: Fermi energy; L,;: depletion

width; E: surface depletion field; Jq,5¢: drift current density.
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(a) Peak-to-peak amplitude (symbols) of the THz pulses emitted from
bulk MoS; layered crystal at varying excitation wavelengths and fixed
excitation photon flux of @~0.6 X 10'8/sec.cm?. For comparison,
optical reflectance measured separately is also shown, where A- and B-
excitons in MoS; are also indicated. (b) The same results of the peak-to-
peak THz amplitude plotted as a function of the excitation photon energy
(E) or the detuning energy, A = E — E; to compare the behavior of the
outcomes for the below- and the above-bandgap (E,) excitations. The
vertical dotted line represents the bulk MoS; electronic bandgap of ~1.3
eV. Solid lines in the two regions have been drawn to show the linear

mean behavior arising from different effects.

Pump-intensity dependent THz emission efficiency at each of the
individual excitation wavelengths as indicated. The solid lines are either

linear or saturating fits to the data shown by the symbols.

Saturation intensity (Is) obtained from the fitting in pump fluence data at
different excitation wavelengths in the above-bandgap excitation regime.
Insets: possible mechanisms for saturation of photocarrier density for (i)
low (E =hv, > E;) and (ii) high (E = hvy > E;) photon energy

excitations in the above-bandgap excitation regime.

(a) Variation in the experimentally measured THz signal with respect to
the angle of linear polarization (a) of the excitation light for three
representative wavelengths at below (1200 nm) and above (700 nm, 800
nm) bandgap excitations. The solid curves are fitting obtained using
equation 2, and the dashed horizontal lines are drawn to indicate an
enhancement in the mean value of the THz signal with the decreasing
wavelength of the femtosecond excitation pulses. (b) Extracted
contributions to the THz signal from each of the R-OR, NR-OR, and TPE

processes at different excitation wavelengths.

(a) Variation in the experimentally measured THz signal with respect to
the azimuthal angle of the sample at three distinct excitation wavelengths

of 550 nm, 800 nm (both are above bandgap), and 1200 nm (below
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4.1
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bandgap). The continuous curves are fitted using equation (3) and the
dashed horizontal lines represent the constant background signals at each
wavelength. (b) Extracted contributions to the THz signal from the R-OR,

NR-OR, and TPE processes at different excitation wavelengths.

(a) and (c) are the actual THz time-domain traces obtained for above and
below bandgap excitations, respectively. (b) and (d) are the MATLAB

simulated results at ¢= 0° and 90°.

(a) The experimental configuration for the femtosecond pulse excitation
with variable linear polarization direction and the THz emission collection
in the reflection. (b) Temperature dependence of peak-to-peak value THz
electric field, EFF,, representing a monotonous increase in the THz
generation efficiency with the decreasing temperature. The solid curve is
the model fit to the data while dotted lines are different contributions in it
(see text). (c) Typical THz pulses emitted from MoS> crystal shown for
various temperatures, ranging from 20 K to 300 K taken at a pump fluence
of 120 uj/cm?. The THz scans are offset along the x-axis for better

comparison.

(a) Schematic band diagram and transitions involving free carriers and
excitons by photoexcitation at wavelength (energy) A, (Ep) =
800 nm (1.55eV). A;=1.75 eV and A,= 1.25 eV represent the direct
and indirect bandgap energies at the lowest temperature, while g denotes
the magnitude of the phonon momentum necessary for indirect electronic
transitions. (b) Schematic representations for the femtosecond optical

excitation and THz emission by ultrafast exciton shift current Jg,.

(a) Photoexcitation fluence-dependent THz emission at various sample
temperatures. The solid curves represent the model given in Eq. (4.2) for
extracting the saturation fluence (Fs). (b) The variation of saturation

fluence (mJ/cm?) with temperature.

Rapid exciton formation at 20 K and transition to electron-hole liquid

condensate beyond a critical excitation fluence F-~150 uJ/cm?. The
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4.8

regions (inset) of dominating exciton population at low fluences, and the
electron-hole liquid (EHL) phase at very high fluences are indicated. The
dotted line is guided to the eyes. (b) Schematic representation of the
bandgap renormalization (BGR). CB: conduction band; VB: valance
band; Ej;: bandgap; E4: renormalized bandgap; Eex: excitonic binding

energy; Eexc: €xcitonic transition energy.

(a) The variation of EFE, with the varying temperatures at different
excitation pump fluence values F < F;, F~ F¢, F > F¢, F; represents the
critical pump fluence. Variation of the emitted THz signal magnitude
EERE_ with respect to the excitation polarization angle (2a) obtained at (b)
300 K, and (¢) 20 K under different excitation fluence values of
120 uj/cm? (F < F;), 150 uJ /cm? (F~ F;),and 700 uJ /cm? (F > F().
(d) The contributions of the different mechanisms at 20 K and 300 K

temperatures.

(a) Time domain waveforms and (b) Fourier transform spectra of the THz
signal at 20 K and 300 K temperatures. (c) The variation of peak-to-peak
THz amplitude, ERE | with the increasing temperature from 20 K to 300
K, the dotted line is guided to the eyes. (d) N?u variation with the
temperature ranging from 100 K to 300 K.

(a) Schematic representation of the THz emission by the band banding
effect induced transient photocurrent mechanism (b) The variation of
carrier mobility p (cm?/ V.S), and the carrier concentration, N (10'6 cm™)
extracted from the Hall measurements with the temperatures, ranging
from 100 K to 300 K. (c¢) Schematic diagram of the THz emission induced
by the optical rectification mechanism. CB: conduction band; VB: valance
band; Lg: depletion width; Jq: drift current; Jsnin: shift current; Mo:

molybdenum atoms; S: sulfur atom.

Pump fluence-dependent THz emission from bulk MoS: at room
temperature and 20 K. The solid curves are fitted to the experimental data

shown by the open symbols.
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5.4

5.5

Pump polarization angle dependence of the THz emission at 480 nm
excitation wavelength. (a) The variation of EXE, with varying pump
polarization angles at two temperatures of 300 K and 20 K. (b) Extracted
contributions of the OR and TPE mechanisms at room temperature and 20

K.

THz time-domain waveforms of the pristine monolayer (1L) MoS», and
bilayer (2L) MoS2 samples photoexcited by the femtosecond pulses in two
cases of (a) below (800 nm) and (b) above (480 nm) bandgap excitation.

Fourier transforms spectra of the THz signals emitted by monolayer and
bilayer pristine MoS; samples following femtosecond laser pulse
excitation at wavelengths (photon energies) of (a) Aexe = 800 nm (Eexe =
1.55 eV, i.e., below bandgap excitation) and (b) Aexc =480 nm (Eexc =2.58

eV, i.e., above bandgap excitation).

THz time-domain signal of the monolayer and bilayer Nb-doped MoS»
samples at (a) Aexe = 800 nm (Eexe = 1.55 eV, i.e., below bandgap
excitation) and (b) Aexe = 480 nm (Eexc = 2.58 €V, i.e., above bandgap
excitation). Fourier transform spectra of the THz signal of Nb-doped

samples at (c) 800 nm (d) 480 nm.

Role of the Nb-doping on the amplitude and polarity of the THz signal.
Peak-to-peak amplitude (EXf,) of the THz pulses emitted at (a) below
bandgap excitation wavelength of Aexe = 800 nm and (b) above bandgap

excitation wavelength of Aexc =480 nm.

(a) Schematic representation of the THz pulse emission due to induced
polarization AP via nonresonant optical rectification process in MoS: at
below bandgap (Eexc < Eg) excitation. (b) Schematic representation of the
THz pulse emission from pristine and Nb-doped MoS; layers due to
surface field-induced TPE process at Eexc > E; excitation. (c) Schematic

for the induced polarization via optical rectification and a transient shift
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5.8

59

current generation in MoS: layers at the above bandgap (Eexc > Ey)

excitation.

Pump fluence (F) dependence of the magnitude of the THz signal
generated by pristine and Nb-doped MoS: bilayers excited by the linearly
polarized femtosecond pulses for (a) the below bandgap excitation case,
1.e., Aexe = 800 nm (Eexe = 1.55 eV < Eg), and (b) the above bandgap
excitation case, 1.€., Aexe = 480 nm (Eexc = 2.58 eV > Ey). The solid lines
are fit to the experimental data as discussed in the text. Open and filled
symbols represent experimental data for the pristine and Nb-doped 2L

MoS., respectively.

Sample azimuthal angle (¢) dependence of the magnitude of the THz
signal generated by pristine and Nb-doped MoS; bilayers excited by the
linearly polarized femtosecond pulses for (a) the below bandgap
excitation case, i.e., Aexe = 800 nm, and (b) the above bandgap excitation
case, i.€., Aexe = 480 nm. The dashed contours in the polar plots are drawn
as a guide to the eyes. Open and filled symbols represent the experimental

data for the pristine and Nb-doped 2L MoS,, respectively.

Linear excitation pulse polarization angle (2a) dependence of the THz
signal magnitude, EXE, for the 2L MoS; and the 2L Nb-MoS: layers for
(a,b) the below bandgap excitation, i.e., Aexe = 800 nm (Eexe = 1.55 eV <
Eg), and (c,d) the above bandgap excitation, i.e., Aexc = 480 nm (Eexc =
2.58 eV > Ey). The solid curves in (a,c) are fits while the horizontal dashed
lines represent the dc offsets in the fits as explained in the text. For both
cases, different contributions to THz generation are indicated in the

respective histograms in (b,d).

(a) Schematic of a flexible piezoelectric nanogenerator device fabricated
using pristine and Nb-doped MoS, monolayers. (b) Experimental data for
the piezoelectric response obtained under a strain of 0.48% and a strain

rate of 70 mm s’
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6.1

6.2

6.3

Comparison of the piezoelectric performance of our Nb-MoS, monolayer-
based nanogenerator with other piezoelectric devices that are based on
pristine MoS: and reported till date. Black circles represent values for
pristine 1L MoS> and black triangles for pristine 3L MoS;, both extracted

from the reports available in the literature as mentioned.

THz time-domain signal of the bulk MoS,, 1L, 2L, and 3L Nb-MoS». The
inset is the zoomed view of the THz signal of thin film Nb-doped MoS»

samples.

THz emission from the trilayer (3L) WS,: (a) Time domain waveform and
FFT spectrum (inset) of the THz signal at 800 nm excitation wavelength.
(b) Excitation pump fluence dependence of the peak THz amplitude. (c¢)
THz emission from the 3L WS, with the varying azimuthal angle. (d)
Pump-polarization dependence of the THz amplitude. Symbols represent
the experimental data, solid lines are the fitting of the data and dotted lines

are the guide.

(a) Building of multilayer vdW heterostructures by layer-by-layer
deposition of different materials. Examples of (a) a graphene-TMD
bilayer heterostructure, and (c) a bilayer TMD-TMD heterostructure.

AFM images of the (a) Gnc (b) M0oOx/Gne () M0S2/Gie on the Si02/Si
substrate. The upper panel of the images (a-c) shows the geometry of the
heterointerface. (d) Cross-sectional HRTEM image of the heterostructure.

All the figures are adapted from the ref.?®.

(a) Typical Raman spectrum of the multi-layer MoS>-Grye heterostructure
deposited on the sapphire substrate. E 21g and A;4 correspond to the
vibrational modes of MoS», and D, G, 2D, and D+G bands represent the
vibrational modes of nanocrystalline graphene. (b) Zoomed view of the

vibrational modes of the MoS: and nanocrystalline graphene.
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UV-VIS absorption spectrum of the MoS»/Gryc heterostructure. A, B, and
C represent the excitons of the MoS; and m — 7 represents the absorption

band of the Gry.

EDS analysis of MoS>-Gry heterostructure, inset shows the table
consisting of a percentage of the chemical composition of the sample,

including C, O, Mo, and S.

The elemental mapping images of the (a) molybdenum (Mo), (b) sulfur
(S) (c) carbon (C), and (d) oxygen (O) atoms.

(a) The wide XPS spectrum of the MoS»-Grye heterostructure. (b) Mo 3d,
(c) S 2p core level, and (d) C 1s core level XPS peaks of the

heterostructure sample.

THz generation from the MoS>-Gry. heterostructure. (a) Schematic
illustration of the MoS>-Grnc sample on the sapphire substrate. (b)
Schematic representation of the THz emission from the heterostructure
upon the ultrafast optical excitation in the reflection configuration. (c)
Time-domain waveforms and (d) Fourier transform spectra of the THz
signal at 800 nm and 480 nm excitation wavelengths. Peak-to-peak THz
amplitude is indicated by the EX,, HWP: half-wave plate; QWP: quarter-
wave plate; WP: Wollaston prism; PD: photo-diode; a: pump-polarization

angle; ¢: sample azimuthal angle; 0: incident angle.

(a) Pump fluence and (b) azimuth angle dependence of the peak-to-peak
THz amplitude of MoS2/Grne heterostructure at two excitation
wavelengths of 800 nm and 480 nm. The solid lines fit the experimental

data represented by the open symbols.

(a) Schematic illustration of the THz emission from the MoS>/Grye
heterostructure by the sample side and substrate side irradiation in the
transmission configuration. (b) THz time-domain signal of the

heterostructure at both irradiation cases for 800 nm excitation wavelength.

136

137

138

139

140

142

143

xXiii



6.11

6.12

XXiV

THz emission mechanisms. (a) Schematic representation of the THz
emission induced by the photon drag effect. Illustration of the interfacial
charge transfer process at (b) 800 nm and (c) 480 nm excitation
wavelengths, respectively. Jppg: photon drag current; J;-r: interfacial

charge current; Jr: total current; Er: Fermi level; v: electron velocity.

(a) Pump polarization angle (2a) dependence of the THz emission at 800
nm (red open symbols) and 480 nm (green open symbols). The solid and
dotted lines are the fit and guide for the experimental data. (b) Extracted
contributions of the PDE and ICT effect from the fitting of the pump

polarization angle dependent experimental data.
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Table Caption

Possible mechanisms for the generation of THz radiation from
photoexcited semiconducting materials. 2: THz frequency; w: optical
frequency; E;: Surface depletion field; D,,: electron diffusion coefficient;
D,: hole diffusion coefficient; y;y: 3 rank tensor; T; kit 4™ rank tensor.
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List of Abbreviations

BBO Beta Barium Borate

DFG Difference frequency generation
ExS Excitonic shift current

EDS Energy dispersive spectroscopy
HRTEM High resolution transmission electron microscopy
HWP Half wave plate

ICT Interfacial charge transfer
NR-OR Non-resonant optical rectification
NC Nonlinear crystal

OPM Optical parabolic mirrors

OPA Optical parametric amplifier

OR Optical rectification

PC Pockels cell

PL Photolumnisence

PGE Photogalvanic effect

PD Photodiode

PDE Photon drag effect

QwP Quarter wave plate

R-OR Resonant optical rectification
SHG Second harmonic generation
SFG Sum frequency generation

TMD Transition metal dichalcogenides
TPE Transient photocurrent effect
THz Terahertz

WP Wollaston prism

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
ZnTe Zinc telluride
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