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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 (MoS2) 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 MoS2 crystals. 

Initially, we demonstrated the THz generation efficiency from single crystalline bulk MoS2 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 MoS2 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 MoS2 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 MoS2. Here, a significant enhancement in THz generation efficiency due to Nb-doping 

in thin film MoS2 as compared to the pristine MoS2 samples is observed. Finally, we have 

studied the role of interfacial effects in a heterostructure, for which, we choose a multilayer 

MoS2-nanocrystalline graphene heterostructure. Here, the influence of the interfacial charge 

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

हाल के वर्षों में, ट्ाांज़िशन मेटल डाइकाल्कोजेनाइड्स (TMDs) ने अपनी असाधारण और जवजशष्ट जवद्युत, 

प्रकाशीय और याांजिक गुणोां के कारण वैज्ञाजनक समुदाय का काफी ध्यान आकजर्षित जकया है, जजससे वे अगली 

पीढी के इलेक््ट्ॉजनक और ऑप्टोइलेक््ट्ॉजनक उपकरणोां के जलए एक सांभावनाशील सामग्री बन गए हैं। जवजभन्न 

TMDs में से, मोजलब्डेनम डाइसल्फाइड (MoS₂) जवशेर्ष रूप से अनुसांधानकतािओां के जलए आकर्षिण का कें द्र बना 

हुआ है, मुख्य रूप से वैलीट्ॉजनक्स, स्पिनट्ॉजनक्स और क्ाांटम कां पू्यजटांग जैसे के्षिोां में इसकी क्ाांजतकारी प्रगजत की 

सांभावनाओां के कारण। MoS₂ की कुछ प्रमुख जवशेर्षताएँ हैं: टू्यनबल बैंडगैप, मजबूत स्पिन-वैली कपजलांग, और 

शस्पिशाली एक्साइटोजनक प्रभाव, जो इसे फील्ड-इफेक्ट् ट्ाांज़िस्टर, फोटो-जडटेक्ट्र, ऊजाि भांडारण उपकरणोां 

और सेंसर में अनुप्रयोग के जलए उपयुि बनाते हैं। यह समझने के जलए जक ये सामग्री अल््ट्ाफास्ट (अजत-तीव्र) 

उते्तजनाओां के प्रजत कैसी प्रजतजक्या देती हैं, अल््ट्ाफास्ट टेराहट्ि़ि (THz) उत्सजिन िेक््ट्ोस्कोपी एक महत्वपूणि 

उपकरण के रूप में उभरा है, जो फेमटोसेकां ड टाइमसे्कल पर मूलभूत चाजि, स्पिन और एक्साइटोजनक गजतकी 

की जाांच करने की क्षमता प्रदान करता है। इस शोध प्रबांध में, मुख्य रूप से फेमटोसेकां ड ऑजप्टकल रूप से 

उते्तजजत बल्क और कुछ-परत वाले MoS₂ जक्स्टलोां में प्रकट होने वाली नई भौजतक घटनाओां की जाांच और 

समझने पर ध्यान कें जद्रत जकया गया है। प्रारांभ में, हमने एकल-जक्स्टलीय बल्क MoS₂ से THz उत्सजिन दक्षता का 

अध्ययन जकया, जजसमें हमने उते्तजना तरांगदैर्घ्ि और नमूना तापमान को जनयांजित करके इस प्रजक्या की गहरी 

अांतर्दिजष्ट प्राप्त की। इस अध्ययन का एक महत्वपूणि पहलू यह था जक जब MoS₂ को इसके फोटोजनक बैंडगैप 

ऊजाि से ऊपर और नीचे उते्तजजत जकया जाता है, तो THz उत्सजिन के जलए उत्तरदायी जवजभन्न तांिोां के बीच अांतर 

को िष्ट रूप से अलग जकया जाए। यह अांतर THz जवजकरण में योगदान देने वाले जवजभन्न चाजि कैररयर गजतकी के 

परिर प्रभाव को समझने के जलए अत्यांत महत्वपूणि है। इसके बाद, हमने तापमान-जनभिर THz उत्सजिन अध्ययन 

करके यह जाांच की जक कम तापमान पर MoS₂ में एक्साइटोजनक जशफ्ट करांट मौजूद है, और यह भी अध्ययन 

जकया जक क्या शुद्ध एक्साइटॉन-समृद्ध अवस्था से इलेक््ट्ॉन-होल तरल अवस्था में सांभाजवत रूपाांतरण हो सकता 

है। आगे, हमने THz टाइम-डोमेन उत्सजिन िेक््ट्ोस्कोपी का उपयोग करके MoS₂ की पतली जफल्ोां (एकल-

परत और कुछ-परत) से THz जवजकरण उत्पन्न करने की दक्षता की मािात्मक जानकारी प्राप्त की। यहाँ, Nb-

डोजपांग के कारण MoS₂ की पतली जफल्ोां में THz उत्पादन दक्षता में उले्लखनीय वृस्पद्ध देखी गई, जो जक शुद्ध 

(जप्रस्टाइन) MoS₂ नमूनोां की तुलना में अजधक थी। अांत में, हमने हेटरोस््टक्चर में इांटरफेस प्रभावोां की भूजमका का 

अध्ययन जकया, जजसके जलए हमने बहु-परत MoS₂-नैनोजक्स्टलाइन ग्राफीन हेटरोस््टक्चर का चयन जकया। यहाँ, 

हमने इांटरफेजसयल चाजि ट्ाांसफर और फोटॉन डै्ग प्रभाव के THz उत्सजिन गुणधमि पर प्रभावोां की जवसृ्तत जाँच 

की। 
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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 (ii) 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 MoS2 crystal. 

2.7 Sample temperature dependent variation of the carrier mobility µ (cm2/ 

V.S) and the carrier density n (1016cm-3) as extracted from the Hall 

measurements. 

48 

2.8 Layer-by-layer formation shown by the cross-sectional TEM images for a 

MoS2 sample containing (a) monolayer and (b) 11-layers. (c) HRTEM 

image of the Nb-doped MoS2 layer, and (d) IFFT image after the removal 

of MoS2 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. (e) Depiction of top and side views of the Nb-substituted 

MoS2 lattice. Figures (a), (b), (c), and (d) are adapted from ref. 25 
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2.9 Characteristic 𝐸2𝑔
1  and 𝐴1𝑔 phonon modes of the pristine and Nb-doped 

mono (1L) and bilayers (2L) of MoS2 samples. Vertical dashed lines are 

drawn to capture any apparent shift in the frequency of the modes in 

different samples. 
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2.10 Absorption spectra of the monolayer (1L) and bilayer (2L) pristine and 

Nb-doped MoS2 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.  

52 

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

(a) 1L MoS2 (b) 1L Nb-MoS2 (c) 2L MoS2, and (d) 2L Nb-MoS2 films.  

53 

2.12 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 MoS2 bilayers.  

54 

2.13 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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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 

mJ. 

2.14 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.  

58 

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

laser oscillator (seed laser), and (b) the amplifier laser system. 
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2.16 (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. 

𝜔𝑝𝑢𝑚𝑝, 𝜔𝑠𝑖𝑔𝑛𝑎𝑙, 𝜔𝑖𝑑𝑙𝑒𝑟, and 𝜔𝑠𝑒𝑒𝑑 are the frequencies of the pump pulses, 

signal, idler, and seed beams, respectively. 𝜒(2) is the second-order 

nonlinear susceptibility. 

59 

2.17 (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 

60 



xv 
 

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

phenomena occur.  

2.18 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.  

62 

2.19 (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. A1: 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. 

64 

2.20 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.  

66 

2.21 Illustration 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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2.22 (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 MoS2 sample.   
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2.23 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.  

68 

2.24 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. 

69 

3.1 THz emission from the surface of a bulk MoS2 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, α, and ϕ 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. 

76 

3.2 Processes contributing to the THz emission for (b) above-bandgap, 

𝐸 > 𝐸𝑔~1.3 𝑒𝑉 (950 𝑛𝑚) excitation, and (c) below bandgap, 𝐸 < 𝐸𝑔 

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. 𝜒𝑠
(2)

: second-order optical susceptibility; TPE: 

transient photocurrent effect; R-OR: resonant optical rectification; NR-

OR: non-resonant optical rectification; 𝐸𝐹: Fermi energy; 𝐿𝑑: depletion 

width; 𝐸𝑠: surface depletion field; 𝐽𝑑𝑟𝑖𝑓𝑡: drift current density.  
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3.3 (a) Peak-to-peak amplitude (symbols) of the THz pulses emitted from 

bulk MoS2 layered crystal at varying excitation wavelengths and fixed 

excitation photon flux of  ∅~0.6 × 1018/𝑠𝑒𝑐. 𝑐𝑚2. For comparison, 

optical reflectance measured separately is also shown, where A- and B-

excitons in MoS2 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, ∆ = 𝐸 − 𝐸𝑔 to compare the behavior of the 

outcomes for the below- and the above-bandgap (𝐸𝑔) excitations. The 

vertical dotted line represents the bulk MoS2 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. 
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3.4 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.  

81 

3.5 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 = ℎ𝜈𝐿 > 𝐸𝑔) and (ii) high (𝐸 = ℎ𝜈𝐻 > 𝐸𝑔)  photon energy 

excitations in the above-bandgap excitation regime.     

83 

3.6 (a) Variation in the experimentally measured THz signal with respect to 

the angle of linear polarization (α) 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.  
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3.7 (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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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. 

3.8 (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 𝜑= 0° and 90o.  

86 

4.1 (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, 𝐸𝑇𝐻𝑧
𝑃𝑃 , 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 MoS2 crystal shown for 

various temperatures, ranging from 20 K to 300 K taken at a pump fluence 

of 120 𝜇𝐽/𝑐𝑚2. The THz scans are offset along the x-axis for better 

comparison. 

90 

4.2 (a) Schematic band diagram and transitions involving free carriers and 

excitons by photoexcitation at wavelength (energy) 𝜆𝑝 (𝐸𝑝) =

 800 𝑛𝑚 (1.55 𝑒𝑉). ∆1= 1.75 𝑒𝑉 and ∆2= 1.25 𝑒𝑉 represent the direct 

and indirect bandgap energies at the lowest temperature, while 𝑞 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 𝐽𝐸𝑥𝑆. 

93 

4.3 (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/cm2) with temperature.  
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4.4 Rapid exciton formation at 20 𝐾 and transition to electron-hole liquid 

condensate beyond a critical excitation fluence 𝐹𝐶~150 𝜇𝐽/𝑐𝑚2. The 
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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; 𝐸𝑔: bandgap; 𝐸𝑔
′ : renormalized bandgap; Eexb: excitonic binding 

energy; Eexc: excitonic transition energy.  

4.5 (a) The variation of 𝐸𝑇𝐻𝑧
𝑃𝑃  with the varying temperatures at different 

excitation pump fluence values 𝐹 < 𝐹𝐶 , 𝐹~ 𝐹𝐶, 𝐹 > 𝐹𝐶, 𝐹𝐶 represents the 

critical pump fluence. Variation of the emitted THz signal magnitude 

𝐸𝑇𝐻𝑧
𝑃𝑃  with respect to the excitation polarization angle (2𝛼) obtained at (b) 

300 𝐾, and (c) 20 𝐾 under different excitation fluence values of 

120 𝜇𝐽/𝑐𝑚2 (𝐹 < 𝐹𝐶),  150 𝜇𝐽/𝑐𝑚2 (𝐹~ 𝐹𝐶), and 700 𝜇𝐽/𝑐𝑚2 (𝐹 > 𝐹𝐶). 

(d) The contributions of the different mechanisms at 20 K and 300 K 

temperatures. 
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4.6 (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, 𝐸𝑇𝐻𝑧
𝑃𝑃 , with the increasing temperature from 20 K to 300 

K, the dotted line is guided to the eyes. (d) N2µ variation with the 

temperature ranging from 100 K to 300 K. 

100 

4.7 (a) Schematic representation of the THz emission by the band banding 

effect induced transient photocurrent mechanism (b) The variation of 

carrier mobility µ (cm2/ V.S), and the carrier concentration, N (1016 cm-3) 

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; Ld: depletion width; Jd: drift current; Jshift: shift current; Mo: 

molybdenum atoms; S: sulfur atom. 
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4.8 Pump fluence-dependent THz emission from bulk MoS2 at room 

temperature and 20 K. The solid curves are fitted to the experimental data 

shown by the open symbols. 
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4.9 Pump polarization angle dependence of the THz emission at 480 nm 

excitation wavelength. (a) The variation of 𝐸𝑇𝐻𝑧
𝑃𝑃  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.  

104 

5.1 THz time-domain waveforms of the pristine monolayer (1L) MoS2, 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. 

110 

5.2 Fourier transforms spectra of the THz signals emitted by monolayer and 

bilayer pristine MoS2 samples following femtosecond laser pulse 

excitation at wavelengths (photon energies) of (a) exc = 800 nm (Eexc = 

1.55 eV, i.e., below bandgap excitation) and (b) exc = 480 nm (Eexc = 2.58 

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

111 

5.3 THz time-domain signal of the monolayer and bilayer Nb-doped MoS2 

samples at (a) exc = 800 nm (Eexc = 1.55 eV, i.e., below bandgap 

excitation) and (b) exc = 480 nm (Eexc = 2.58 eV, i.e., above bandgap 

excitation). Fourier transform spectra of the THz signal of Nb-doped 

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

112 

5.4 Role of the Nb-doping on the amplitude and polarity of the THz signal. 

Peak-to-peak amplitude (𝐸𝑇𝐻𝑧
𝑃𝑃 ) of the THz pulses emitted at (a) below 

bandgap excitation wavelength of exc = 800 nm and (b) above bandgap 

excitation wavelength of exc = 480 nm. 
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5.5 (a) Schematic representation of the THz pulse emission due to induced 

polarization 𝛥𝑃 via nonresonant optical rectification process in MoS2 at 

below bandgap (Eexc < Eg) excitation. (b) Schematic representation of the 

THz pulse emission from pristine and Nb-doped MoS2 layers due to 

surface field-induced TPE process at Eexc > Eg excitation. (c) Schematic 

for the induced polarization via optical rectification and a transient shift 
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current generation in MoS2 layers at the above bandgap (Eexc > Eg) 

excitation. 

5.6 Pump fluence (𝐹) dependence of the magnitude of the THz signal 

generated by pristine and Nb-doped MoS2 bilayers excited by the linearly 

polarized femtosecond pulses for (a) the below bandgap excitation case, 

i.e., exc = 800 nm (Eexc = 1.55 eV < Eg), and (b) the above bandgap 

excitation case, i.e., exc = 480 nm (Eexc = 2.58 eV > Eg). 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 

MoS2, respectively. 

117 

5.7 Sample azimuthal angle (ϕ) dependence of the magnitude of the THz 

signal generated by pristine and Nb-doped MoS2 bilayers excited by the 

linearly polarized femtosecond pulses for (a) the below bandgap 

excitation case, i.e., exc = 800 nm, and (b) the above bandgap excitation 

case, i.e., exc = 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 MoS2, respectively. 

119 

5.8 Linear excitation pulse polarization angle (2α) dependence of the THz 

signal magnitude, 𝐸𝑇𝐻𝑧
𝑃𝑃  for the 2L MoS2 and the 2L Nb-MoS2 layers for 

(a,b) the below bandgap excitation, i.e., exc = 800 nm (Eexc = 1.55 eV < 

Eg), and (c,d) the above bandgap excitation, i.e., exc = 480 nm (Eexc = 

2.58 eV > Eg). 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). 

121 

5.9 (a) Schematic of a flexible piezoelectric nanogenerator device fabricated 

using pristine and Nb-doped MoS2 monolayers. (b) Experimental data for 

the piezoelectric response obtained under a strain of 0.48% and a strain 

rate of 70 mm s-1. 
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5.10 Comparison of the piezoelectric performance of our Nb-MoS2 monolayer-

based nanogenerator with other piezoelectric devices that are based on 

pristine MoS2 and reported till date. Black circles represent values for 

pristine 1L MoS2 and black triangles for pristine 3L MoS2, both extracted 

from the reports available in the literature as mentioned. 

124 

5.11 THz time-domain signal of the bulk MoS2, 1L, 2L, and 3L Nb-MoS2. The 

inset is the zoomed view of the THz signal of thin film Nb-doped MoS2 

samples. 

125 

5.12 THz emission from the trilayer (3L) WS2: (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 WS2 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. 
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6.1 (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.  

133 

6.2 AFM images of the (a) Gnc (b) MoOx/Gnc (c) MoS2/Gnc on the SiO2/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.26. 
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6.3 (a) Typical Raman spectrum of the multi-layer MoS2-Grnc heterostructure 

deposited on the sapphire substrate. 𝐸2𝑔
1  and 𝐴1𝑔 correspond to the 

vibrational modes of MoS2, and D, G, 2D, and D+G bands represent the 

vibrational modes of nanocrystalline graphene. (b) Zoomed view of the 

vibrational modes of the MoS2 and nanocrystalline graphene. 
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6.4 UV-VIS absorption spectrum of the MoS2/Grnc heterostructure. A, B, and 

C represent the excitons of the MoS2 and 𝜋 − 𝜋∗ represents the absorption 

band of the Grnc. 
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6.5 EDS analysis of MoS2-Grnc heterostructure, inset shows the table 

consisting of a percentage of the chemical composition of the sample, 

including C, O, Mo, and S.  
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6.6 The elemental mapping images of the (a) molybdenum (Mo), (b) sulfur 

(S) (c) carbon (C), and (d) oxygen (O) atoms. 

138 

6.7 (a) The wide XPS spectrum of the MoS2-Grnc heterostructure. (b) Mo 3d, 

(c) S 2p core level, and (d) C 1s core level XPS peaks of the 

heterostructure sample. 

139 

6.8 THz generation from the MoS2-Grnc heterostructure. (a) Schematic 

illustration of the MoS2-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 𝐸𝑇𝐻𝑧
𝑃𝑃 , HWP: half-wave plate; QWP: quarter-

wave plate; WP: Wollaston prism; PD: photo-diode; α: pump-polarization 

angle; ϕ: sample azimuthal angle; θ: incident angle.  
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6.9 (a) Pump fluence and (b) azimuth angle dependence of the peak-to-peak 

THz amplitude of MoS2/Grnc heterostructure at two excitation 

wavelengths of 800 nm and 480 nm. The solid lines fit the experimental 

data represented by the open symbols.  
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6.10 (a) Schematic illustration of the THz emission from the MoS2/Grnc 

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.    
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6.11 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. 𝐽𝑃𝐷𝐸: photon drag current; 𝐽𝐼𝐶𝑇: interfacial 

charge current; 𝐽𝑇: total current; EF: Fermi level; 𝑣: electron velocity. 

146 

6.12 (a) Pump polarization angle (2α) 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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