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Synopsis 

Atomically thin two-dimensional (2D) transition metal dichalcogenides (TMDs) are 

progressively attracting interest due to their exceptional structural, optical and electronic 

properties, promising for the wide range of applications. Among 2D TMDs, MoS2 has attracted 

significant attention due to its abundance in nature, tunable optical band gap, high chemical 

stability, remarkable mechanical properties and efficient carrier generation. In bulk this 

semiconducting material has an indirect band gap of 1.2 eV whereas monolayer MoS2 (1L-

MoS2) has a direct bandgap of 1.9 eV. The vast difference in the electronic structure of the bulk 

in comparison with the 1L-MoS2 offers a great opportunity for diverse applications e.g., in 

photodetectors, light-emitting devices, phototransistors, sensors etc.  However, these versatile 

applications demand growth of large-scale, layer-controlled, high quality 1L-MoS2. Usually, 

1L-MoS2 is obtained through a top-down approach such as mechanical exfoliation or liquid 

exfoliation. However, these approaches are difficult to use in the fabrication of large-scale 

devices because they produce randomly distributed flakes and provide limited control of the 

number of layers in the MoS2 film. A more promising technique for the growth of large area 

1L-MoS2 is by one-step chemical vapour deposition (CVD) method using MoO3 and sulphur 

as precursors. Additionally, this method have demonstrated to produce high quality 1L-MoS2 

film with high crystallinity favorable for the fabrication of high quality devices and circuits 

based on MoS2. 

Monolayer MoS2 normally has weak photoluminescence (PL) because of the poor light 

absorption due to the atomic thickness. It is still a challenge to obtain high and stable PL 

emission from 1L-MoS2, mainly because of the intrinsic defects leading to n-type doping. Thus, 

this has been one of the major limitation of 1L-MoS2 and is still at the core of research interest. 

To tune the optical properties of 1L-MoS2, controlling the carrier density is one of the most 

effective methods. Methods such as electrical doping, chemical doping, and by forming vertical 

heterostructures (HSs) with other materials have been adopted in the literature. By interfacing 

1L-MoS2 with other materials (plasmonic, TMDs, etc.), the PL intensity can be improved and 

other optoelectronic properties can be modulated effectively. Our study focuses on the large 

area chemical vapor deposition growth of 1L-MoS2 on variety of substrates and in-situ growth 

of 1L-MoS2@ TiO2 HS, forming type II heterojunction, which shows complete conversion of 

trions to neutral excitons and thus giving rise to the ultra-high PL emission. Additionally, to 

further improve the PL enhancement in 1L-MoS2, plasmonic (Ag/Au) nanoparticles (NPs) 
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were introduced in between the HS. The combined effect of the restrained trion emissions and 

conversion to neutral exciton emissions and the localized surface plasmon in Ag/Au NPs 

underneath the 1L-MoS2 film which initiates exciton-plasmon coupling between excitons of 

the 1L-MoS2 and surface plasmons of the Ag /Au NPs at the MoS2/Ag or MoS2/Au interface 

leads to the giant enhancement of the PL.  

Another effective way to understand the effect of charge transfer in the tuning of the 

optical properties of MoS2 is to study the charge transfer mechanism. However, in these studies, 

the role of defects in PL quenching of the 1L-MoS2 has not been addressed. To our knowledge, 

there is no report on the charge transfer from WS2 QDs to 1L-MoS2 and the resulting doping 

and PL quenching effect. It is interesting to study the role of defects in the charge transfer 

dynamics in the 1L-MoS2 layers through PL spectroscopy and its implications for future 

applications. In the literature, the studies on heterostructures have been usually performed on 

chemically grown 2D layers, which are often multilayered and crystalline quality of layer is 

inferior to that grown by chemical vapor deposition (CVD) techniques.  

Next, 1L-MoS2, being a direct band gap material, is favorable for the light emission and 

broadband efficient photodetection. However, the performances of the 2D 1L-MoS2 based 

photodetectors are limited by the low light absorbance of monolayer MoS2. Thus the 

integration of MoS2 with other low-dimensional high light harvesting materials such as WS2 

quantum dots (QDs) leads to substantial enhancement in the light absorption resulting in high 

photoresponsivity along with fast response due to high carrier mobility in the 1L-MoS2. Under 

reverse bias, the 1L-MoS2/WS2 QD heterojunction photodetector shows high, broadband and 

ultra-fast photoresponse. Our results contain key step for the development of practical 

commercial devices for light emission and broadband photodetection.    

This thesis presents a systematic study on the controlled growth of 1L-MoS2 film and 

its various plasmonic and type-II HSs with tunable optical properties for applications in light 

emission and broadband photodetection. We believe that these studies are very significant to 

address the current challenges of energy and multifunctional optoelectronic applications of 2D 

materials. The complete thesis work has been organized into seven chapters as detailed below:  

Chapter 1 presents a brief introduction on the important properties, growth techniques 

of monolayer MoS2 and their potential applications, such as field-effect transistors (FETs), 

memory devices, photodetectors, solar cells, electrocatalysts for HER, and lithium ion 

batteries. Furthermore, the major challenges related to growth mechanism i.e., large-scale 
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synthesis technique, to achieve high quality MoS2 films is discussed. Recent progress on the 

fabrication of 2D MoS2 based hybrids with plasmonic metal nanoparticles/suitable 

semiconductors (0D, 1D and 2D) semiconductor for light emitting and broadband 

photodetection applications are presented. A brief account of the experimental techniques used 

is also presented. The chapter ends with a motivation for the present work. A brief discussion 

on the important features of 1L-MoS2 HSs and their potential technological applications in the 

above field are addressed in this chapter. The problems and challenges of utilizing 1L-MoS2 as 

well as its HSs in the device applications and the key parameters to improve the devices 

performances are discussed and the motivation of the present work is presented at the end of 

the chapter.  

Chapter 2 presents a systematic study for the understanding of the nucleation and 

growth mechanism of chemical vapour deposition (CVD) grown MoS2. Our results 

demonstrates two types of MoS2 flakes. One with uniform planar thickness (monolayer and 

bilayer) and the other with multilayer flakes. By tuning the growth temperature and carrier gas 

flow, the formation of these two types of flakes can be controlled. The growth process 

essentially depends on the concentration of the vapour precursor (MoS2 and S). A higher 

concentration of the reactants promotes self-seeding nucleation, which further leads to few to 

multi-layer MoS2, while a lower concentration of the reactants facilitates the 2D planar 

nucleation that leads to monolayer/bilayer MoS2 growth. Furthermore, using the optimized 

condition for monolayer growth, we have synthesized a continuous film of monolayer MoS2 

covering an area as large as a few mm2 on a variety of different substrates. In this process, the 

growth is allowed to take place in the naturally formed gap between masked with circular 

openings and the substrate, when the latter is placed on top of the former inside a CVD system.  

This work provides valuable insights on the controlled growth of large area monolayer MoS2 

that is crucial for exploring its novel applications. 

In Chapter 3, we demonstrate a simple technique to enhance the PL emission by 

controlling the population of trions and excitons by forming a core-shell heterostructure (HS) 

of MoS2 on TiO2. TiO2 nanorods (NRs) with diameter ~200 nm and length ~1µm are coated 

with a 1L-MoS2 shell by CVD method and the 1L-MoS2@TiO2 HS shows strong enhancement 

of PL intensity by about two orders of magnitude over the pristine 1L-MoS2 at room 

temperature. The enhancement of PL in the HS is attributed to: firstly, the p-doping in the MoS2 

lattice through charge transfer from MoS2 to TiO2 and secondly, the radiative recombination 

of excitons, which dominates over the non-radiative ones in the HS, as confirmed by the low 
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temperature PL analysis. This work provides a novel route to grow a core-shell HS of 1L-MoS2 

and TiO2 NRs for strong enhancement of PL promising future practical applications.  

Chapter 4 presents a simple and powerful strategy to achieve a dramatically high PL 

enhancement of 1L-MoS2 using plasmonic Au/Ag NPs grown on TiO2 nanostructures (NSs) as 

a substrate. An array of Au NPs were coated on the hydrothermally grown hierarchical TiO2 

NSs followed by a direct CVD growth of monolayer MoS2 shell, forming a TiO2/Au/MoS2 

ternary core-shell HS. This architecture allows a strong interaction between the incident light 

and 1L-MoS2 leading to a ~463-fold enhancement in PL intensity compared to the pristine 1L-

MoS2 at room temperature. The Raman and HRTEM analyses reveal the formation of 

TiO2/Au/MoS2 core-shell HS. Our study reveals two major mechanisms for the enhancement 

of PL intensity in 1L-MoS2.  Firstly, the excess electrons responsible for trion emission are 

transferred from the MoS2 to TiO2 at the interface of MoS2/TiO2, leading to the heavy p-doping 

effect in MoS2 lattice, which enhances the neutral exciton emissions and restrains the trion 

emissions. Secondly, the exciton-plasmon coupling between excitons of the 1L-MoS2 and 

surface plasmons of the Au NPs at the MoS2/Au interface is believed to enhance PL emission 

enormously. The present study have demonstrated that MoS2 based HS offers a promising way 

to improve future nanophotonic and optoelectronic devices, such as photodetectors, plasmonic 

field-effect transistors etc.  

Chapter 5 presents an investigation of the tunability of the photoluminescence (PL) of 

the monolayer MoS2 (1L-MoS2) by decorating it with WS2 quantum dots (WS2 QD). The direct 

bandgap 1L-MoS2 and WS2 QDs are grown by chemical vapor deposition and liquid exfoliation 

methods, respectively. The room temperature PL spectrum of bare 1L-MoS2 is systematically 

quenched with its decoration with WS2 QDs at different concentrations. This quenching of the 

PL is traced to the charge transfer from the WS2 QD to 1L-MoS2 resulting in the conversion of 

the neutral exciton to trion, thus making the 1L-MoS2 n-type doped. Additionally, the presence 

of defects may be another dominant factor that alters the PL emission. The doped electron 

density up to Δne ~1.5 × 1013 cm-2 indicates high n-type doping in the 1L-MoS2. We show that 

by solving the four-energy level model involving coupled carrier dynamics based on the 

coupled rate equations, we can have a better understanding of the contribution of the defects in 

the recombination dynamics of the hybrid structure. Our results suggest an effective way to 

manipulate the electron density through doping technique, which is advantageous to tune the 

optical and electrical properties of monolayer TMDs for optoelectronic applications. 
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Chapter 6 presents CVD growth of 1L-MoS2 decorated with WS2 QDs for 

optoelectronic applications. In this work, we incorporate WS2 QDs with direct CVD grown 

monolayer MoS2 on Si/SiO2 substrate and fabricate a vertical heterojunction photodetector 

(PD). The 1L-MoS2/WS2 QD heterojunction PD can operate at a very low bias (0.1 V) and with 

fast photo-response speed exhibiting photocurrent growth and decay times of 18.5µs and 

95.4µs, respectively. The enhanced performance of the heterojunction PD is attributed to the 

fast transfer of photogenerated electrons from WS2 QDs to monolayer MoS2 and n-doping in 

MoS2. We evaluate various device parameters to realize the superiority of the p-n 

heterojunction photodetector operated under a low bias. This work offers a detailed insights to 

understand and fabricate the next generation multifunctional optoelectronic devices based on 

the 1L-MoS2 and WS2 heterojunction.  

Chapter 7 presents the summary and highlights of the contributions of the present 

thesis. Future scope of work on monolayer MoS2, and its HSs with other materials for different 

optoelectronic applications are presented at the end. 
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Chapter 1 

Introduction 

Ground breaking research on graphene and its fundamental physics have led to the discovery of 

graphene-like two dimensional (2D) layered nanomaterials aiming to overcome the shortcomings 

of graphene and expanding its range of applications. Among these 2D materials, the family of 

transition metal dichalcogenides (TMDs), such as MoS2, WS2, MoSe2, WSe2, etc., are 2D layered 

semiconductors that have attracted much attention worldwide in the recent years due to their 

remarkable properties, and these are utilized for the exploration of two-dimensional physics and 

device applications. Among the TMDs, molybdenum disulfide (MoS2) has been one of the most 

studied TMDs due to its unique optical and electrical properties during the transition from indirect 

bandgap to direct bandgap when scaled down from bulk to monolayer form. This tunability of its 

nature of bandgap makes it a promising candidate for various optoelectronic applications, such as 

solar cells,1-2 photodetectors,3-4 light-emitting diodes5-6 and phototransistor.7-9 The Mo and S atoms 

in MoS2 have strong ionic bonding, and different layers of MoS2 are held together by a weak van 

der Waals (vdW) force. Owing to weak forces, the atomically thin layers are weakly bonded; they 

can be easily isolated and stacked with other materials forming a huge variety of heterostructures 

(HSs) without the limitations of lattice matching.10 With the formation of the HS through the 

introduction of additional structural complexities, the distinctive properties such as electrical, 

optical, and structural can be tuned selectively, thus, leading to a material with unique and much 

superior properties. By manipulating such novel properties, we can have a detailed understanding 

of the MoS2 based HSs, which are potential candidates for future optoelectronic applications. In 

this chapter, we briefly review the important attributes of MoS2, the recent strategies for the growth 

of MoS2 with different nanostructures, and the emerging applications such as sensors, 

photodetectors, electrocatalysts for HER, and solar cells. Finally, a perspective on major 

challenges, the focus of the present thesis, along with its main contributions are described at the 

end of the chapter. 
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1.1. Properties of MoS2 

1.1.1 Crystal Structure of MoS2 

MoS2 is a layered material, represented by a generalized formula MX2, (M= transition metal (Mo) 

and X=chalcogen (S)), where the Mo atoms in a hexagonal plane is sandwiched between two 

planes of S atoms.11 This layered structure are covalently bonded in a sequence of S-Mo-S, and 

the sandwich layers are held together by weak van der Waals forces, as shown in Fig 1.1(a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. (a) Schematic representation of MoS2 crystal structure showing lateral view (top) and top view (bottom). 

Adapted from Ref. [11] (b) Side view of the schematics of the structural polytypes of MoS2: 2H (hexagonal symmetry, 

two layers per repeat unit, trigonal prismatic coordination), 3R (rhombohedral symmetry, three layers per repeat unit, 

trigonal prismatic coordination) and 1T (tetragonal symmetry, one layer per repeat unit, octahedral coordination). 

Adapted from Ref. [12] 

Depending on the order of layer stacking and the metal atom coordination, MoS2 has three stacking 

polytypes: 1T, 2H, and 3R, as shown in Fig. 1.1(b). The 2H phase has trigonal prismatic 
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coordination with hexagonal symmetry, which is more stable and dominant in nature as compared 

to 3R and 1T phases.  The 1T phase is a metastable metallic phase composed of octahedral Mo 

coordination with tetragonal symmetry, whereas 3R phase is trigonal prismatic having three layers 

per cell in rhombohedral symmetry and is unstable and upon heating can easily transform to 2H 

phase.12  

1.1.2. Electronic Band Structure of MoS2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Band structure of MoS2 calculated by first-principle density function theory (DFT) from bulk to monolayer 

MoS2 (a→d). The horizontal dashed lines denote the Fermi levels. The black arrows show the fundamental bandgaps 

(direct or indirect) for each system. The top of the valence bands and bottom of the conduction band is highlighted by 

blue and red solid lines, respectively. Adopted from Ref. [13] 

The electronic band structure of MoS2 has been calculated from the first principles density 

functional theory13 when its thickness is reduced from bulk to monolayer, as shown in Fig. 1.2. 

Bulk MoS2 is an indirect bandgap semiconductor having a bandgap of 1.2 eV, with the valence 

band maximum (VBM) located at the Γ point in the Brillouin zone, while the conduction band 

minimum (CBM) is located midpoint along the Γ-K symmetry. With the decrease in the number 

of layers, the band structure is strongly affected due to interlayer interaction, quantum 

confinement, and long-rang Coulomb effects.14-16 At the K point of the Brillouin zone, the 

conduction band states are mainly contributed by the d-orbitals of the Mo atoms and are rather 
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unaffected by interlayer interactions. On the other hand, near the Γ point, the conduction band 

states are due to hybridization between the d-orbitals of Mo atoms and the pz-orbitals of S atoms 

and are liable to be influenced by interlayer interactions. Therefore, at the Γ point, the bands are 

more affected by the reduction in the number of layers in MoS2.
13 Finally, monolayer MoS2 is a 

direct bandgap semiconductor where the VBM and CBM are coinciding at the K-point with 

minimum band edge separation of about 1.9 eV.  

1.1.3. Optical properties of MoS2 

 

 

 

 

 

 

 

 

Fig. 1.3. (a) Optical microscope images of mechanically exfoliated 1L, 2L, and 3L MoS2 on SiO2/Si substrates. (b) 

UV-vis absorbance spectra of 1L, 2L, and 3L MoS2; (c) Photoluminescence spectra of 1L, 2L, and 3L MoS2 and (d) 

Raman spectra of 1L, 2L, and 3L MoS2. Adopted from Ref. [17-19]  

The understanding of the optical properties of MoS2 is highly desirable for various applications in 

optoelectronics. The optical properties are usually studied using different techniques, such as 

ultraviolet-visible (UV-vis) spectroscopy, photoluminescence (PL), and Raman spectroscopy. The 

direct optical band gap in monolayer MoS2 has unfolded an entirely new prospect in optical 

properties and optoelectronics. Fig. 1.3(a) shows the optical microscope image of the 

ultrasonically exfoliated monolayer (1L), bilayer (2L), and trilayer (3L) MoS2. The absorption 

spectra display two pronounced peaks at 655 nm (1.89 eV) and 610 nm (2.03 eV), which 

correspond to the direct excitonic transitions at the K point in the Brillouin zone, which is known 

as the A and B transitions13, 20 as shown in Fig. 1.3(b). Usually, the bulk MoS2 does not show any 
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photoluminescence (PL) due to its indirect bandgap (1.2 eV). A huge change in the PL intensity is 

observed while comparing 3L, 2L to 1L MoS2, as shown in Fig. 1.3(c). A noticeable strong PL 

intensity was detected for the 1L MoS2 at ~ 665 nm, which also correlates with the lower 

absorption resonance in the peak position and can be attributed to the direct excitonic transition.13 

Thus, the transition from an indirect bandgap to a direct bandgap material is responsible for the 

PL enhancement in the 1L MoS2. One unique feature in MoS2 PL emission is the contribution of 

negatively charged excitons, called trions (A-) consisting of a neutral exciton bound with an 

electron by Coulomb interactions.  The A- emission energy is much lower than the neutral exciton 

and their difference in energy corresponds to the trion binding energy. In order to achieve high 

luminescence efficiency, it is highly desirable to minimize the population of trions. The PL 

intensity is inversely proportional to the number of layers in MoS2. MoS2 has two characteristic 

Raman modes, the E2g, and A1g modes. The E2g is an in-plane vibrational mode resulting from the 

opposite vibration of two S atoms with respect to the Mo, while the A1g mode is ascribed to the 

out-of-plane vibration of only S atoms in opposite directions. The frequency difference between 

these two modes determines the layer number. As we thin down MoS2 to monolayer, the E2g mode 

undergoes a blue shift while the A1g mode undergoes a redshift, as shown in Fig. 1.3(d). With the 

increase in the layer number, the vibration of the atoms is suppressed by the interlayer Van der 

Waals force, leading to higher force constants. Thus, it is expected that both E2g and A1g modes 

will stiffen with increasing number of layers. The redshift of the E2g peak suggests that the long-

range Coulombic interlayer interactions in multilayer MoS2 may dominate the change of atomic 

vibration and hence overcome increased interlayer Van der Waals force.21  

A lot of attention is drawn towards other properties of electrons (the spin and quantum state) for 

the information storage and/or processing in MoS2. The study of the spin and valley quantum states 

of the material for data and signal transfer is called the spintronics and valleytronics. The strong 

spin–orbit interaction along with the lack of inversion in monolayer MoS2, leads to a break in spin 

degeneracy along the Γ-K line of the conduction and the valence bands, resulting in the splitting 

of the valence band by 148 meV.22 The electronic band structure of monolayer MoS2 exhibits two 

separate valleys, the valence band maxima and the conduction band minima at both the K+ (or K) 

and K_ (or –K or K’) points of the Brillouin zone, as shown in Fig. 1.4(a).23 For the optical 

transitions to occur in these valleys, change in the angular momentum of +1 for the K+ point and 

-1 for the K_ point is necessary. The broken inversion symmetry in monolayer MoS2 causes the 
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valley Hall effect, where on the application of an in-plane electric field, excitons may dissociate. 

These electrons and holes in opposing valleys will then deflect in the opposite direction under the 

action of the electric field. This effect opens up new possibilities for using these additional degrees 

of freedom as an information career in the future and next-generation electronics.  

 

 

 

 

 

 

Fig. 1.4. (a) Illustration of the band structure in the first Brillouin zone with top valence band (blue) and bottom 

conduction band (purple). The centre hexagon is the Brillouin zone demonstrating the K (or K+, shown in red) and 

the K’ (or K_ or –K, shown in teal) valleys, η(k) is the k-resolved degree of optical polarization between the top of 

the valence bands and the bottom of the conduction bands. Adopted from Ref.[23] (b) Schematics of the valley-

dependent optical selection rules at K (or K+) and the K’ (or K_ or –K) valleys in k-space with left-circular (blue) and 

right-circular(red) spin-polarization. Adopted from Ref. [24] 

The control of the excitons spin and confinement within a particular valley with circularly 

polarized light is possible when a specific valley would agree to certain optical selection rules 

whereby the excitons in the K valley are excited with the right-handed (σ+) polarised light, and 

the excitons in the K’ valley are excited with the left-handed (σ-) polarised light as shown in Fig. 

1.4(b).24 On the other hand, the recombination of the excitons in the K valley will emit light that 

is σ+ polarised, and in the K’ valley it will be σ- polarised.  Additionally, the spin-orbit valence 

band splitting at the K and K’ points has opposite signs of spin for each of the valleys. Thus, there 

is a coupling of spin and valley states in MoS2, which result in valley dependent optical polarization 

selection for specific valleys.22 The valley lifetime of electrons in MoS2 is of the order of 

nanoseconds and holes’ valley lifetime is relatively longer. However, the valley lifetime of 

excitons in MoS2 is of a few picoseconds. The relatively short exciton valley lifetime hinders the 

progress in the valleytronic quantum device. Therefore, prolonging the valley lifetime is crucial 

for the future practical application of valleytronics.  
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1.2. Synthesis of 2D MoS2 

There have been considerable efforts to synthesize controllable, large scale, high-quality 

monolayer to few-layer MoS2 by using various top-down and the bottom-up approaches, which 

include mechanical exfoliation, chemical exfoliation, hydrothermal method, physical vapor 

deposition, chemical vapor deposition (CVD), etc.   

1.2.1. Mechanical exfoliation 

The mechanical exfoliation method offers MoS2 of the highest quality, crystallinity, and facilitates 

to study the pristine properties and eventually, the device performances. In this process, a small 

amount of high-quality natural bulk MoS2 crystal is adhered to a stretch of adhesive tape, followed 

by repeatedly mechanically peeling off with sticky tape and then pressed into the substrate. Upon 

repeating the process, MoS2 flakes with different shapes, sizes, and layer numbers are present on 

the substrate. This process is quick and cost-effective, however, this tape-assisted 

micromechanical exfoliation method offers very low yield, and it has a disadvantage, as it is not 

possible to produce large uniform sheet size.  

1.2.2. Chemical exfoliation 

Fig. 1.5. (a) Crystal structure of bulk layered MoS2 along with an image of bulk MoS2 powder. (b) Schematic diagram 

of two conventional liquid exfoliation methods: direct ultrasonication of bulk MoS2 powder in solvent and ion 

intercalation (c) Crystal structure of exfoliated MoS2 along with an image of ultrasonicated MoS2 dispersion prepared 

in NMP. Adopted from Ref.[25] 

Another class of exfoliation technique is through chemical approaches, such as liquid phase 

ultrasonication and electrochemical intercalation. These methods are very simple, cost-effective, 

and enable the production of large volumes of dispersed monolayer and few-layer MoS2 flakes. In 
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the liquid phase ultrasonication method, bulk MoS2 powder is dispersed into organic solvents, like 

N-methylpyrrolidone (NMP) and isopropyl alcohol (IPA) (See Fig. 1.5(a,b)). The solution is then 

sonicated followed by centrifugation, and the resultant product is monolayer and few-layer MoS2 

flakes in the solution26, as shown schematically in Fig. 1.5(c). On the other hand, the ion 

intercalation method uses the concept of insertion of metal ions (Li, Na, K, etc.) in the lamellar 

space between the MoS2 layers, leading to an increase in the interlayer spacing, as shown in Fig. 

1.5(a-c). One of the most common methods is the electrochemical lithiation discharge process. 

The most general solution for the Li-ion source is the n-butyl lithium in hexane. Fan et al. 

developed a simple and efficient process to exfoliate MoS2 nanosheets using sonication assisted 

Li intercalation, and the effect is observed within 1.5 hours.27 These chemical exfoliation 

techniques could largely increase the production of nanosheets as compared to the mechanical 

exfoliation process, which is best suited for energy generation and storage applications. However, 

there are some major drawbacks to these techniques, such as the loss of semiconducting properties 

in the case of electrochemical intercalation. In contrast, in the ultrasonication process, defects are 

created in the 2D MoS2 lattice and reduction of flake size, limiting MoS2 in large scale integrated 

circuits and optoelectronic applications. 

1.2.3. Physical and chemical vapor deposition  

Several attempts have been made to obtain high-quality MoS2 films with thickness controllability 

and wafer-scale uniformity by various physical vapor deposition (PVD) methods, such as 

sputtering,28 pulsed laser deposition (PLD)29 and molecular beam epitaxy (MBE).30 These growth 

processes were successful in producing large area growth of monolayer to few-layer MoS2 films. 

However, there are some disadvantages to these fabrication methods. The films have a high 

concentration of defects (sulfur deficiency), uneven film thickness, non-stoichiometric 

polycrystalline films, high film resistivity, and targets are often expensive. Therefore, this limits 

their practicality in device applications.  In recent years, the chemical vapor deposition (CVD) 

method has attracted much attention because it is one of the most effective methods to synthesize 

high-quality large-area growth of atomically thin MoS2, which shows great potential towards 

device applications. This method has shown to be more feasible over other growth techniques 

because it could achieve large-area growth and its ease to form layered HS directly, which would 

mostly prevent interfacial contamination during the transfer process. Additionally, this method 
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does not require ultra-high vacuum chambers, and therefore the process is cheaper and is relatively 

more practical to implement in the existing industrial processes. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6. CVD growth of MoS2 using (a) ammonium thiomolybdate, Adopted from Ref.[31] (b) elemental 

molybdenum, Adopted from Ref.[32]  (c) molybdenum trioxide, Adopted from Ref.[33] and (d) molybdenum trioxide 

and sulfur as the precursors. (e) Optical photo image contrast between the bare SiO2/Si substrate and one with CVD 

grown MoS2 on it (left). Optical microscope image of as-grown continuous MoS2 film (right). Adopted from Ref.[34] 

Studies have reported that atomically thin MoS2 films could be primarily grown from precursors, 

such as ammonium thiomolybdate [(NH4)2MoS4] solution,31, 35a thin deposition of elemental 

molybdenum [Mo],32, 36 molybdenum trioxide [MoO3] powder.33-34, 37-38 or molybdenum chloride 

[MoCl5].
39 Liu et al.31  dip-coated the substrates in (NH4)2MoS4 solution, and gradually pulled the 

substrate vertically to obtain a uniform thin film, followed by annealing in gas flow. Through the 

annealing processes, the (NH4)2MoS4 film decomposed into various gases (MoS2, S, H2S, and 

NH3). After the substrate was annealed, the MoS2 film was deposited onto the substrate, as shown 

in Fig. 1.6(a).  The as-grown samples are mostly a few-layer MoS2.  However, the films are not 

uniform throughout.  In the second method, Mo film is pre-deposited, followed by sulphurization 
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to obtain MoS2 film. Laskar et al.32 deposited the Mo thin films through the e-beam evaporation 

on a crystalline sapphire substrate followed by a sulphurization process, as shown in Fig 1.6(b). 

The sulphurization process was conducted at a temperature of ~900 °C. Few layer MoS2 film was 

found to cover the entire surface of the substrate. The devices fabricated from this MoS2 film 

demonstrated n-type behavior with good mobilities of 10-14 cm2/Vs.  MoO3 is also one of the most 

common choices as a precursor. Lin et al.33 selected MoO3 as the precursor, and it was predeposited 

on the c-plane sapphire, followed by a two-step thermal process. The first one was performed at 

500 °C in an inert environment of mixed argon and hydrogen (Ar/H2) under a pressure of 1 Torr. 

The second step was carried out at 1000°C in the sulfur environment under inert conditions for 30 

mins under a pressure of 600 Torr (see Fig. 1.6(c)). The films obtained are polycrystalline, few-

layered, and large area uniform MoS2 films grown throughout the entire substrates. Note that the 

thickness of the film was found to depend on the amount of pre-deposited MoO3. The MoS2 device 

demonstrated that the electron mobility of the device is about 0.8 cm2/Vs and an on/off current 

ratio of about 105. To further improve the uniformity of the large area growth along with control 

over layer thickness, a one-step vapor-phase reaction, where the precursors placed in an inert gas 

environment, are evaporated and transported to the reaction zone, where the gaseous MoO3 and S 

react to form MoS2 on the substrate.  Zhang et al.34 used a three-temperature zone furnace, and the 

precursors are separately loaded in a 1-inch quartz tube to avoid cross-contamination during the 

growth. Then the precursors, along with the SiO2/Si substrates, were sequentially placed in each 

temperature zone (see Fig. 1.6(d)). The typical temperatures for S, MoO3, and substrates were 

120-130°C, 450-600°C and 750-800°C, respectively, and the growth was carried out at low 

pressure of 0.67 Torr. The as-grown film is a continuous, centimeter-scale, polycrystalline 

monolayer MoS2 film (see Fig. 1.6(e)). The MoS2 films are of high quality and comparable to that 

of exfoliated MoS2. Growth of bilayer or multilayer MoS2 was rarely seen, signifying a self-

terminated growth mechanism under such conditions. The FET fabricated based on the as-grown 

MoS2 shows typical n-type behavior with mobility of ~ 7 cm2/Vs and an on/off ratio of ~ 106. This 

direct CVD growth of large-area continuous monolayer MoS2 is ideal for a wide range of electronic 

and optoelectronic device applications.  
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1.3. MoS2 Based Heterostructures 

In recent years, MoS2 based HSs with different materials have been extensively studied to exploit 

the multifunctional properties of the HS. Several techniques have been developed for synthesizing 

of high-quality HS of atomically thin 2D MoS2 with other materials. One of the most impressive 

properties of MoS2 is its ease to form HS with different materials. The combined properties of the 

different materials in the MoS2 based HSs can create a new product with new and unique properties 

that can hugely increase the potential of MoS2 for various applications in novel electronic and 

optoelectronic devices. The properties of MoS2 can be engineered by the following ways: (a) 

plasmonic HSs, (b) 2D van der Waals HSs (c) core-shell HSs, and (d) MoS2-organic HSs. These 

modifications of MoS2 by forming the HSs have shown to be promising in many practical 

applications. Several reports have been published on the fabrication of MoS2 HSs with inorganic 

materials, such as Si,40-41 ZnO,42 TiO2,
43-45 CdS,46-47 PbS,4 CdSe,48 ZnS,49-50 InP,51-52 GaN,53-54 2D 

TMDs,10, 55-57 etc. and organic materials, such as Rubrene,58-59  P3HT,60 PTCDA,61 PEDOT:PSS,62  

different form of carbon (graphene,35, 63-64 reduced graphene oxide (RGO),65-67 carbon nanotube 

(CNT)68 etc.), noble metal nanoparticles such as Au,69-70 Ag,71-72 Pd,73  etc. For the fabrication of 

these MoS2 based HSs, different methods were used, such as PLD, ALD, CVD, solution synthesis, 

and sputtering, etc.  

MoS2 based HSs pave the way for a broad range of applications due to the improvement in the 

intrinsic properties of pristine MoS2. The coupling of MoS2 with other materials is a promising 

approach to improve the photocatalytic activity because the HS can cause a rapid charge separation 

and reduced recombination rate of photoinduced electron-hole pairs. The weak interlayer 

interaction between the MoS2 layers makes it feasible to isolate single layers by exfoliation and 

without restrictions allow the stacking of different materials irrespective of their crystal lattice 

mismatch. This creates an ease of fabricating any kind of vertical heterostructures by mechanically 

stacking up the different layers in any preferred order. This flexibility to form HS of MoS2 is 

considered highly beneficial for a wide range of applications.  

1.4. Application of MoS2 and its Heterostructures 

The most distinct feature of MoS2 is the widening of the bandgap with the decrease in the number 

of layers, and its transition from an indirect bandgap in bulk form to a direct bandgap in monolayer. 

Because of the unique properties, such as finite bandgap, good carrier mobility, thickness, 
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transparency, dimensionality, and flexibility, MoS2 has attracted considerable attention for a wide 

range of applications. To further enhance these properties, the formation of MoS2 based HS brings 

them in perspective for the potential applications in the next generation of atomically thin 

electronic and optoelectronic devices. In this section, we will discuss the promising applications 

of MoS2 and its HS in FETs photocatalytic hydrogen production, sensor, solar cells, light emitting 

devices and photodetector.  

1.4.1 Photocatalytic Hydrogen Production  

The major challenge in today's world is the rapid human civilization and industrialization, which 

has triggered the global energy crisis and global warming. Our overconsumption of fossil fuels has 

also contributed to the pollution of the environment. To overcome the energy crisis, an alternative 

energy source has become an urgent necessity and an important research area. Among the 

renewable energy sources, hydrogen production has been regarded as a clean energy resource that 

can be easily stored. MoS2 has gained significant attention as a promising candidate as a novel 

photocatalyst with efficient H2 production via water splitting. The metallic 1T phase of MoS2 has 

attracted the most attention in photocatalytic activity as both the edges and basal planes of the 1T 

phase have high catalytic activity and efficient charge transport, thus preventing electron-hole 

recombination.74 Liu et al.75 synthesized 1T-MoS2@CdS HS by a one-step solvothermal method 

resulting in few-layered 1T-MoS2 nanosheets loaded on the surface of CdS nanorods (NRs). The 

effective charge transfer between the photoexcited CdS NRs and 1T-MoS2 could considerably 

suppress electron-hole recombination in the CdS NRs and contribute to improving photocatalytic 

activity.  The rate of H2 evolution on 1T-MoS2@CdS catalysts with different deposition amounts 

of 1T-MoS2 is shown in Fig. 1.7(a). The rate of H2 evolution for bare CdS NRs was very low (440 

µmol/gh). On the other hand, 1T-MoS2@CdS HS with 0.2 wt % 1T-MoS2 attains the maximum 

H2 evolution rate of ~17.479 mmol/gh, which is 39 times that of bare CdS NRs. Fig 1.7(b) exhibits 

a schematic mechanism of the role of the 1T-MoS2 cocatalyst for the enhanced electron transfer 

for H2 generation. The formation of HS opens up additional ways for electron-transfer, thus 

improving the charge separation and subsequently suppresses electron-hole recombination and, as 

a result, enhances photocatalytic activity. However, the stability and the catalytic performance of 

noble metal-free co-catalyst are still considered inferior to that of the conventional Pt/Pd co-

catalyst. 
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Fig. 1.7. (a) The rate of H2 evolution on 1T-MoS2@CdS photocatalysts loaded with different deposition amounts of 

1T-MoS2 under visible-light irradiation. (b) Schematic illustration of the role of the 1T-MoS2 cocatalyst for the 

enhanced electron transfer Adopted from Ref[75] 

1.4.2. Sensor 

Extensive research on new 2D materials for sensing is on high demand due to the tough challenges 

in meeting the increasing requirement for various kinds of sensors. A 2D atomically thin layered 

MoS2 is considered to be a promising candidate due to its excellent features, such as high aspect 

ratio, high carrier mobility, and low noise level, which makes MoS2 an outstanding sensing 

material. Biosensors are essential in today's world in the field of environmental monitoring, 

agriculture, industrial production, and medical applications. Mao et al.76  fabricated a biosensor 

based on MoS2 nanosheet for the detection of Ag+. Monolayer MoS2 was synthesized by the 

lithium-intercalation technique. The Ag+ can selectively bind in between two DNA cytosine (C) 

bases and form stable C– Ag+–C base pairs. A combined effect of the Ag+-mediated base pairs 

“C– Ag+–C” and the monolayer MoS2 fluorescent quencher results in the selective detection of 

Ag+ ion. The synthesized monolayer MoS2 exhibits a high fluorescence quenching efficiency 

within 5 min and a detection limit of 1 nM for Ag+ ion. Soni et al.77 synthesized 3D hybrid 

polyaniline MoS2 (PANI-MoS2) nanoflowers via hydrothermal route. The PANI-MoS2 biosensor 

was fabricated for the detection of Chronic Myelogenous Leukemia (CML) over a wide range of 

target DNA concentration (10-6-10-17 M). The fabricated PANI-MoS2 exhibited an enhanced 

electrochemical performance due to large electroactive surface area, fast electron transfer, and high 

catalytic activity. The sensor showed high sensitivity and a low limit of detection (3×10-18 M) and 

high stability. Therefore, these studies provide insight into the preparation and functionalization 
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of MoS2 for widespread potential in high-performance biomedical devices and other 

multifunctional applications.  

In recent years, MoS2 has been widely investigated in gas sensing applications for the detection of 

toxic gases present in the environment. It is important to develop a reliable, selective, inexpensive, 

and rapid detection gas sensor for determining toxic gases. The gas molecules can be easily 

adsorbed on the surface of MoS2. Therefore, MoS2 is a promising candidate for the fabrication of 

high-performance gas sensors, such as CO, O2, NH3, H2, NO etc. Yue et al.78 prepared graphene 

quantum dots (GQD) and MoS2 quantum dots (MQD) by a combined process of physical 

exfoliation and solvothermal treatment followed by mixing both of them in a hot water bath to 

form a composite of graphene/MoS2 quantum dots.  

Fig. 1.8. (a and b) The comparative sensing behavior of the MQDs (green), GQDs (blue), and graphene/MoS2 QDs 

(red) under increasing (a) NO2 exposure and (b) NH3 exposure. Adopted from Ref[78] 

The synthesis process for graphene and MoS2 quantum dots can create some structural defects and 

vacancies. These sites can serve as adsorption sites for gas molecules. NO2 acts as charge 

acceptors, while NH3 behaves as a charge donor. Therefore, the adsorption of NO2 will enhance 

the doping level of the quantum dots and increases their conductance, whereas, for the adsorption 

of NH3, it is just the reverse. As compared to bare GQDs and MQDs, the graphene/MoS2 quantum 

dots sensor shows high sensitivity towards NO2 and NH3 (see Fig 1.8 (a) and (b)).  This is because 

of the exceptional charge transfer capability of GQD that favors fast charge transfer from MQD to 

the GQD, thus leading to a very high and fast variation of the resistance. The graphene/MoS2 

quantum dots sensor demonstrated an outstanding gas-sensitive property towards sensing NO2 and 

NH3 gas. The theoretical calculated limits of detections of NO2 and NH3 were 41.4 ppb and 35.5 
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ppb, respectively, and were ascribed to the synergistic effect of graphene and MoS2 quantum dots. 

MoS2 and MoS2 based HS are potential runners among 2D materials for a huge range of sensing 

applications. 

1.4.3. Photodetector 

Photodetectors are devices designed to convert light signals to electric signals, which play an 

important role in modern society for various practical applications. Due to the superior optical and 

optoelectronic properties of 2D materials, it can overtake the conventional Si-based 

photodetectors. Graphene, a well known 2D material has demonstrated to possess remarkable 

characteristics, such as high carrier mobility, broadband absorption, and fast response time, 

rendering it as a promising material for various photodetectors over a wide spectral range. 

However, despite various excellent properties, it’s zero bandgap, and low light absorbance in the 

entire visible region are undesirable for high-performance photodetectors. Among 2D 

semiconductors, MoS2 has gained tremendous attention due to their unique properties such as 

tunability of bandgap, and in monolayer form, its direct bandgap would allow a high absorption 

coefficient and efficient electron-hole pair generation under photoexcitation. Van der Waals HS 

made of atomically thin 2D materials have opened up new fields in the fabrication of high-

performance photodetectors. X Zhou et al.79 reported epitaxial growth of SnSe2 nanosheets on 

monolayer MoS2 via a two-step CVD growth.  Fig. 1.9(a) shows a schematic representation of the 

SnSe2/MoS2 vertical HS based photodetector under light illumination. The measured I–V 

characteristic curves of the SnSe2/MoS2 HS demonstrated high photocurrent with a high 

responsivity of up to 9.1 × 103  A W−1 that was two orders of magnitude higher than that of 

monolayer MoS2 devices (see Fig. 1.9(b)). The enhanced performance of the SnSe2/MoS2 

photodetector can be attributed to the type-II band alignment of these two materials, which 

promotes efficient charge transfer from MoS2 to SnSe2 at the interface. Yang et al.57 fabricated a 

vertical p–n heterojunction photodetector based on p-type GaTe and n-type MoS2. The p-type 

GaTe was transferred on an n-type MoS2 wafer by dry stamping. The GaTe/MoS2 device shows 

better electronics and optoelectronic properties as compared to its counterparts. The p–n 

GaTe/MoS2 heterojunction exhibits excellent photoresponsivity of 1.36 AW−1, an external 

quantum efficiency (EQE) of 266% and a high on/off current ratio of ≈ 340 at zero bias voltage. 

These outstanding properties are attributed to the effective electron–hole separation initiated by 
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the type II band alignment and the large built-in potential of the p-n heterojunction at the interface. 

Kang et al.80 fabricated a vertical hybrid methyl‐ammonium lead iodide (CH3NH3PbI3) 

perovskite/MoS2 photodetector on top of (3-aminopropyl)triethoxysilane (APTES). The APTES 

causes the n-doping on the MoS2 region and hence enhances the performance of the hybrid 

CH3NH3PbI3/MoS2/APTES photodetector. The device demonstrated an enhanced responsivity as 

high as 1.94 × 106 A W–1 and a detectivity of 1.29 × 1012 Jones. This enhancement in the 

performance is attributed to the long carrier diffusion lengths and high absorption of the 

CH3NH3PbI3) perovskite, thus generating a large number of electrons and holes which are then 

transferred to the MoS2 layer. Additionally, the increase in the carrier mobility in MoS2 induced 

by electron doping along with the reduced photocarrier recombination leads to the significantly 

enhanced performance of the photodetector.  

 

 

 

 

 

 

 

 

 

Fig. 1.9. (a) A schematic representation of the charge transfer at the interface of the SnSe2/MoS2 HS based 

photodetector under light illumination. (b) I–V curves of the SnSe2/MoS2 HS under dark and 500 nm light illumination. 

Inset of (b) shows the optical microscope image of the HS device, scale bar = 5 µm. Adopted from Ref[79] 

 

The performance parameters of MoS2 and MoS2 based heterostructure photodetectors are 

summarized in Table 1.1. It is evident from the table that rise time of the device is much slower 

than commercial photodetectors. The distinct features in the MoS2-based HSs lay the foundation 

for further development of other multifunctional optoelectronic applications.  
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Table 1.1: Performance parameters of MoS2 and MoS2 based heterostructure photodetectors. 
 

Materials Spectral 

Range 

Responsivity 

(A/W) 

Detectivity 

(Jones) 

Rise time 

(s) 

Refs 

MoS2 visible 880 - 0.6 9 

SnSe2/MoS2 visible 9.1 × 103   9.3 × 1010 0.2 79 

ML MoS2/rubrene visible 0.326 - - 81 

GaTe/MoS2 visible 1.36  - < .01 57 

CH3NH3PbI3/MoS2/APTES visible 1.94 × 106 1.29 × 1012 Several 

seconds 

80 

FL MoS2/PbS QDs visible-NIR 6×105 5 × 1011 0.35 4 

FL MoS2/PbSe QDs NIR 1.9×10-6 - 0.25 3 

1L MoS2/1L graphene visible 1.6×104 - 0.07 82 

 

1.4.4. Solar cells 

In recent years, ultrathin MoS2 has gained serious attention and has been widely explored due to 

their promising potential in developing high-performance solar cells. For practical application, it 

is important to develop more cost-effective, high stability solar cell devices. For industrial 

photovoltaic applications, it is required for the solar cell devices to have stability, high power 

conversion efficiency (PCE), easy and cost-effective fabrication. These goals can be achieved with 

the fabrication of MoS2 based HS with other materials. Tsai et al.83 fabricated a type-II 

heterojunction solar cell consisting of CVD grown n-type monolayer MoS2 on p-type Si substrate.  

This device demonstrated a high PCE of 5.23%, which is ascribed to the large built-in electric filed 

introduced by the monolayer MoS2 near the interface between the MoS2 and the p-Si. The 

calculated short circuit current density (Jsc ) and fill factor (FF) are 22.36 mA/cm2 and 57.26%, 

respectively. The high photovoltaic device performance can also be attributed to the broadband 

absorption and efficient electron−hole pair dissociation. The  MoS2/TMD heterostructures such as 

MoS2/WSe2,
84 MoS2/graphene/WSe2,

85 show a huge potential in high-efficiency photovoltaic cell 

applications. Song et al.84 fabricated ultrathin MoS2/WSe2 van der Waals HS, as shown schematic 

in Fig. 1.10(a).  They demonstrated high external quantum efficiency of over 50% resulting from 

both high optical absorption and efficient electronic charge carrier collection. Experimental results 

showed that the absorbance was >90% in the MoS2/WSe2 HS, which is in good agreement with 

the electromagnetic simulations. The MoS2/WSe2 HS solar cell exhibited a maximum single-

wavelength PCE of 3.4% (Fig. 1.10(b)) under light illumination of 633 nm laser excitation with 

an illumination power of 740 W/cm2. Atomically thin MoS2 has been used in solar cells in various 

TH-2338_136153008



C h a p t e r  1                                                                                                                          | 18 

forms such as an electron-transport layer (ETL),86-87 a hole-transport layer (HTL),88-89 protective 

layer,90 and interfacial layer.91  Zheng et al.92 employed liquid-phase exfoliation method followed 

by a hydrothermal reaction to obtain Graphene-MoS2 HS. The Graphene-MoS2 hybrid thin films 

were used in the in PTB7-Th:PC71BM organic solar cell as an efficient HTL. The device 

demonstrated a maximum power conversion efficiency of 9.5% and showed good stability over a 

storage period of 1000 h, while retaining more than 93% of the initial efficiency. Thus, MoS2 based 

HS offers great potential as HTL for stable and efficient photovoltaic devices. These reports pave 

a way of designing and attaining future highly efficient MoS2 based HS solar cells.  

 

Fig. 1.10. (a) A schematic representation of the MoS2/WSe2 van der Waals HS device under illumination. (b) I−V 

(light blue) and power-voltage (orange) characteristics of the device were excited at λ = 633 nm with an incident 

power of ∼45 μW with a spot size area of ∼6 μm2. The yellow region depicts the generated power from the device 

with a maximum single-wavelength PCE of 3.4%. Adopted from Ref[84] 

 

1.4.5. Light emitting diode (LED) 

In recent years, LEDs have gradually replaced conventional lighting devices because of various 

advantages, such as low cost, low power consumption, and environment-friendly. LEDs depend 

on the injection of carriers across a junction, which promotes the recombination of electrons and 

holes. Among 2D TMDs, monolayer MoS2 is a potential candidate for light-emitting device due 

to its direct bandgap nature. However, because of the ultrathin thickness of the monolayer MoS2, 

formation of the p-n junction through doping is challenging. Thus, an effective way to construct a 

p–n junction can be realized by stacking with other semiconductor materials. Nikam et al.93 

fabricated the n-MoS2/p-MoS2 HS by a two-step CVD process, followed by transferring the p-
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MoS2/n-MoS2 HS on top of a p-GaN bilayer to fabricate a tetra-layered (4-L) n-MoS2/p-MoS2/p-

GaN HS white LED. The electroluminescence (EL) spectra for the n-MoS2/p-MoS2/p-GaN HS 

consists of three emission peaks at 642 nm (n-MoS2, orange), 525 nm (p-MoS2, green) and 481 

nm (p-GaN, blue). Thus, this device is promising for the fabrication of atomically thin white LED.  

The n-MoS2/p-MoS2/p-GaN white LED device exhibited a luminance of 30,548 Cd/m2, 

luminescence efficiency of 29% and the luminous efficacy of 294 lm/W at a bias voltage of 4 V. 

Thus, this device paves a way towards the fabrication of commercially viable color-tunable, 

atomically thin and low-cost display LED. Li et al.94 fabricated 2D/1D HS LED consisting of p-

type MoS2 nano-sheet (NS) transferred by dry transfer method onto n-type CdSe nanowire (NW). 

The advantage of such a mixed dimension system is that the individual CdSe NW can act as an 

optical cavity and gain medium, and the atomic thickness of the MoS2 layer does not strongly 

absorb the light emitted from the CdSe NW and hence, the MoS2/CdSe HS provides a new way to 

achieve high-efficiency LEDs. The mechanism of this light emission of the MoS2/CdSe 

heterojunction LED can be understood by the type-II band alignment between the n-CdSe and p-

MoS2. Under forward bias, the built-in potential drops and thus, there will be a flow of electrons 

from the n-type CdSe NW to p-MoS2 NS, and simultaneously, there will be the transfer of holes 

from the p-MoS2 NS to the n-type CdSe NW. The injected electrons and holes will mostly 

recombine in the CdSe region, as the CdSe is a direct band-gap semiconductor and it has a higher 

electron-hole radiative recombination rate. Thus, the EL spectrum is revealed by the band-edge 

emission of the CdSe NW and shows strong electroluminescence centred at ~709 nm. The 

MoS2/CdSe heterojunction LED displays a low turn on voltage of ~1.5 V and a rectification ratio 

of ~24 at Vds = ±3 V. This mixed dimension LED device, which is superior to both 2D and 1D 

semiconductors, may find potential application for future high-sensitivity sensors, transparent 

flexible devices and lasers. 
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Table 1.2: Performance parameters of MoS2 based heterostructure LEDs. 

Device Emission 

wavelength 

(nm) 

Voltage 

(Vds) 

Maximum 

EQE (%) 

Maximum 

luminance 

(Cd/m2) 

Ref. 

MoS2/Si 685 5.5 - - 95 

MoS2/CdSe 709 3 - - 94 

n-MoS2/p-MoS2/p-GaN white 4 29 30,548 93 

p-WSe2/n-MoS2 880 3 12 - 96 

Graphene/Al2O3/MoS2/Al2O3/Ga

N 

500-800 - 0.01 - 97 

hBN/Graphene/hBN/WSe2/hBN 

/MoS2/hBN/Graphene/hBN 

750 2.3 5 - 98 

 

1.5. Challenges in Fabrication and Application of 2D MoS2 and its 

Heterostructures 

Over the past decade, 2D MoS2 has aroused great interest and extensive studies on the fundamental 

aspects of synthesis, tuning the properties and applications of layered MoS2 have been explored 

by numerous researchers. However, some challenges still remain for large scale practical device 

applications. Firstly, reproducible growth of uniform, large-area, and high-quality monolayer 

MoS2 for device applications in the industrial-scale is still challenging. Additionally, the quality 

of the MoS2 grown by other techniques has not yet reached that of mechanically exfoliated MoS2 

flakes. In the chemical exfoliation techniques, control over the layer number, flake size, purity, 

and phases of MoS2 has proven to still be a major bottleneck. Further advancements in the effective 

synthesis of stable defect-less MoS2 and alloying of MoS2 are still desired. Chemical doping of 

MoS2 is a useful technique to enhance the ability of charge transport and other properties. 

However, to control doping is still a key challenge and requires further studies. Secondly, the 

integration of MoS2 with other materials forming hybrid HS allows us to bring out new and unique 

properties into a single optoelectronic device structure. However, the fabrication of such devices 

has been successful only at laboratory scale. Thirdly, MoS2 based HS with other 2D materials has 

emerged as promising for a wide range of applications. In light-harvesting applications, due to 
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poor interfacial contact, the MoS2 based HS often suffer from inadequate light-harvesting, low 

carrier mobility, and weak contact. A better understanding and optimization of the interfacial 

contact between the building layers is required. Furthermore, band engineering of MoS2 based HS 

can help to achieve hybrid materials of superior electrical performances and tunable band structure, 

which will enrich the field of HS. Finally, a thorough insight and understanding in the control of 

charge carrier properties, that is important for many applications is also a significant area that 

requires further research in both experimental and theoretical study.  

1.6. Focus of the Present Thesis 

Although MoS2 has demonstrated considerable potential, some challenges still remain for the 

fabrication of well-controlled large-area monolayer MoS2 and its HSs for their wide range of 

applications in nanotechnology. In the present thesis, we have made an effort for controlled 

fabrication of large-area monolayer MoS2 and their HSs with other semiconductors for achieving 

superior properties from pristine monolayer MoS2. The main objectives of the present thesis are 

as follows:  

 Fabrication of large-area high-quality monolayer MoS2 by CVD method.  

 Study of the growth mechanism of MoS2 by tuning the different growth parameters to 

obtain large-area monolayer MoS2 growth. 

 Fabrication of MoS2 based HSs with various semiconductors (e.g., TiO2 and WS2) and 

plasmonic NPs (e.g., Ag and Au). 

 Fabrication of high-quality core-shell HS between monolayer MoS2 (shell) and TiO2 NR 

(core) by in-situ CVD technique and to study the tunability of the PL of the MoS2@TiO2 

HS.  

 Fabrication of a ternary hybrid system consisting of monolayer MoS2 (shell) coated over 

an array of Au NPs on hydrothermally grown TiO2 nanostructure. Quantitative analysis of 

the tunable visible PL and the origin of high PL enhancement of monolayer MoS2 in the 

ternary heterostructure. 

 Quantitative analysis of the tunability in the PL and doping of monolayer MoS2 decorated 

with WS2 QDs. Using the four-energy level model involving coupled charge transfer, a 

detailed explanation of the behavior of the PL in 1L-MoS2/WS2 QD HS.   
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 Fabrication of high-quality heterojunction between CVD grown monolayer MoS2 and WS2 

QD for an efficient, high-performance broadband photodetector.  

1.7. Organization of the Thesis 

The complete thesis work is presented in seven chapters. Chapter 1 presents a brief overview of 

the reported research work on the different growth techniques, important properties, and the 

promising applications of MoS2 and its heterostructures. Chapter 2 presents the controlled growth 

of high-quality large-area monolayer MoS2 by controlling various growth parameters, such as the 

carrier gas, growth temperature, precursors, and substrates. Chapter 3 demonstrates a simple one-

step direct synthesis process of the 1L-MoS2 film by a CVD method over the hydrothermally 

grown TiO2 nanorods (NRs) and investigated the strong enhancement of the PL intensity of the 

1L-MoS2 is after the formation of the HS. In Chapter 4, we discuss about the dramatically 

enhanced PL emission and it mechanism from a ternary system consisting of the large area 

monolayer MoS2 grown over an array of Au nanoparticles (NPs) coated over hierarchical TiO2 

nanostructure forming a core-shell TiO2/Au/MoS2 hybrid structure, where the PL intensity is 

enhanced by about three orders of magnitude. In Chapter 5, we investigated the tunability of the 

PL and doping of monolayer MoS2 by decorating it with WS2 quantum dots (WS2 QD). A detailed 

quantitative analysis using the four-energy level model involving coupled charge transfer was 

employed to explain the quenching of the PL in 1L-MoS2/WS2 QD HS.  Chapter 6 demonstrates 

the fabrication of a vertical heterojunction photodetector (PD) by incorporating WS2 QDs with 

direct CVD grown monolayer MoS2 on Si/SiO2 substrate. The 1L-MoS2/WS2 QD p-n 

heterojunction acts as an efficient, high-performance broadband photodetector. Chapter 7 

presents a summary of the significant findings and important conclusions of the present thesis and 

the future scope of work. 
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Chapter 2 

Controlled Growth of Monolayer MoS2 by Chemical 
Vapour Deposition Method 

 

This chapter introduces three approaches for the growth of monolayer MoS2. In the first method, 

an ordered array of two-dimensional MoS2 nanodots were grown on SiO2 substrates at a relatively 

low substrate temperature (500-560 °C) by chemical vapor deposition (CVD) method, which 

results in the growth of monolayer to few-layer MoS2. In the CVD technique, the growth 

parameters such as carrier gas, growth temperature, precursors, and substrates play important roles 

in the growth of high-quality monolayer MoS2. In the second process, better control over growth 

has been achieved that improves the quality, uniformity, and area coverage. By tuning the growth 

parameters, the growth of purely monolayer MoS2 was achieved. The understanding of growth 

mechanisms is based on the nucleation mechanism that depends on the reactant (MoO3 and S) 

concentration of the substrate surface. In the last method, large-area continuous monolayer MoS2 

was grown, covering a few mm2 on various substrates. In this process, a specially designed quartz 

mask was used, on top of which the substrate was placed.  The gap that is formed between the 

substrate and quartz mask acts as a natural reactor cavity, giving rise to the growth of continuous 

monolayer MoS2 film on the substrate in the region covered by the mask. Herein we present a 

systematic approach for the understanding of nucleation and growth mechanisms of CVD-grown 

monolayer MoS2. 

2.1. A Low-Temperature Chemical Vapor Deposition Growth of Monolayer 

and Bilayer MoS2 dots Array  

2.1.1. Introduction 

Since the discovery of graphene, the two-dimensional materials have attracted much interest due 

to their unusual optical, electrical, and mechanical characteristics. Molybdenum disulphide 

(MoS2), a transition metal dichalcogenide (TMD), has a layered structure of hexagonally arranged 

covalently bonded Mo and S atoms. MoS2 have attracted considerable attention because of its 

tunability in the band structure ranging from metallic to semiconducting.1, 2 The vast difference in 

the electronic structure of the bulk in comparison with the monolayer MoS2 offers an excellent 
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opportunity for diverse applications.3-7  A repeatable and straightforward technique to grow large-

area monolayer MoS2 film is essential for such requests. Over the past few years, considerable 

efforts have been made to obtaining large-scale atomically thin MoS2.
8-10 MoS2 have been 

fabricated by various methods, such as CVD, hydrothermal synthesis, pulsed laser deposition 

(PLD), thermal evaporation, magnetron sputtering etc.11-14 However, the lateral size of MoS2 

domains synthesized by these methods is often restricted to several micrometers, making the 

synthesis of a large-area MoS2 thin layer challenging. Among the different methods, CVD has 

been one of the most promising ways of producing large-area and high-quality MoS2 thin films. 

However, there are very few reports on the low temperature CVD growth of monolayer and few 

layer MoS2.  

2.1.2. Experimental Details 

Bilayer and few-layer MoS2 dots were directly grown on the SiO2 substrates using an in-house 

developed CVD system. Commercially procured MoO3 and S powder were used as precursors for 

the CVD growth of MoS2 in a quartz tube-based horizontal muffle furnace. High-purity argon (Ar) 

gas was used as the carrier gas. At first, the S precursor was kept near the entrance of the quartz 

tube, away from the central heating zone of the furnace, while the MoO3 powder was placed at the 

center of the furnace, and a few pieces of bare SiO2 substrates were placed near the source power 

at the rear end side of the quartz tube. Note that both S and MoO3 precursors were separately 

loaded in two mini quartz tubes (inner diameter∼10 mm) and kept at a distance of 53 cm and 33 

cm away from the substrates (see Fig. 2.1(a)). This arrangement provides stable evaporation of S 

and MoO3 sources at suitable temperatures and avoids any cross-contaminations during the MoS2 

growth. The quartz chamber was pumped down to a base pressure of 1.9×10-2 mbar. The central 

zone temperature was raised to 760°C at the rate of 17°C/min for 45 mins and was allowed to 

stabilize at this temperature for 15 minutes with Ar as the carrier gas with a flow rate of 100 sccm 

(standard cubic centimeters per minute) keeping the pressure at 2.2 mbar. Then it was ramped up 

slowly to 800°C at the rate of 4°C/min, and then maintained at this temperature for 30 mins without 

changing the gas flow. After the growth process, the system was allowed to cool down naturally 

to room temperature with an Ar gas flow of 300 sccm. The experimental setup and the complete 

timeline profile of the CVD growth of MoS2 dots is shown in Fig. 2.1(b). The substrate temperature 

is controlled by the proper positioning of the substrate inside the furnace. The growth of MoS2 
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layer was monitored at four different substrate temperatures. The samples grown at substrate 

temperatures of 560, 540, 510 and 310°C are named as MS-560, MS-540, MS-510, and MS-310, 

respectively.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. (a) Schematic of the CVD setup for the growth of MoS2 dots, showing the precise location of S and MoO3 

sources and SiO2 substrates. (b) Timeline profile and growth parameters of the CVD grown MoS2 nanodots. 

2.1.3. Characterization Techniques 

Micro-Raman and photoluminescence (PL) measurements were performed with a high-resolution 

spectrometer (Horiba 171 LabRam HR), with excitation wavelengths (λex) of 488 nm (Ar+ ion 

laser). The excitation source was focused with a 100X objective lens, a spot size of 1 μm, and a 

laser power of 1.5 mW, and the signal was collected by a CCD in a backscattering geometry sent 

through a multimode fiber grating of 1800 grooves/mm. Surface morphology and microstructure 

of the as-grown MoS2 dots were examined by field emission scanning electron microscope 

(FESEM), FEI-Quanta 400 with an acceleration voltage of 20 kV with spatial resolution: 1.2 nm 

at 30 kV in SE, 2 nm at 30 kV in BSE (Gold/Carbon), Detectors: SE, BSE. The spectral line shape 

of the mirco-Raman features was fitted with Lorentzian line shapes. Atomic force microscopy 

(AFM) (Cypher, Oxford Instruments) images were acquired to confirm the layer thickness of 

CVD-grown MoS2. 
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2.1.4. Results and Discussion 

2.1.4.1. Morphology Studies 

To understand the morphology of the as-grown samples, FESEM imaging was carried out. A 

detailed description of the samples and FESEM features is provided in Table 2.1. Fig. 2.2(a-b) 

shows the FESEM images of sample MS-510 at two different magnifications, while Fig. 2.2(c-d) 

and Fig. 2.2(e-f) represent the FESEM images of samples MS-540 and MS-560, respectively. It is 

evident that in each sample, MoS2 dots of a variety of sizes are formed. The uniformity of these 

dots is almost maintained throughout the surface of the sample, over an estimated area of 1 cm×1 

cm. We observed that the shape of the MoS2 dots is mostly circular, and a regular array type 

structure is formed in all the samples. The observed regular array of MoS2 dots is likely to be due 

to the direction of the carrier gas flow. On the other hand, no growth was observed on substrates 

kept at a temperature below 500 °C. 

 

Fig. 2.2. Morphological characteristics of MoS2 dots grown by a low-temperature CVD method: Low and high-

resolution FESEM images of as-grown MoS2 dots in (a-b) MS-510, (c-d) MS-540 and (e-f) MS-560. 

 

 

TH-2338_136153008



33 |                C o n t r o l l e d  G r o w t h  o f  M o n o l a y e r  M o S 2  b y  C V D  M e t h o d  

Table 2.1: Summary of the samples grown at different substrate temperatures by the CVD method. 

Note that the growth duration and gas flow rate (Ar as carrier gas) were kept identical during the 

growth of different sample 

Sample 

Code 

Substrate Temperature 

(°C) 

Morphology  

MS - MoS2 Flakes 

MS-560 560  Circular MoS2 dots 

MS-540 540 Circular  MoS2 dots 

MS-510 510 Circular  MoS2 dots 

MS-310 310 Absence of MoS2  

2.1.4.2. Raman Analysis 

Micro-Raman measurements were performed on the as-grown MoS2 dot samples, and it was 

compared with that of the bulk MoS2 flakes. Fig. 2.3(a) represents a comparison of the Raman 

spectra for different samples, which exhibits two important characteristic Raman modes, which 

are signatures of the few-layer MoS2, associated with the phonon modes at 379 and 405 cm-1 

corresponding to E2g and A1g modes, respectively. In general, the E2g mode arises due to the in-

plane vibration of two S atoms with respect to the Mo atoms, while the A1g mode is associated 

with the out-of-plane vibration of only S atoms in opposite directions with respect to the Mo 

atoms.15 These two Raman modes are very sensitive to the local in-plane, edge defects, and 

impurities present on the atomic layers of MoS2. In Fig. 2.3(a), the growth of MoS2 for samples 

MS-560, MS-540 and MS-510 is confirmed by the presence of E2g and A1g Raman bands, which 

is also consistent with the FESEM images (Fig. 2.2(a-f)). On the other hand, in the case of sample 

MS-310, MoS2 Raman modes was absent, as evidenced by the absence of the A1g peak in the 

spectrum. Raman spectrum of MS-310 shows a strong Raman peak at 338 cm-1, which signifies 

the presence of MoO3 and negligible presence of S. We also observed a phonon mode stiffening 

of the characteristic Raman modes, reflected by a blue shift of both the peaks by 3-5 cm-1 for all 

the as-grown samples. The blue-shift is expected to be related to the compressive strain.16  
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Fig. 2.3: (a) Raman fingerprints of as-grown MoS2 dots grown at different substrate temperatures. (b) Lorentzian line 

shape fitting of E2g and A1g modes in MS-510. Note that the peak center of each mode is denoted in cm-1 unit. 

 

The line shape parameters of Raman peaks are summarized in Table 2.2, which depicts the peak 

position and frequency difference (Δk) between the A1g and E2g modes. The observed Δk values 

signify the growth of monolayer and bilayer MoS2.  Lorentzian line shape was fitted for the E2g 

and A1g bands, as shown in the Fig. 2.3(b). There are two new Raman bands fitted at lower and 

higher frequency sides at 380 and 415 cm-1, respectively. An earlier report suggests that the 

splitting of the A1g peak into two peaks is due to the appearance of a Raman inactive mode (B1u) 

at 415 cm-1, which is not prominent in case of bulk MoS2.
15 However, it becomes significant in 

case of monolayer MoS2, which makes the A1g peak (406.9 cm-1) asymmetric towards higher 

wavenumber. The observed splitting in the E2g Raman mode at 380 cm-1 can be attributed to the 

mechanical strain in the MoS2 dots.17 To further investigate the spatial uniformity and layer 

thickness, position-dependent Raman spectra of as-grown MoS2 dot array was taken for the as-

grown samples. Fig. 2.4 (a-d) shows the position-dependent Raman spectra of as-grown MoS2 dot 

array in MS-540 and MS-510 and their corresponding optical microscope (OM) image showing 

scanned area for each spectrum marked with the respective serial number. We observed that the 

Raman spectra for different locations of a sample are slightly different. In spot 1, for MS-540, we 

notice that the frequency difference Δk between the Raman bands is ~20.1 cm-1, which indicates 

the monolayer MoS2 growth, while in spot 3, Δk ~ 21.5 cm-1, confirming the bilayer growth.  

Additional Raman bands seen at 347.8 cm−1, 353.4 cm−1, and 366.2 cm−1 are assigned to the 

stretching modes of the doubly coordinated oxygen (Mo−O−Mo) in MoO2. The observed Raman 
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bands of MoO3 and MoO2 compare well with the reported literature values.18 Therefore, these 

results show some inhomogeneity of growth. Analogously, we observed similar growth in MS-

510 sample. The extracted peak parameters are shown in Table 2.3. Thus, further optimization of 

the growth parameters is necessary for more uniform growth of the MoS2 layers at a low 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4: (a,c) Position dependent Raman profile of the MS-540 and MS-510 samples, (b,d) corresponding optical 

microscope images showing scanned area for each spectrum marked with a serial number. 

Table 2.2: Summary of the E2g and A1g Raman modes and their separation (Δk) for different 

samples. 

Sample  E2g (cm-1) A1g (cm-1) ∆k (cm-1) number of layers 

in MoS2 

MS 379.3 405.7 26.3 Multi-layers 

MS-560 387.7 408.9 21.2 Bilayer 

MS-540 387.3 409.0 21.7 Bilayer 

MS-510 387.7 408.3 20.6 Monolayer  

MS-310 379.4 - - - 
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Table 2.3: Summary of the E2g and A1g Raman modes for the different locations of MS-540 and 

MS-510. The peak separation (Δk) signifies the growth of monolayer and bilayer MoS2 dots. 

Sample Sample 

position 

E2g (cm-1) A1g (cm-1) ∆k (cm-1) Additional bands 

(cm-1) 

MS-540 1 388.6 408.7 20.1 - 

2 387.6 408 20.4 347.4, 354.3 and 

366.2 

3 386.8 408.3 21.5 347.8, 353.4 and 

366.2 

4 387.2 409.1 21.9 - 

MS-510 1 388.0 408.3 20.3 - 

2 386.5 408.2 21.7 - 

3 386.9 407.7 20.8 - 

4 387.2 409.9 20.7 - 

 

2.2. CVD growth of monolayer MoS2 

2.2.1. Introduction 

From the previous section, a brief understanding of the conditions and critical experimental 

parameters for the CVD growth of MoS2 was realized. The next step is to make a few modifications 

in the CVD technique for the production of high crystal quality monolayer MoS2. The growth of 

MoS2 by the CVD method is usually based on the reaction of the precursors (MoO3 and S powder) 

in the vapor phase. Several growth parameters such as the carrier gas, precursors, growth 

temperature and substrates play a major role in the growth behaviors of MoS2, since these growth 

parameters can affect the nucleation of MoS2.
19-21 Thus, knowing the growth mechanisms in the 

CVD process is very important to improve the crystal quality of MoS2. Our study attempts to prove 

a detailed understanding of the nucleation mechanisms for controlled growth of monolayer MoS2. 

2.2.2. Experimental Details 

Monolayer to few-layer MoS2 was directly grown on Si/SiO2 substrate using a two-zone furnace-

based CVD system. High purity MoO3 (99.5%, Sigma-Aldrich) and sulfur powder (99.95%, 

Sigma-Aldrich) were used as precursors for the CVD growth of MoS2 in a 2-inch diameter quartz 

tube-based horizontal muffle furnace. High-purity argon (Ar, 99.9999%) gas was used as the 
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carrier gas. Note that both S (200 mg) and MoO3 (15 mg) precursors were separately loaded in two 

quartz boats. The substrate (facing downward) was mounted on top of the boat containing MoO3 

precursor, as shown in Fig. 2.5. Another ceramic boat containing sulfur powder was kept at a 

comparatively lower temperature zone of the furnace. The distance between the sulfur source and 

MoO3 source was maintained as 15 cm. The quartz tube placed inside the furnace was purged with 

Ar gas at 300 sccm for 30 min before the growth to remove the surface adsorbed impurities, 

followed by a heating up to 150 °C for another 30 min. The temperature of the zone 2 containing 

the MoO3 precursor and the substrates was gradually heated to the respective process temperatures 

(i.e., 650 °C, 700 °C, 750 °C and 800 °C) with a ramping rate of 15 °C/min and was maintained 

for 5 min, keeping the gas flow rate at 10 sccm. At this stage, the temperature of the sulfur source 

reached 150 °C. The furnace was then allowed to cool @6.5 °C/min till the temperature went down 

to room temperature. Furthermore, to examine the effect of carrier gas flux, the gas flux was 

increased from 5 sccm to 50 sccm, keeping the temperatures of  Zone 1 and Zone 2 at 150 °C and 

700 °C, respectively.  

 

 

 

 

 

Fig. 2.5. Schematic of the CVD setup for the growth of MoS2, showing the precise location of S and MoO3 sources 

and the substrate. 

2.2.3. Results and Discussion 

2.2.3.1. Morphology Studies  

Fig. 2.6(a-d) shows the OM images of the CVD grown MoS2 layer in the temperature (substrate) 

range 650-800 °C. It can be seen that under different growth temperatures, the majority of the 

MoS2 flakes have a triangular shape, which arises from the fact that the flake shape is determined 

by the growth rate of the MoS2 edges. On the basis of the kinetic Wulff construction (KWC) 

theory,22 the edges with the slowest growth rate become the largest, and the fast-growing edges 

either become small or disappear. For the sample grown at 650 °C, the size of the triangular MoS2 

flakes is  ~ 3 µm (see Fig. 2.6(a)) and are less in density as compared to those grown at higher 
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temperatures. At higher growth temperatures (700 °C and 750 °C), the MoS2 flake size is larger (~ 

6 µm) along with an increase in the density of the flakes (Fig. 2.6(b-c)). In addition, we observed 

the formation of island-like nanoparticles at the center of the MoS2 flakes at 750 °C. Lastly, at 800 

°C, the sizes of the MoS2 flakes are ~ 1 to 2 µm smaller and have thicker triangular flakes.    

 

 

 

 

 

 

 

 

Fig. 2.6. Optical microscope (OM) image of the CVD-grown MoS2 flakes with the growth temperature at (a) 650 °C, 

(b) 700 °C, (c) 750 °C, and (d) 800 °C.  

To determine the number of MoS2 layers deposited on the substrate, AFM imaging was carried 

out. Fig. 2.7(a-c) shows the AFM image and height profile of the MoS2 flake grown at various 

growth temperatures. For the same growth duration, but at different growth temperatures, we 

notice distinct differences in the thickness of the MoS2 flakes. Fig. 2.7(a) shows the AFM image 

of MoS2 flake grown at 700 °C on the SiO2 substrate. The flake shows homogenous color contrast, 

which indicates the uniformity of the MoS2 flake. The thickness is found to be ~ 0.7 nm from the 

height profile measurement, which corresponds to monolayer MoS2. Similarly, at 650 °C, we 

observed the thickness of the flake to be monolayer. On the other hand, at 750 °C (Fig. 2.7(b)), 

we observe a bright white spot at the center of the MoS2 flake (as shown earlier in Fig. 2.6(c)), 

and the height profile displays a thickness of ~ 6.5 nm, which corresponds to ~ 9 layers of MoS2.  

For another region, the height of the flake was found to be ~ 2.2 nm, which indicates the formation 

of trilayer MoS2. In Fig. 2.7(c), for the sample grown at 800°C, the MoS2 flake size is as small as 

~ 2 µm, and from the AFM height profile, we can see that MoS2 flake is multi layered. Thus, we 
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observe that with an increase in the growth temperature, there is an increase in the thickness of the 

MoS2 flakes.  

 

 

 

 

 

 

 

 

Fig. 2.7. AFM images and height profile of the CVD-grown MoS2 flakes for the growth temperature at (a) 700 °C, (b) 

750 °C, and (c) 800 °C. Note that the height profile is taken across the black line of the corresponding AFM image. 

We further investigated the effect of the Ar gas flow rate on the growth of MoS2. The variation in 

the carrier gas flux can affect the layer number in the CVD growth of MoS2.  Fig. 2.8 shows the 

OM image of the CVD-grown MoS2 flakes with the Ar gas flux of (a) 5 sccm, (b) 10 sccm, (c) 30 

sccm, and (d) 50 sccm. At 5 sccm, no MoS2 flake was formed on the substrate. This is because of 

the deficient transport of the gaseous MoO3 and S precursor to the substrate as low flow rate of 

carrier gas. As we increase the Ar gas flux to 10 sccm, triangular MoS2 flakes are formed on the 

substrate. When the gas flux is at 30 sccm, from the color contrast of the OM image, different layer 

MoS2 flakes are present. Finally, at a very high gas flux of 50 sccm, very few small triangular 

flakes are formed on the substrate, which is due to the fact that the high gas flux can flush out the 

MoO3 and S molecules from the substrate. Thus, control of the carrier gas flow rare is important 

for the growth of monolayer MoS2 flakes.  
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Fig. 2.8. Optical microscope (OM) image of the CVD-grown MoS2 flakes with the Ar gas flux at (a) 5 sccm, (b) 10 

sccm, (c) 30 sccm, and (d) 50 sccm.  

2.2.3.2. Raman Analysis 

Fig. 2.9 shows the comparative Raman spectra (excited with 488 nm laser) of the CVD grown 

MoS2 flakes at different growth temperatures in the range 650-800 oC. The Raman spectra show 

the presence of the two characteristic Raman modes (E2g and A1g) corresponding to the in-plane 

vibration of Mo and S atoms and out-of-plane vibration of S atoms, respectively, confirming good 

crystalline quality growth of MoS2. The separation between the two peaks (∆k) can be used to 

identify the layer number of MoS2. At 650 and 700 °C, ∆k is found to be ~ 20.3 cm -1 and ~ 20.0 

cm-1, respectively, which confirms that the thickness of the MoS2 flake corresponds to monolayer.15 

On the other hand, at 750 and 800 °C, ∆k is ~ 22.7 cm -1 and ~26.5 cm -1, indicating the formation 

of trilayer and multilayer MoS2. These results are consistent with the AFM analyses discussed 

earlier. The concentration of the MoO3 and S precursors on the surface of the substrate depends 

on the evaporation and diffusion rates of the precursors. However, these rates are significantly 

dependent on temperature. Thus, as a result, with different growth temperatures, there is a 

difference in the concentration of the precursor on the substrate. At lower growth temperatures (in 

the range 650 °C to 700°C), a relatively small amount of MoO3-x clusters are transported to the 
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surface of the substrate. Thus, during the initial growth stage, the MoO3-x clusters are easily 

transformed into MoS2−x clusters, resulting in the formation of the 2D MoS2 nucleus on the 

substrate, which subsequently forms monolayer/bilayer MoS2 flakes.23 On the other hand, at higher 

growth temperatures (750 °C and 800 °C), a larger amount of MoO3-x clusters are deposited on the 

substrate, followed by sulfurization of the MoO3 clusters, which quickly fuse into island-like 

MoO3−xSy nanoparticles. These nanoparticles act as nucleation sites and favor few-layer growth 

instead of monolayer growth. As the growth progresses, the nanoparticles are further sulphurized 

and form island-like multilayer MoS2 nuclei, while the edge growth of a nucleus forms few-layer 

MoS2.
23 These results are consistent with the results of the AFM analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9. Raman spectra of the CVD-grown MoS2 flakes at different growth temperatures. 

Fig. 2.10. displays the Raman spectra of the CVD-grown MoS2 flakes with different carrier gas 

flux. At 10 sccm gas flux, presence of the characteristic Raman modes E2g and A1g confirms MoS2 

growth, while at very low carrier gas flux ≤ 5 sccm, there is an absence of both the Raman peaks 

as there is no formation of MoS2. For the 10 sccm case, the frequency difference (∆k) between the 

Raman modes is ~20.2 cm-1, which corresponds to monolayer MoS2 growth. Note that monolayer 

MoS2 growth was found on the entire substrate. At a higher gas flow rate (30 sccm), the ∆k value 

is ~ 21.4 cm-1, which corresponds to bilayer MoS2. Note that monolayer MoS2 growth was found 
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on the entire substrate. At a higher gas flow rate (30 sccm), the ∆k value is ~ 21.4 cm-1, which 

corresponds to bilayer MoS2. We also observed the presence of both monolayer and bilayer MoS2 

throughout the substrate. The high flow rate can promote the mass transfer process, which is 

understood by the increase in the layer number. In addition, this condition will create instability, 

and therefore there is not enough time for the transport of the atoms to the right lattice location to 

attain minimum surface free energy, and thus this will lead to an increase in the probability of 

defect formation.24 At very high Ar gas flux ≥ 50 sccm, ∆k value is ~ 21.3 cm-1, which is attributed 

to bilayer MoS2. However, we observe a decrease in the number of MoS2 flakes with an increase 

in the Ar gas flow rate. This is due to a decrease in the concentration of the vapor precursors (MoO3 

and S) at the substrate owing to the high gas flow rate flushing out the precursors’ molecules from 

the substrate.  

Fig. 2.10. Raman spectra of the CVD-grown MoS2 flakes with different carrier gas flux. 

2.3. Large area CVD growth of monolayer MoS2 

2.3.1. Introduction 

Synthesis of large-area monolayer MoS2 films have attracted significant importance due to their 

remarkable electrical and optical properties, leading to a wide range of applications. In the previous 

section, we have successfully grown monolayer MoS2 domains and have an understanding of the 

important experimental parameters for the synthesis of high-quality monolayer MoS2. The next 

TH-2338_136153008



43 |                C o n t r o l l e d  G r o w t h  o f  M o n o l a y e r  M o S 2  b y  C V D  M e t h o d  

step is to make modifications in the CVD method for the growth of high quality, large-scale 

continuous monolayer MoS2 films. Previous reports have achieved large area MoS2 growth by 

sulfurization of ammonium tetrathiomolybdate films25 or either MoO3
26, 27 or MoCl5

28. However, 

these methods require a substantial level of complexity in the preparation of the precursor, or the 

growth is carried out at a very high temperature (~ 1000 °C). Thus, a cost-effective and 

straightforward method of growth is very much desired, but it poses quite a challenge. 

In this section, we present the CVD growth of large-area continuous MoS2 film on different 

substrates. The film covers an area of a few mm2. In this method, a specially designed quartz mask 

with a circular opening is used, on top of which a substrate is placed. Large area continuous 

monolayer MoS2 film is formed in the region covered by the mask. The synthesized film show 

homogeneity of the monolayer MoS2 film throughout the region covered by the mask. 

2.3.2. Experimental Details 

Monolayer MoS2 film was synthesized on different substrates (Si, SiO2, Quartz and Sapphire) by 

the CVD method using a two-zone horizontal muffle furnace. Commercially procured high-purity 

MoO3 (99.5%, Sigma-Aldrich) and sulfur powder (99.95%, Sigma-Aldrich) were used as 

precursors for the CVD growth of MoS2 in a 2-inch quartz tube-based horizontal muffle furnace. 

High-purity argon (Ar) gas was used as the carrier gas. Note that both S (200 mg) and MoO3 (15 

mg) precursors were separately loaded in two quartz boats and were placed inside the quartz tube 

at the center of their respective zones for the CVD growth of MoS2. The substrates were placed 

face down on top of the quartz mask with a circular opening and then placed on the boat containing 

MoO3, as shown in Fig. 2.11(a). The distance between the sulfur boat and the MoO3 boat was 

maintained at 15 cm. The quartz tube inside the furnace was purged with Ar gas at 300 sccm for 

30 min before the growth to remove the surface-adsorbed impurities, followed by heating up to 

150 °C for another 30 min. Subsequently, the flow rate was reduced to 10 sccm, and the 

temperature was ramped at a rate of 15 °C/min up to 700 °C and was maintained for 5 min (see 

Fig. 2.11(b)). At this stage, the temperature at the sulfur boat position reached 150 °C. The furnace 

was then allowed to cool until the temperature reached to room temperature. Interestingly, 

monolayer MoS2 film was observed to be deposited only on the portions of the substrate which 

were covered by the quartz mask. The unmasked regions of the substrate were found to be 

TH-2338_136153008



C h a p t e r  2                                                                         | 44 

deposited with few-layer and multilayer MoS2. We observed that in all the substrates, large-area 

monolayer MoS2 film was grown. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11. (a) Schematic of the chemical vapor deposition (CVD) setup for the fabrication of monolayer MoS2 on 

various substrates. (b) Variation of temperature as a function of time at the MoO3 boat/substrate and the sulfur boat 

positions during the CVD process. 

2.3.3. Results and Discussion 

2.3.3.1. Morphology Studies 

Fig. 2.12(a) shows the optical microscope image of monolayer MoS2 film grown on the sapphire 

substrate. We observed that the triangular-shaped MoS2 flakes are formed towards the edge of the 

substrate and these flakes merge to create a sizeable continuous monolayer film that covers an area 

of a few mm2, (See Fig. 2.12 (a)). The homogenous color contrast over the entire film indicates 

layer uniformity. 

TH-2338_136153008



45 |                C o n t r o l l e d  G r o w t h  o f  M o n o l a y e r  M o S 2  b y  C V D  M e t h o d  

  

 

 

 

 

 

 

 

 

 

Fig. 2.12. (a) Optical microscope image of large-area monolayer MoS2 grown on the sapphire substrate. (b) AFM 

image of triangular-shaped monolayer MoS2 grown on the sapphire substrate, and (c) AFM height profile is taken 

along the white line in (b) showing a step height of ~0.7 nm confirming the monolayer MoS2 growth. 

Fig. 2.12 (b) displays the AFM image of the CVD grown triangular-shaped monolayer MoS2. The 

triangular-shaped MoS2 flakes show a tendency to interconnect with each other rather than overlap, 

and hence they grow to form a continuous film with good uniformity. Furthermore, the AFM 

height profile taken along the white line in Fig. 2.12 (b) reveals a thickness of ~0.7 nm, which 

confirms the growth of monolayer MoS2.  

 

 

 

 

 

 

 

 

Fig. 2.13. Optical microscope image of large-area MoS2 film grown on different substrates. 
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We observed that for all the different substrates (i.e., Si, SiO2, quartz and sapphire), the MoS2 film 

is found to be monolayer, as shown in Fig. 2.13.  

2.3.3.2. Raman Analysis 

To ascertain that the films in Fig. 2.13 are monolayer MoS2, we have characterized these samples 

using micro-Raman spectroscopy. Fig. 2.14 (a) shows a digital photograph of the MoS2 layer 

grown on a sapphire substrate. The dark circular region is the exposed area of the substrate to the 

MoO3 and S source, while the light greenish part corresponds to the masked/ covered regions. Fig. 

2.14(b) shows an optical microscope image of MoS2 film at the marked region.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.14. (a) Digital photographs of MoS2 layer grown on sapphire substrate by the CVD method. (b) The optical 

microscope images of MoS2 grown on Sapphire substrate,  at the marked region of (a). (c) The Raman spectra of MoS2 

recorded at different positions shown in (b). The vertical dashed line is drawn to indicate the shift of the Raman peaks 

for various locations.  

To quantitatively determine the uniformity of the MoS2 film, position-dependent Raman studies 

at different locations on a single continuous film was carried out, as shown in Fig. 2.14(b). We 

observe the presence of both E2g and A1g Raman modes, respectively, which are characteristics of 

MoS2. The frequency difference between the Raman modes (∆k) outside the dark circular region 
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confirms the growth of only monolayer MoS2, while the dark region appears to be few/multi-

layered, (see Table 2.4). The full width at half-maxima (FWHM) of the E2g peak is ~ 2.6 cm-1, 

which is close to that of exfoliated monolayer MoS2,
28, suggesting good crystalline quality of the 

CVD grown monolayer MoS2 film. Therefore, this observation verifies that the MoS2 film is a 

continuous monolayer film. Furthermore, we have observed similar results for the films grown on 

other substrates (See Fig. 2.15(a)). The ∆k values is found to be 20.0 ± 0.5 cm-1 for the MoS2 film 

on the different substrates, as tabulated in Table 2.5. However, the E2g and A1g peak positions vary 

from substrate to substrate, as shown in Fig. 2.15(b). This might be due to the presence of charged 

impurities and the built-in strain at the interface between the MoS2 film and the substrate.24, 29
 

 

 

 

 

 

 

 

 

 

Fig. 2.15. (a) Raman spectra for monolayer MoS2 grown on various substrates. (b) E2g and A1g Raman peak positions 

for different substrates.  
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Table 2.4: Summary of the Raman peak position, their separation (∆k), and the corresponding 

layer number for MoS2 grown on Sapphire substrate at different locations. 

Location in the 

sample 

E2g (cm-1) A1g (cm-1) ∆k (cm-1) No. of layers  

1 384.1 403.6 19.5 monolayer 

2 384.3 403.9 19.6 

3 384.3 404.1 19.8 

4 383.6 404.7 21.1 bilayer 

5 383.6 406.2 22.6 trilayer 

6 382.1 406.7 24.6 multi-layer 

 

Table 2.5: Summary of the E2g and A1g Raman modes for the different substrates. The peak 

separation (Δk ~20 cm-1) signifies the growth of monolayer MoS2. 

Substrate E2g (cm-1) A1g (cm-1) ∆k (cm-1) 

Sapphire 384.3 403.8 19.5 

SiO2 385.9 406 20.1 

Quartz 383.8 404.1 20.3 

Si 384 404.2 20.2 

 

2.3.3.3. Photoluminescence Study 

To confirm the large-area growth of monolayer MoS2 on the sapphire substrate, position-

dependent photoluminescence (PL) studies was carried out for the same spot for which the Raman 

spectra was recorded earlier. Fig. 2.16(a) shows a digital photograph of the MoS2 layer grown on 

the sapphire substrate and Fig. 2.16(b) shows an optical microscope image of MoS2 at the marked 

regions. The corresponding PL spectra for each locations are shown in Fig. 2.16(c). From the 

Raman analysis, positions 1 to 3 correspond to monolayer MoS2 growth, while positions 4, 5, and 

6 correspond to the bilayer, tri-layer, and multi-layer MoS2 growth. In Fig. 2.16(c), the monolayer 

PL spectra (positions 1 to 3) exhibit two excitonic peaks at ~623 nm and ~665 nm and can be 

correlated to the B and the A excitons of MoS2, respectively.28  The A exciton peak is derived from 

the direct bandgap of MoS2, and B exciton peak arises from the direct gap transition between the 

TH-2338_136153008



49 |                C o n t r o l l e d  G r o w t h  o f  M o n o l a y e r  M o S 2  b y  C V D  M e t h o d  

minima of the conduction band and the lower-level valence-band maxima that is created by strong 

valence-band spin-orbit splitting at the K point30 For the position 6 (multilayer MoS2), the PL peak 

is observed at ~685.7 nm. We also observed a blue shift ~ 20.7 nm in the PL peak position of the 

monolayer with respect to the multilayer MoS2. Fig. 2.16(c) shows the comparative PL spectra 

recorded at different positions of the MoS2 grown on the Sapphire substrate. The PL intensity of 

the monolayer MoS2 was observed to be ~ 37.6 times greater than that of multilayer MoS2. This 

enhancement in the PL peak intensity and the blue shift in the PL peak position is due to the indirect 

to direct bandgap transition from bulk to monolayer, consistent with the previous reports.30 We 

also observed that, the PL intensity and peak position are almost the same for locations 1 to 3, 

which is due to the monolayer MoS2 growth (see inset of Fig. 2.16(c)). Thus, the recorded PL 

spectra at different locations confirm the growth of monolayer MoS2 outside the dark circular 

region, while it is multilayer MoS2 in the dark region.  

 

Fig. 2.16. (a) Digital photographs of MoS2 layer grown on sapphire by the CVD method (b) The optical microscope 

images of MoS2 grown on Sapphire substrate,  at the marked region of (a). (c) The PL spectra of MoS2 recorded at 

different positions shown in (b). The vertical dashed line is drawn to indicate the shift of the Raman peaks for the 

different locations. (c) Comparative PL spectra of MoS2 recorded at the different positions of the MoS2 sample. Inset 

shows the comparative PL spectra for positions 1 to 3. 

Next, we have measured the PL spectra for monolayer MoS2 on the different substrates. We 

observe a slight shift in the PL peak positions and the difference in the PL intensity from substrate 

to substrate, as shown in Fig. 2.17. To have a better understanding of the origin of the PL emission, 

we have deconvoluted each spectrum of the MoS2 sample grown on different substrates by using 
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four Gaussian peaks (see Fig. 2.17(a-d)). The summary of the peak positions in each sample is 

listed in Table 2.6. Two characteristic PL peaks, B and A0 centered at ~630 nm and ~660 nm, are 

ascribed to B exciton and neutral exciton, respectively.30 The A0 exciton peak is derived from the 

direct bandgap of MoS2, and B exciton peak arises from the direct gap transition between the 

minima of the conduction band and the lower-level valence-band maxima that is created by strong 

valence-band spin-orbit splitting at the K point.30  We also observed the presence of the A- exciton 

peak, which is understood to arise from the trions, i.e., negatively charged excitons. The trion 

emission is caused by light n-type doping of MoS2 from the substrate or from charged impurities 

in the CVD grown MoS2 .
31 In addition, we observed the presence of peak X in all the samples at 

~696 nm, and this peak is attributed to the radiative recombination of bound excitons.31  

 

 

 

 

 

 

 

 

 

Fig. 2.17: Gaussian deconvolution of the PL spectra for monolayer MoS2 grown on (a) SiO2, (b) Si, (c) Sapphire, and 

(d) Quartz substrates, respectively. 

Monolayer MoS2 grown on SiO2 substrate shows the lowest PL intensity, while that grown on a 

sapphire substrate shows the highest intensity. Additionally, there is a blue shift in the PL peak 

position for Si, Quartz, and Sapphire as compared to SiO2. Interestingly, the spectral weight of A0 

exciton peak is observed to be the highest (~54.2%) for the Sapphire substrate, while it is the 

lowest (~26.0 %) in SiO2 case, and the corresponding spectral weights of the A- is observed to be 

~30.0% and ~ 34%, respectively. The decrease in the population of A- and an increase in the 

TH-2338_136153008



51 |                C o n t r o l l e d  G r o w t h  o f  M o n o l a y e r  M o S 2  b y  C V D  M e t h o d  

population of the neutral excition A0 on Sapphire leads to the higher PL intensity as well as the 

blue shift in the PL peak position.32 We also observed that the spectral weight of the defect peak 

X is found to be highest in the case of MoS2 grown on SiO2 substrate, which is due to the presence 

of higher defect states in the samples.  

Table 2.6: Summary of the Gaussian deconvoluted PL spectra for monolayer MoS2 grown on the 

different substrates. 

 Relative weightage of PL peaks 

Substrate B-exciton  

(B) (%) 

 

A-exciton 

(A) (%) 

 

Trion 

(A) (%) 

Bound 

exciton 

(X) (%) 

 SiO2 15.2 26.0 33.2 25.6 

Si 6.5 31.2 35.4 26.9 

Quartz 6.4 37.8 41.5 14.3 

Sapphire 11.2 54.2 30.0 4.6 

 

2.3.3.4. Growth mechanism of monolayer MoS2 over various substrates  

Following the previous report by Mohapatra et al.33 large-area monolayer MoS2 film was grown 

on different substrates (Si, SiO2, quartz, and Sapphire). Monolayer MoS2 was grown mainly on 

the regions covered by a quartz mask. During the early phase of the growth, the vapor pressure of 

MoO3 is much higher than that of Sulphur at the position of the substrate as the substrate is placed 

just above the MoO3 source and Sulphur is situated at a distance of 15 cm away from the substrate, 

(see Fig. 2.18(a, b)). Therefore, at this stage, MoO3 molecules are filled in the cavity formed 

between the substrate and the quartz mask, and these molecules adhere to the surface of the 

substrate, as shown in Fig. 2.18(a). As the temperature increases, the vapor pressure of Sulphur 

will also increase. At some point, the vapor pressure of Sulphur exceeds that of MoO3, and as a 

result, the MoO3 molecules from the cavity are flushed out. Then, the Sulphur vapor and the MoO3 

molecules react on the surface of the substrate, which further leads to the growth of monolayer 

MoS2. When the vapor pressure of Sulphur is much higher compared to that of MoO3, the reaction 

stops, and consequently, the remaining MoO3 molecules from the cavity are flushed out (See Fig. 

2.18(c). It is to be noted that, multilayer MoS2 is grown at the exposed region of the substrate. As 

the substrate is placed just above the MoO3 source, the vapor pressure of MoO3 is very high, and 

thus at the exposed region, few-layer/multilayer MoS2 is formed (See Fig. 2.18(c)  
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Fig. 2.18. (a-c) Schematic illustration showing the different stages of the growth process of monolayer MoS2 film by 

the CVD method. 

2.3.4. Conclusion 

In summary, this chapter demonstrated firstly, the growth of luminescent monolayer and bilayer 

MoS2 dots with controlled size and shape by a low temperature (510-560˚C) CVD technique. The 

Raman spectra of the samples indicated the growth of the crystalline MoS2 dots array. Position 

dependent Raman profiles showed spatial non-uniformity in the layer thickness across the dots. 

We believe that the low-temperature growth of luminescent MoS2 dots array will stimulate further 

studies on its growth on the flexible substrate and its diverse range of applications in 

optoelectronics, bioimaging, and related areas. Secondly, we have demonstrated the growth of high 

crystal quality monolayer MoS2 by making a few modifications in the CVD technique. Several 

growth parameters such as the carrier gas, precursors and growth temperature were modified in 

order to understand the growth behaviors of MoS2. The precursors (MoO3 and S) were placed at 

different temperature zone in a two-zoned furnace, which gave independent heating profiles and 

offered better flexibility in the growth technique. The influence of the change in the growth 

temperature and the variation of the flow rate of the carrier gas (Ar gas) were also investigated to 

understand the effect on MoS2 growth. Thus, our study illustrates a detailed understanding of the 

nucleation mechanisms for controlled growth of monolayer MoS2. Finally, we have demonstrated 

a simple approach to grow high quality, large area continuous monolayer MoS2 film on different 

substrates by CVD growth technique. This is achieved by the use of a specially designed quartz 

mask between the MoO3 source and the substrate. We have systematically studied the Raman and 

PL properties of the as-grown MoS2 on the different substrates. The substrates have a significant 
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effect on the PL peak intensity and emission wavelength. Our results indicate that the large-area 

monolayer MoS2 grown on sapphire substrate contains fewer defects than that of the other 

substrates. This synthesis method opens up possibility of the large production of high quality 

continuous MoS2 films with control of their thicknesses, which can further be applied in the 

fabrication of optoelectronic devices. 
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Chapter 3 

Direct CVD Growth of Monolayer MoS2 on TiO2 Nanorods 

and Evidence for Doping Induced Strong 

Photoluminescence Enhancement 
 

This chapter presents a simple one-step direct synthesis process of 1L-MoS2 film by a CVD 

method over hydrothermally prepared TiO2 nanorods (NRs). The photoluminescence (PL) 

intensity of the 1L-MoS2@TiO2 heterostructure (HS) is dramatically high as compared to that of 

the bare 1L-MoS2. This enhancement is understood as a consequence of p-doping and the 

conversion of trions to neutral excitons. PL and Raman spectra showed the p-doping effect that 

occurred through the charge transfer between the 1L-MoS2 and TiO2 NRs. For further verification 

about the p-doping in the MoS2 lattice, a mild oxygen plasma was used to treat the samples, which 

confirms the doping through the oxygen bonding and charge transfer between MoS2 and TiO2 

interface. This study offers a novel route to grow a core-shell HS of 1L-MoS2 and TiO2 NRs for 

strong enhancement of PL promising future practical applications.  

3.1. Introduction 

Among semiconducting transition metal dichalcogenides (TMDs), monolayer molybdenum 

disulfide (1L-MoS2) has drawn intense research attention due to its direct bandgap of ~1.90 eV,1-

2 which leads to strong PL emission and strongly enhanced optoelectronic response in its 

monolayer form. To control the optical properties of 1L-MoS2, some of the most effective 

approaches are tuning the carrier density,3-5 and by forming vertical heterostructures (HSs) with 

other materials (plasmonic, TMDs, etc.).6-7 1L-MoS2 is usually intrinsically n-type and further n-

doping leads to the quenching of PL, while p-doping results in the PL enhancement.3, 5-6, 8 With 

the proper utilization of the various intrinsic structural defects, such as vacancies, dislocations, 

grain boundaries, and edges in both pristine/as-grown MoS2,
9-10 tuning and improvement of the 

optical properties of 1L-MoS2 is highly desirable. Furthermore, the MoS2 based nano-

heterostructures with large bandgap (UV active) semiconductors, e.g. ZnO and TiO2, are widely 

reported to form type-II heterojunction at their interfaces, facilitating the charge separation and 

reduced PL emission. In particular, MoS2/TiO2 based nanocomposites show great potential in the 

areas of both photocatalysis and rechargeable lithium/sodium ion batteries due to their superior 
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catalytic properties. In addition to the low-cost, abundance, and high chemical stability of both 

MoS2 and TiO2, MoS2/TiO2 composites also show complementary advantages. Thus, these type-

II HSs exhibit enhanced photocatalysis for energy and environmental applications.11-13 However, 

most of these studies have reported on the growth of multilayer MoS2 on TiO2, both grown by 

typical wet chemical methods. In these kinds of HSs, the PL emission is very low because of the 

indirect bandgap of the multilayer MoS2. Kim et al.14 have recently grown ZnO thin-film-based 

HS with 1L-MoS2 and demonstrated a PL enhancement up to ∼17 times over the pristine 1L-

MoS2. This enhancement was explained based on the conversion of trions to neutral excitons 

because of the charge exchanges through the interfaces, which induces p-doping in the MoS2 

lattice. They prepared ∼50 nm thick ZnO film on the quartz substrate by the sol−gel method and 

made the heterojunction with the chemical vapor deposition (CVD)-grown 1L-MoS2 film after 

transferring it through the typical wet transfer method. However, the transfer method may 

introduce additional defects and impurities in the 2D material, which is often not desirable. In this 

chapter, we show a simple one-step direct synthesis process of the 1L-MoS2 film by a CVD method 

over the hydrothermally prepared TiO2 nanorods (NRs). The PL intensity of 1L-MoS2 is 

dramatically enhanced after the formation of the HS. This enhancement is explained in terms of 

p-doping of 1L-MoS2 layer and the conversion of trions to neutral excitons.  

3.2. Experimental Details 

3.2.1. Sample Preparation 

3.2.1.1. Preparation of vertically aligned TiO2 NRs on FTO substrate 

In a typical synthesis, 25 mL of Milli-Q water was mixed with 25 mL of concentrated hydrochloric 

acid (HCl) (36.5% to 38% by weight) to reach a total volume of 50 mL in a Teflon-lined stainless 

steel autoclave (model: BR100, Bergh of Instrument Co.). The mixture was stirred at ambient 

conditions for 5 min before the addition of 1 mL of titanium butoxide (97%, Sigma-Aldrich). After 

stirring for another 5 min, one piece of fluorine-doped tin oxide (FTO) substrate (dimension 

~1cm×4cm, surface resistivity ~7 Ω/mm2, Sigma-Aldrich), ultrasonically cleaned for 60 min in a 

mixed solution of deionized water, acetone, and 2-propanol with volume ratios of 1:1:1, was 

placed at an angle against the wall of the Teflon-liner with the conducting side facing down. The 

hydrothermal synthesis was conducted at 150 °C for 17 hrs in an autoclave. Finally, the autoclave 

was allowed to cool naturally to room temperature, and the FTO substrate was taken out, rinsed 
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extensively with deionized water, and allowed to dry in ambient air to get a uniformly coated TiO2 

film on the FTO substrate. 

3.2.1.2. Growth of monolayer MoS2 shell over TiO2 NRs 

1L-MoS2 were directly grown on the TiO2 NRs by the CVD process using a two zone furnace. 

High-purity MoO3 and S powder were used as precursors and placed inside a 2-inch quartz tube-

based horizontal muffle furnace at the center of their respective zones. The hydrothermally grown 

TiO2 NRs were then placed face down on top of the quartz mask with a circular opening, which 

were then put on top of the boat containing MoO3 precursor. The experiment was carried out at 

700 °C for 5 min, in a high purity Ar gas environment. Then, the furnace was then allowed to cool 

down to room temperature, thus, resulting in the growth of monolayer MoS2 shell over TiO2 NRs. 

Further details of the growth is described in Chapter 2, Section 2.3.2. To assess the crystal 

structure of the heterostructure, micro-Raman analysis was performed.  

3.2.3. Characterization Techniques 

The crystal structure of the as-grown samples has been obtained from X-ray powder diffraction 

(XRD) pattern (Rigaku RINT 2500 TTRAX-III, Cu kα radiation). Crystallinity, number of layers, 

phase, defects etc. in the as-grown MoS2, as well as the phase composition and crystallinity of as-

synthesized TiO2 NRs, have been studied by high-resolution micro-Raman spectroscopy (LabRam 

HR800, Jobin Yvon) with excitation wavelength (λex) 488 nm (Ar ion laser). The excitation laser 

beam (1.5 mW) was focused with a 100X objective lens to a spot size 1 μm, which discards the 

possibility of laser heating induced damage to the sample. The signal was collected by a CCD in 

a backscattering geometry sent through a multimode fiber grating of 1800 grooves mm−1. 

Morphology, size, and microstructural properties of the as-synthesized TiO2 NRs have been 

studied using a field emission scanning electron microscope (FESEM) (Sigma, Zeiss). The high 

magnification surface morphology and structures of the pristine MoS2 and MoS2@TiO2 HS have 

been studied by a field emission transmission electron microscope (FETEM) (JEOL-JEM 2010 

operated at 200 kV). Samples for TEM analysis have been prepared on a carbon-coated Cu grid 

of 300 mesh (Pacific Grid, USA). UV-Vis diffuse reflectance spectroscopy (DRS) measurements 

of the samples were recorded using a commercial spectrophotometer (PerkinElmer, UV win Lab). 

Some of the MoS2@TiO2 HS samples were exposed to oxygen plasma at a low power (18W) 

(Harrick plasma, USA). 
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3.3. Results and Discussion 

3.3.1. Morphology Studies 

The typical morphology and microstructural properties of the as-grown TiO2 NRs were first 

characterized by FESEM. Fig. 3.1(a) depicts the top-view FESEM image of pure rutile TiO2 NRs 

with diameter ~ 70-240 nm and lengths up to ~1 μm, while the inset shows its enlarged view, 

which reveals the nearly vertical growth of NRs with a uniform diameter. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: FESEM images of pristine TiO2 NRs: (a) top view and (b) cross-sectional view. The inset of (a) shows its 

enlarged view.  

 Fig. 3.1(b) shows the cross-sectional view of the vertical TiO2 NRs grown on the FTO substrate. 

Considering the as-grown TiO2 NRs as a substrate, large-area monolayer MoS2 has been grown 

over TiO2 NRs via a chemical vapor deposition (CVD) method. The as-grown monolayer MoS2 

shell over the TiO2 core is atomically thin and thus hard to resolve by the FESEM technique.  

FETEM was employed for further characterization of the structures and surface morphologies of 

the HS. The TiO2 NRs possess a broad distribution in diameter 90-290 nm. Fig. 3.2(a) depicts a 

typical FETEM image of a TiO2 NR with diameter of ~200 nm and length ~1µm, which is in good 

agreement with FESEM analysis. Fig 3.2(b) represents the enlarged view of the top portion of the 

TiO2 NR. The HRTEM lattice fringe pattern of TiO2 NR is shown in Fig. 3.2(c). The lattice fringe 

spacing of 0.32 nm corresponds to the lattice constant of (110) planes (see Fig. 3.2 (c)).The TEM 

image in Fig. 3.2(d,e) shows a shell of monolayer MoS2 over the TiO2 NR core, confirming the 

core-shell growth of MoS2@TiO2 HS. From the HRTEM image of MoS2@TiO2 HS, as shown in 
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Fig. 3.2(f), it is observed that the MoS2 shell thickness is ~ 0.60 nm, which corresponds to the 

monolayer MoS2.  

 

Fig. 3.2: (a) TEM image of a TiO2 NR, (b) its enlarged view, (c) HRTEM lattice fringe pattern of the selected region 

for TiO2 NR shown in (b). The inset in (c) shows the corresponding SAED pattern. (d) TEM image of TiO2 NR having 

a monolayer MoS2 shell over it, (e) Magnified view of the selected region for 1L MoS2 on TiO2 NR shown in (d), (f) 

HRTEM lattice fringe pattern of MoS2@TiO2 HSs at the selected region shown in (e). The Inset shows the 

corresponding SAED pattern 

To further confirm the surface covering of monolayer MoS2 as a shell over the TiO2 NRs as core, 

scanning transmission electron microscope (STEM) analysis and energy dispersive X-ray 

spectrometry (EDS) mapping of the MoS2@TiO2 HS were conducted. The EDS pattern of 

MoS2@TiO2 HS shows that the system is composed of Ti, O, Mo, and S, as expected. Fig. 3.3(a) 

shows a STEM image of MoS2@TiO2 HS on which elemental mapping analysis was performed. 

The EDX elemental mapping reveals that the core of the HS is composed of Ti and O elements, 

as shown in Fig. 3.3(b,c). Fig. 3.3(d,e) exhibits the elemental mapping for Mo and S, respectively, 

which supports our assertion that a continuous MoS2 film grows over the TiO2 platform as an outer 

layer. Fig. 3.3(f) shows the corresponding atomic percentage of all the elements, which reveals 

the S deficiency i.e., the presence of S-vacancy in MoS2 in the HS sample. 
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Fig. 3.3: (a) Scanning TEM image and (b-e) energy dispersive X-ray spectroscopy (STEM-EDX) elemental mapping 

results of core-shell 1L-MoS2@TiO2 HS showing the presence of different elements. (f) The atomic percentage of the 

respective elements in the HS as determined from EDX.  

3.3.2. Structural Analysis 

3.3.2.1. XRD Analysis 

The XRD patterns were recorded to confirm the structure, phase, and crystallinity of MoS2, TiO2, 

and their HSs, as shown in Fig. 3.4. No diffraction pattern was detected for atomically thin pristine 

monolayer MoS2, but for few-layer MoS2, only one peak (labeled with a "*" mark) was observed 

at 2θ ≈ 14.3°, which can be ascribed to the (002) planes of crystalline MoS2. The hexagonal MoS2 

with a = b = 0.316 nm and c = 1.230 nm is in good agreement with the JCPDS card no. 37-1492. 

All the XRD peaks for TiO2 NRs (labeled with "•" mark) match the standard peak value with the 

rutile phase of TiO2 (JCPDS card no. 78-1510). Additional peaks detected in the TiO2 system 

correspond to the standard FTO related peaks, labeled with "●" mark. It is noteworthy that no 

diffraction peak is detected in the case of 1L-MoS2@TiO2 HS, which may be due to the ultrathin 

layer of the MoS2 shell (thickness ~ 0.59 nm) on the TiO2 NRs, as evidenced from the HRTEM 

and Raman analyses.  

 

 

 

TH-2338_136153008



61 |                        D o p i n g  I n d u c e d  S t r o n g  P L  E n h a n c e m e n t  i n  M o S 2 @ T i O 2  H S  

 

 

 

 

 

 

 

 

 

Fig. 3.4. XRD patterns of MoS2 powder, pristine TiO2 NRs and 1L-MoS2@TiO2 HS. The curves are shifted vertically 

for clarity of presentation. 

3.3.2.2. Raman Analysis 

Micro-Raman measurements were performed on the as-synthesized bare 1L-MoS2, vertical TiO2 

NRs, and 1L-MoS2@TiO2 core-shell HS, grown on FTO coated glass substrate. Fig. 3.5(a) 

represents the comparison of Raman spectra for the samples. The growth of monolayer MoS2 in 

both the pristine MoS2 and MoS2@TiO2 HS is evidenced from the frequency difference (Δk) of 

characteristic Raman bands (E2g and A1g), which are estimated to be 19.94 and 20.80 cm-1, 

respectively (see Table 3.1). Both the pristine MoS2 and its HS exhibit two major characteristic 

Raman modes of MoS2: E2g and A1g, associated with the in-plane vibration of two S atoms with 

respect to the Mo atoms and out-of-plane vibration of only S atoms in opposite directions with 

respect to the Mo atoms, respectively.15 For the TiO2 NRs, there are three Raman active phonon 

vibrational modes at 237 cm-1, 442 cm-1, and 610 cm-1 corresponding to the B1g, Eg, and A1g modes, 

respectively, corresponding to pure rutile TiO2. The Raman spectrum of HS is composed of the 

Raman peaks of both MoS2 and TiO2, confirming their co-existence in the HS. Lorentzian line 

shape was fitted for the E2g and A1g bands of 1L-MoS2 and Eg band of TiO2 for both cases, as 

shown in the Fig. 3.5(b-d). 
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Fig. 3.5. (a) Comparison of the Raman spectra of pristine 1L-MoS2, TiO2 NRs and 1L-MoS2@TiO2 HS. (b-d) The 

Lorentzian fittings of the spectra in the range of 340-520 cm-1 for pristine 1L-MoS2, TiO2 NRs, and 1L-MoS2@TiO2, 

respectively. The symbol ‘*’ indicates the additional peak corresponding to O–Mo–O bonding. The vertical dotted 

line in each case shows the blue shift in the Eg Raman band of TiO2. 

 The Eg mode, a major characteristic Raman mode for TiO2, shows a blue shift by 2 cm-1 in the 

HS with respect to that of pristine TiO2 NRs, which may be due to the compressive lattice strain 

induced by the coated 1L-MoS2 film over its surface as an outer layer.12 The doping state of 1L-

MoS2 is also known to be represented by shift of the A1g mode due to strong electron-phonon 

coupling along the c-axis.5, 14-15 Here, we observed a relative blue shift of the A1g peak of 1L-MoS2 

in the HS by ~0.8 cm−1 with respect to that of the pristine 1L-MoS2, while a negligible shift was 

detected in E2g peak. It can be inferred that the blue shift in A1g mode is due to the decrease in the 

electron density, which may be caused by the electron depletion through the hetero-junction of the 

HS,16 causing an effective p-doping effect in the 1L-MoS2 in the HS. There is an additional peak 

appearing at 821cm-1 in the HS Raman spectrum (see Fig. 3.5(a), marked with ‘*’) that may be 

attributed to the O–Mo–O bonding. 
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Table 3.1: Summary of the Raman modes, their separation (∆k) for 1L-MoS2 and 1L-MoS2@TiO2 

HS. 

 Raman modes 

Sample E2g (cm-1) A1g (cm-1) ∆k (cm-1) 

1L-MoS2 387.5 407.4 19.9 

1L-MoS2@TiO2 387.4 408.2 20.8 

 

3.3.3. Optical Analysis 

3.3.3.1. UV-Vis Absorption Study 

To investigate the optical absorption spectra, the as-prepared samples were analyzed by UV-

visible diffuse reflectance spectroscopy (DRS). Fig. 3.6 shows the Kubelka-Munk (K-M) function 

F(R) plot of the respective samples corresponding to their reflectance spectra. Inset shows the 

magnified view of the spectra in the selected region of 560-720 nm, clearly revealing the different 

absorption modes of MoS2. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Kubelka–Munk plot of different samples derived from the diffuse reflectance spectra. Inset shows the 

magnified view. A, B, C, and D represent the characteristic excitonic absorption bands of the 1L-MoS2. 

 The spectrum for pristine few-layer MoS2 shows the intrinsic A and B excitonic absorption bands 

at 663.5 nm and 609 nm, respectively.17 In addition, we can clearly observe the C peak at 431.4 

nm. The A and B peaks are associated with optical absorption by band-edge excitons, and the C 

absorption peak is assigned to the direct transition from the deep valence band to the conduction 
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band.17 In the MoS2@TiO2 HS, besides the strong UV absorption by the TiO2 core, all the 

characteristic MoS2 absorbance peaks are detected with a much lower intensity indicating the 

uniform growth of atomically thin monolayer MoS2 over TiO2. It is noteworthy that peak A is 

observed to be slightly blue-shifted and detected at 657.1 nm, perhaps due to the quantum 

confinement effect as the layer number decreases from few layer to monolayer after the formation 

of HS with TiO2. 

3.3.3.2. Photoluminescence Study 

Fig. 3.7(a) shows a comparison of the PL spectra of pristine1L-MoS2 and 1L-MoS2@TiO2 HS, 

measured at room temperature. The PL peak intensities for the pristine 1L-MoS2 and 1L-

MoS2@TiO2 HS are measured to be ~1.5k and ~120k counts, respectively, as shown in Fig. 3.7(a). 

Thus, the formation of single-layer MoS2 shell over the TiO2 NRs provides about 80 fold, i.e., 

nearly two orders of magnitude enhancement in the PL intensity of 1L-MoS2 compared to its 

pristine counterpart. Additionally, the PL spectrum was notably blue shifted by ~12 nm in the case 

of HS, as compared to that of pristine 1L-MoS2. To understand the origin of the PL emission, we 

have deconvoluted the spectra of as-grown 1L-MoS2 and 1L-MoS2@TiO2 HS by fitting them with 

a few Gaussian peaks: the neutral exciton (A), negative trion (A−), B exciton, and the bound 

exciton (X) (Fig. 3.7(b) and 3.7(c)). The summary of the spectral weight of each of the individual 

peaks for both the samples is presented in Table 3.2. The A exciton peak is derived from the direct 

bandgap of MoS2, while B excitation peak arises from the direct bandgap transition between the 

minima of the conduction band and the lower-level valence band maxima, formed by the strong 

valence-band spin-orbit splitting at the K point in the Brillouin Zone18 . The A- exciton peak, which 

is understood as the transition from the trions, is caused by light n-type doping from the substrate 

or charged impurities in the CVD grown monolayer MoS2 film,19 and the X exciton peak is 

attributed to the radiative recombination of bound excitons.20 Interestingly, after the formation of 

the HS, the spectral weight of A exciton peak increased from 41% to 76%, while that of the trion 

decreased from 23% to nearly 0%, as shown in Fig. 3.7(b,c) and Table 3.2. The transition due to 

the defect bound excitons (X) also decreases from ~17% to ~12% after the formation of HS, 

confirming the lower defect density in the 1L-MoS2 grown on TiO2.  
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Fig. 3.7: (a) Comparative PL spectra of pristine 1L-MoS2 and 1L-MoS2@TiO2 at room temperature (RT). Inset shows 

the Comparative PL spectra of pristine 1L-MoS2 and 1L-MoS2@TiO2 in the range 720-950 nm (b, c) Gaussian 

deconvolution of RT PL spectra of pristine MoS2 and MoS2@TiO2 HS, respectively. 

 

When the heterojunction is formed between the MoS2 and TiO2, the excess electrons present in 

the intrinsically n-type 1L-MoS2 transfer to the TiO2 side through the interface due to their 

particular band alignment.14 Therefore, this depletion of excess electrons introduces an effective 

p-type doping in the 1L-MoS2, as evidenced from the blue shift of Raman and PL spectra, which 

switches the PL process from trion recombination to exciton recombination, leading to an 

enormous PL enhancement by the 1L-MoS2 shell. Note that the pristine TiO2 NRs show a weak 

near-infra-red (NIR) PL emission at ~810 nm, which is attributed to the Ti-interstitial defects.21 

The PL spectrum corresponding to the rutile TiO2 NRs is observed to be increased marginally 

after the formation of MoS2@TiO2 HS, as shown in the inset of Fig. 3.7(a). This may be due to 

the recombination of excess electrons from the Ti-interstitial defect states of TiO2. After migrating 

from the MoS2 side, the excess electrons may reach the Ti-interstitial state through thermal 

relaxation.   

 The heterojunction between MoS2 and TiO2 usually forms a type-II HS, which facilitates 

efficient transfer of the photoexcited electrons from MoS2 side to TiO2 side, usually resulting in 

PL quenching.22 On the contrary, in our case, the charge transfer at the interface most likely occurs 

through the trions, i.e., the excess electrons in intrinsically n-type 1L-MoS2, while the neutral 

excitons are not parted. This can be realized from the much higher binding energy of neutral 

exciton, 0.5-0.9 eV than that of the trion ~30 meV, generated in the 1L-MoS2 by the 
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photoexcitation. Thus, analogous to the typical chemical p-doping process, which converts light-

inefficient trions to light-efficient excitons, it may be argued that the controlled interfacial charge 

transfer induces a p-doping effect, resulting in the giant enhancement of PL.14 Additionally, CVD 

growth process generally induces various structural defects in the monolayer MoS2. Thus, such 

structural defects in the 1L-MoS2 shell grown by a CVD method over the TiO2 core is expected, 

which is consistent with the STEM elemental composition showing a lower concentration of S, 

indicating S vacancies. Therefore, oxygen and water molecules adsorbed from the atmosphere can 

occupy the S vacancy sites and/or oxygen in the TiO2 lattice may form O-Mo-O or Mo=O bonding, 

which eventually introduces p-type doping in the MoS2 film, as compared to pristine 1L-MoS2. 

Thus, we believe that the p-doping in1L-MoS2@TiO2 HS leads to the conversion from negative 

trion to neutral exciton,19 which enhances the PL intensity enormously. 

Table 3.2: Summary of the Gaussian deconvoluted PL spectra showing various species for 1L-

MoS2 and 1L-MoS2@TiO2 HS. 

 

 PL peaks  

Sample B-

exciton 

(B) (%) 

A-exciton 

(A) (%) 
trion (A) 

(%) 

bound 

exciton 

(X) (%) 

1L-MoS2 18.5 40.8 23.3 17.4 

1L-MoS2@TiO2 11.6 76.3 0 12.1 

 

 To understand the relative contribution of non-radiative and radiative processes, low-

temperature PL measurements were carried out for both 1L-MoS2 and 1L-MoS2@TiO2 and the 

results are shown in Fig. 3.8(a,b). It is clear that the PL intensity is considerably enhanced at low 

temperatures for the pristine 1L-MoS2 sample. A 50X objective lens was used to focus the laser 

beam and to collect the PL signal at temperatures from 83 K to 287 K in a low-temperature Linkam 

stage. The temperature dependence of PL intensity IPL (T) can be expressed by the equation:19, 23  

IPL(T) =
ILT × Krad(T)

Krad(T) + Knonrad(T)
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where ILT is the PL intensity at very low temperature, Krad(T) and Knonrad(T) are the temperature- 

dependent radiative and nonradiative recombination rates, respectively. The nonradiative 

recombination rate is reported to be related to the defect trapping rate and electron relaxation 

within the conduction and valence band of a semiconductor.18 Most of the semiconducting 

materials possess extremely low quantum efficiency of emission at higher temperatures due to the 

higher rate of nonradiative recombination activated with the thermal energy.   

 

 

 

 

 

 

 

 

 

Fig. 3.8. Low-temperature PL spectra for (a) pristine 1L-MoS2 and (b) 1L-MoS2@TiO2 core-shell HS, taken from 83 

to 300 K at a regular interval. The inset in each case shows the temperature dependence of the PL intensity. 

In the present case, when the temperature increases from 83 K to 300 K, due to the nonradiative 

recombination, the PL intensity of the pristine 1L-MoS2 is reduced by ∼86%, as shown in Fig.  

3.8(a) and its inset. Surprisingly, for the same change in temperature, the PL intensity of 1L-

MoS2@TiO2 HS is observed to be reduced to only by ∼17%, as shown in Fig. 3.8(b). Thus, it can 

be argued from the above equation that the nonradiative recombination rate of the excitons in case 

of 1L-MoS2@TiO2 HS is almost negligible and the PL emission is mostly dominated by radiative 

recombination.14, 24 This may also be one of the major reason for enormous PL enhancement at 

1L-MoS2 in MoS2@TiO2 HS. Further, it was observed that the nonradiative rate becomes nearly 

7 times stronger than the radiative rate at room temperature for the case of pristine 1L-MoS2, while 

it is quite small for the HS sample. Thus, no significant quenching of PL is observed with the 

increase of temperature for the HS sample, which is very significant for its display application. 
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3.3.4. Effect of Oxygen Plasma Treatment 

3.3.4.1. Raman Analysis 

To have a more detailed understanding of the mechanism of giant PL enhancement, oxygen plasma 

treatment was carried out for the pristine 1L-MoS2 and 1L-MoS2@TiO2 HS for various time 

durations.  

 

 

 

 

 

 

 

 

 

Fig. 3.9. Raman spectra of (a) pristine and oxygen plasma-treated 1L-MoS2 and (b) pristine and oxygen plasma-

treated 1L-MoS2@TiO2, for different plasma exposure time: 0-60s. In the case of the untreated sample, the inset shows 

a magnified view of the spectrum in the range of 740-1010 cm-1. It reveals the evolution of a new peak (marked by 

symbol ‘’) after the plasma treatment. The vertical dotted lines indicate the shift in the Raman mode of MoS2 with 

the plasma exposure time.  

Fig. 3.9(a) shows the Raman spectra of the oxygen plasma-treated 1L-MoS2 sample irradiated up 

to 60 sec. It is noteworthy to observe that the E2g mode is not affected much, while the A1g mode 

~408 cm−1 is blue-shifted monotonically with increasing the oxygen plasma exposure time. This 

is a clear indication of an effective p-doping in the MoS2 lattice by oxygen bonding during the 

plasma treatment.25 With the more prolonged exposure of 1L-MoS2 to the oxygen plasma, the 

position of the A1g peak does not shift further, but the Raman intensity starts decreasing, implying 

the degradation of the film quality. Fig. 3.9(b) shows the Raman spectra of oxygen plasma-treated 

1L-MoS2@TiO2 HS for different durations of treatment (0-60 s). Note that due to the plasma 

treatment, the Raman peak intensity is gradually reduced with the plasma exposure time, though 
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peak positions for E2g and A1g modes are unchanged. The reduced peak intensity signifies the 

gradual degradation of MoS2 film quality. Thus, after the growth of 1L-MoS2 shell over the TiO2 

NRs, the MoS2 layer becomes optimally p-doped and no further doping is observed even after the 

oxygen plasma treatment. Interestingly, we observed a systematic increase in the peak intensity 

for a peak at ~820 cm-1 and an additional peak at ~994cm-1 is observed to be evolving with 

increasing the plasma irradiation time, corresponding to the O–Mo–O and Mo=O bonds of 

molybdenum oxides (see Fig. 3.9(b)).26 These results clearly indicate the p-doping of the 

underlying MoS2 layer in the HS sample.  

3.3.4.2. Photoluminescence Study 

To further investigate the origin behind the strong PL enhancement in the MoS2@TiO2 

HS, the PL spectra of both the pristine MoS2 and 1L-MoS2@TiO2 HS were recorded after oxygen 

plasma treatment for various time durations and analyzed. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10. (a) Variation of PL spectra of 1L-MoS2 as a function of the oxygen plasma exposure time duration. (b) The 

variation in PL intensity as a function of plasma exposure time. (c,d)  Gaussian deconvoluted PL spectra of 1L-MoS2, 

after the 60s and 120s oxygen plasma treatment, respectively. The symbols for different fitted peaks are explained in 

the text. 
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Fig. 3.10(a) shows a comparison of PL spectra for pristine 1L-MoS2, before and after O2 plasma 

treatment. The PL intensity is observed to be increased with plasma exposure time up to 60sec, 

and then it decreases gradually, as shown in Fig. 3.10(b). Fig. 3.10(c,d) shows the Gaussian 

deconvolution of the PL spectra of 1L-MoS2 after oxygen plasma exposure for different time 

durations: 60 sec and 120 sec, respectively. As the plasma irradiation is reported to introduce S-

vacancies in the pristine 1L-MoS2,
20 the MoS2 film is p-doped in the course of plasma treatment 

by the adsorption of oxygen molecules at the vacancy sites, which push away the electrons from 

the MoS2. Therefore, the trion contribution is suppressed and hence the neutral exciton emission 

dominates, which results in the overall increase of PL emission and the blue shift of the A exciton 

peak. When the irradiation time exceeds 60 sec, we observed a systematic drop in the PL intensity 

(as shown in Fig. 3.10(b)). Thus, at 60 sec plasma irradiation, the doping concentration may reach 

the optimum value, and beyond which, excessive defects are created by the plasma, which 

degrades the characteristic properties of MoS2, consistent with the Raman analysis. After 120 sec 

of plasma irradiation, the defect induced X peak contribution is maximum in the PL, while A and 

A- peaks decrease markedly in weight, as shown in Table 3.3. 

Fig. 3.11(a) depicts a comparison of PL spectra of 1L-MoS2@TiO2 HS before and after oxygen 

plasma treatment for various time durations. With the increase in plasma treatment time, PL 

intensity decreased monotonically, as shown in Fig. 3.11(b). To understand the change in spectral 

profile with plasma treatment, each spectrum was deconvoluted. Fig. 3.11(c,d) shows the 

Gaussian deconvolution of the PL spectra for oxygen plasma exposure times: 30 sec and 60 sec, 

respectively. Due to the negligible contribution of trion A- in the as-grown MoS2@TiO2 HS (see 

Table 3.2), no significant conversion of A- to A exciton emission is detected after the plasma 

treatment. However, the contribution of the defect induced X peak increases substantially in the 

HS with the plasma treatment time, which implies the deterioration of the MoS2. As a result, the 

overall intensity goes down with plasma exposure of the HS sample.  
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Fig. 3.11. (a) A comparison of PL spectra of 1L-MoS2@TiO2, as-grown, and after oxygen plasma treatment with 

various duration. (b) The change in PL intensity of 1L-MoS2@TiO2 with plasma exposure time. (c,d) Gaussian 

deconvolution of PL spectra of 1L-MoS2@TiO2, after the 30s and 60s oxygen plasma treatment, respectively. The 

symbols for different fitted peaks are explained in the text. 

Table 3.3: Change in different peak contributions in PL with the oxygen plasma treatment for 

different time durations in pristine 1L-MoS2 and 1L-MoS2@TiO2 HS 

 

Sample 

 

Plasma 

exposure 

time 

B-exciton 

(B) (%) 

A-exciton 

(A) 

(%) 

trion (A) 

(%) 

bound 

exciton (X) 

(%) 

MoS2 0s 18.5 40.8 23.4 17.3 

60s 4.7 73.0 10.2 12.1 

120s 12.0 58.8 10.9 18.3 

1L-MoS2@TiO2 0s 11.6 76.3 0 12.1 

30s 10.8 75.1 0 14.1 

60s 12.0 73.5 0 14.5 
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3.4. Conclusion 

In this chapter, monolayer MoS2 shell was deposited by a direct CVD process on the 

hydrothermally grown vertical TiO2 NRs, forming a MoS2@TiO2 core-shell structure. A strong 

enhancement in PL intensity (by nearly two orders of magnitude) at room temperature in the 1L-

MoS2@TiO2 NR HS is demonstrated here, for the first time. The formation of 1L-MoS2@TiO2 

core-shell HS was confirmed by the Raman and HRTEM analyses. The observed strong PL 

enhancement is explained based on oxygen bonding induced heavy p-doping in MoS2 lattice, 

which suppresses the trion emission and increases in neutral exciton emissions. Low-temperature 

PL measurement on the HS sample indicates the suppression of nonradiative recombination of 

excitons at the MoS2, which eventually boosts the PL emission at room temperature. Finally, 

oxygen plasma irradiation was performed on pristine MoS2 and MoS2@TiO2 HS samples to verify 

the p-doping through the oxygen bonding at the defect sites in MoS2, resulting in the enhancement 

of PL. Our results provide a new and easy way to fabricate MoS2 based heterostructure and tune 

the optical properties of MoS2 to realize its practical applications in optoelectronic or 

nanophotonic devices. 
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Chapter 4 

Exciton-Plasmon Coupling and Giant Photoluminescence 

Enhancement in Hierarchical designed TiO2/Au/MoS2 

Ternary Core-Shell Heterostructure 
 

In this chapter, we demonstrate a dramatically enhanced photoluminescence (PL) emission from 

the large-area monolayer MoS2 grown over an array of plasmonic gold nanoparticles (NPs) coated 

over hierarchical TiO2 nanostructures forming a core-shell TiO2/Au/MoS2 hybrid structure, where 

the PL intensity is enhanced by about three orders of magnitude, highest among the reported 

values. The formation of ternary core-shell heterojunction is evidenced from the high resolution 

transmission electron microcopy and Raman analyses. Localised surface plasmon resonance 

induced enhanced adsorption in the system was revealed from the UV-vis absorption spectroscopy. 

The observed giant PL enhancement in 1L-MoS2 is resulting from two major aspects: firstly, the 

heavy p-doping of the MoS2 lattice caused by the transfer of the excess electrons from the MoS2 

to TiO2 at the interface, which enhances the neutral exciton emissions and restrained the trion 

emissions. Secondly, the localized surface plasmon in Au NPs underneath the 1L-MoS2 film 

initiates exciton-plasmon coupling between excitons of the 1L-MoS2 and surface plasmons of the 

Au NPs at the MoS2/Au interface. The PL and Raman analyses further confirms the p-doping effect 

and the enhanced light emission of the heterostructures. This work suggests an easy, novel and 

rational pathway for the effective improvement in the PL enhancement of 1L-MoS2, and this 

attempt may direct to the next generation optoelectronic applications. 

4.1. Introduction 

Several strategies have been explored in the past few years in order to enhance the characteristic 

PL emission of 1L-MoS2 including defect engineering, electrical as well as chemical doping and 

fabricating a vertical heterojunction of 1L-MoS2 with other TMDs, semiconductor or metal.1-3 In 

the previous chapter, we have demonstrated enhanced PL emission from 1L-MoS2 shell grown by 

in-situ CVD technique over TiO2 nanorods. The PL enhancement was explained on the basis of 

the conversion of trion to neutral exciton due to the interfacial carrier exchange, leading to a p-

doping effect in the MoS2 lattice. Over the decades, hierarchical core@shell nanoheterostructures 

have been extensively studied for the remarkable synergistic effects and multifunctional 
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applications, including enhanced chemical functionalization, encapsulation of the reactive core 

with a nonreactive shell, leading to the superior and novel optical and catalytic properties.4-6 In 

plasmonic excitation, free electrons in metals enable the creation of electric field and its 

confinement in the vicinity of the metal NPs. Depending on NP’s shape, size, contact angle and 

dielectric constant of the surrounding medium, a localized surface plasmon resonance (LSPR) 

occurs around the metal NP in order to modulate the optical properties of the system. The 

core@shell heterojunctions with monolayer MoS2 shell and metallic NPs (Au/Ag) as functional 

core have been investigated extensively for their impressive performance in a variety of 

applications such as photodetectors, light emitting diodes (LEDs), surface enhanced Raman 

spectroscopy (SERS), and bioimaging.7 Though, Au/Ag NP based core@shell heterojunction with 

monolayer TMD as shell has been thoroughly investigated, fabrication of core@shell 

heterojunction in the vicinity of a 3rd semiconducting material with different dielectric constant 

has not been reported earlier and may be of great interest in modulating the optical properties of a 

TMD system. In the present chapter, we report a novel approach to achieve giant enhancement in 

the PL emission of CVD grown 1L-MoS2 considering plasmonic NPs coated 3D-TiO2 

nanostructures (NSs) as substrate. Results show that this hybrid structure allows a strong 

interaction between the incident light and 1L-MoS2 leading to a giant enhancement in PL intensity 

compared to pristine 1L-MoS2 at room temperature. We compare the performance of Ag and Au 

plasmonic nanoparticles in the enhanced PL emission and elucidate the role of exciton-plasmonic 

coupling in the strongly enhanced PL emission from 1L-MoS2 grown on a plasmonic substrate. 

4.2. Experimental Details 

4.2.1. Sample Preparation 

4.2.1.1. Preparation of hierarchical TiO2 Nanostructures on Titanium Foil 

Titanium (Ti) foil was used as-received from Sigma-Aldrich (99.7%) for the growth of hierarchical 

TiO2 nanostructures (NSs) considering the Ti foil as source material and substrate. Typically, a 

clean square piece of Ti foil (thickness ≈ 0.127 mm) after a thorough wash with acetone, 2-

propanol and de-ionized (DI) water was heated in ∼18% aqueous HCl solution at 90 °C to remove 

the oxide layer and additional impurities from its surface. The Ti foil was then dried with inert 

atmosphere and immersed in previously prepared 50 mL of 20 mM aqueous HF solution and 

transferred to a Teflon-lined stainless steel autoclave (Berghof, BR-100) and treated at 150 °C for 
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8 h. Then the autoclave was allowed to cool down naturally and the treated Ti foil was gently 

rinsed with DI water and dried at 80 °C in air to get hierarchical TiO2 NSs uniformly grown on the 

Ti substrate.  

4.2.1.2. Growth of Au/Ag nanoparticles 

An ultra-thin Au/Ag film was deposited on the different substrates, such as TiO2 NS and Si/SiO2, 

by a radio frequency (RF) magnetron sputtering process. A high-purity sputter target (99.999%, 

diameter 2 inches, custom made) was used for the sputter deposition with a RF power of 8 W under 

an Ar gas atmosphere. Au/Ag film was deposited in a controlled manner for 10 minutes at the rate 

of 1 nm min-1. Furthermore, the Au/Ag deposited substrates were then subjected to rapid thermal 

annealing (RTA) in order to form an array of Au/Ag nanoparticles (NPs). The RTA temperature 

was maintained at 600 °C for 3 min under a controlled flow of high-purity Ar gas and is found to 

be the optimum condition for the NP growth. The heating and cooling rates were kept at 20 and 

10 °C s−1, respectively.   

4.2.1.3. Growth of monolayer MoS2   

1L-MoS2 was directly grown on the different substrates (Si/SiO2, TiO2 NSs, TiO2/Au, TiO2/Ag) 

by the CVD process using a two zone furnace. High-purity MoO3 and S powder were used as 

precursors and placed inside a 2-inch quartz tube-based horizontal muffle furnace at the center of 

their respective zones. The samples were then placed face down on top of the quartz mask with a 

circular opening, which were then put on top of the boat containing MoO3 precursor. The 

temperature of the zone containing the substrates was ramped at a rate of 15 °C/min up to 700 °C 

and was maintained for 5 min, with an Ar flow rate of 10 sccm. Then, the furnace was allowed to 

cool down to room temperature. Thus, resulting in the growth of monolayer MoS2 shell over all 

the samples. Further details of the growth is described in Chapter 2, Section 2.3.2. The 

morphology, crystal structure and composition of the sample were characterized by FESEM, 

TEM, XPS and micro-Raman analyses. Details of the samples are given in Table 4.1. 
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Table 4.1: The details of the samples studied. 

Sample code Sample description 

MoS2 1L- MoS2 on SiO2 substrate 

Au/MoS2 1L-MoS2 grown over Au NPs on SiO2 substrate 

Ag/MoS2 1L-MoS2 grown over Ag NPs on SiO2 substrate 

TiO2/MoS2 1L-MoS2 grown over TiO2 nanostructure on Ti foil substrate 

TiO2/Au/MoS2 1L-MoS2 grown over Au NPs decorated on TiO2 nanostructure  

TiO2/Ag/MoS2 1L-MoS2 grown over Ag NPs decorated on TiO2 nanostructure  

TiO2 Hydrothermally grown fluorine doped TiO2 nanostructure on Ti foil 

4.2.2 Characterization Techniques  

The details of the FESEM, AFM, PL and Raman were described in Chapter 2, Section 2.1.3. X-

ray photoelectron spectroscopy (XPS) has been carried out using a PHI X-tool automated 

photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Kα X-ray beam (1486.6 eV) at a 

beam current of 20 mA. The C 1s spectrum at 284.8 eV was used as a standard value for the 

correction of the shift in the binding energy of various elements. The details of the TEM and 

UV−vis absorption measurements were discussed in Chapter 3, Section 3.2.3 

4.3. Results and Discussion 

4.3.1. Morphology Studies 

The morphology and microstructural properties of as-grown TiO2 NSs and Au or Ag NPs were 

first studied by FESEM. Fig. 4.1(a) depicts the FESEM image of Au NPs over SiO2 on which the 

monolayer layer MoS2 was subsequently grown by in-situ CVD technique. The inset shows a 

magnified view of FESEM image shown in Fig. 4.1(a), discerning their uniform distribution. Fig. 

4.1(b) shows the size distribution of Au NPs along with the lognormal fitting, which estimates that 

the average size of Au NPs are ~ 33.3 nm. Fig. 4.1(c) show the FESEM image of Ag NPs showing 

nearly uniform distribution in their size and density. The inset shows a magnified view of the Ag 

NPs. Fig. 4.1(d) depicts the size distribution of Ag NPs with the lognormal fit showing an average 

size ~ 39.3 nm. Fig. 4.1(e) shows the FESEM image of hierarchical TiO2 NSs having a lateral 

dimension ~ 1 µm, grown on a Ti foil substrate. The inset of Fig. 4.1(e) shows a magnified view 

of single TiO2 NS. Fig. 4.1(f) shows the FESEM image of monolayer MoS2 shell over the TiO2 
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NS decorate with Au NPs. Note that the 1L-MoS2 is not discernable here due to its ultra-low 

thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. (a) FESEM image of Au NPs, while inset shows its magnified view, and (b) the corresponding size 

distribution of Au NPs. (c) FESEM images of Ag NPs, the inset shows the magnified view, and (d) the corresponding 

size distribution. (e) FESEM image of hierarchical TiO2 NSs grown on Ti foil and the inset shows the magnified view 

of a single TiO2 NS. (f) FESEM image of monolayer MoS2 shell over the TiO2 NS decorated with Au NPs. Note that 

the 1L-MoS2 is not discernable due to its ultra-low thickness. 

In order to investigate the surface morphology, microstructural properties and interface of the 

multijunction systems, the samples were characterized by TEM. Fig. 4.2(a) depicts the TEM image 

of one edge of the hierarchical TiO2 NSs with a monolayer MoS2 shell seamlessly covered over 

the TiO2 NSs, which confirms the formation of core@shell heterojunction between TiO2 NSs as 

core and monolayer MoS2 as shell. Fig. 4.2(b) shows the magnified view of the TiO2/MoS2 

core@shell structure to clearly discern the monolayer MoS2 at the interface of TiO2. The HRTEM 

lattice fringe pattern of TiO2/MoS2 core@shell structure is depicted in Fig. 4.2(c) showing 

monolayer MoS2 shell with thickness ~ 0.7 nm corresponding to the monolayer MoS2. STEM 
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elemental mapping of TiO2/MoS2 heterojunction revealing the spatial distribution of the individual 

components and core@shell structure formation were described in details in our previous work.8 

The TEM image of TiO2/Au/MoS2 shows the encapsulation of Au/TiO2 NS with monolayer MoS2 

shell, as shown in Fig. 4.2(d). Fig. 4.2(e) depicts the enlarged view of TiO2/Au/MoS2 shown in 

Fig. 4.2(d), which confirms the formation of monolayer MoS2 over Au NP decorated on TiO2 NS. 

Fig. 4.2(e) displays the HRTEM image of TiO2/Au/MoS2 showing the interface between different 

components. It can be noted that the monolayer MoS2 is grown with overall uniformity over 

TiO2/Au NS. 

Fig. 4.2. (a) TEM image of TiO2/MoS2 sample displaying a seamless monolayer shell over the TiO2 core, (b) a 

magnified view of TiO2/MoS2 shown in (a). (c) HRTEM lattice fringe pattern of TiO2/MoS2 showing the monolayer 

MoS2 (thickness ~0.7 nm) covering the surface of TiO2. (d) TEM image of TiO2/Au/MoS2 sample showing a uniform 

monolayer MoS2 shell over the TiO2 NS and Au NP, (e) an enlarged view of TiO2/Au/MoS2 shown in (d). (f) HRTEM 

lattice fringe pattern of TiO2/Au/MoS2 showing the interface between two components of the heterojunction system 

and seamless monolayer MoS2 shell over the TiO2 NS decorated with Au NP. 

4.3.2. Structural and Compositional Analysis 

4.3.2.1. XPS Analysis 

The chemical composition, valence state and surface defects associated with the as-grown samples 

were studied in details by investigating the core level XPS spectra of the samples. Fig. 4.3(a,b) 

exhibit the comparative S 2p and Mo 3d core level XPS spectra, respectively, for  the as-grown 
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MoS2, TiO2/MoS2 and TiO2/Au/MoS2 samples. In case of pristine MoS2, there are two distinct 

peaks of S 2p spectrum detected at 162 eV (S 2p3/2) and 163.1 eV (S 2p1/2), while Mo 3d XPS 

spectrum shows two strong peaks at 228.8 eV (Mo 3d5/2) and 231.9 eV (Mo 3d3/2), which are 

attributable to the 4+ valence state of Mo.9 Successful growth of MoS2 is thus confirmed. After 

the TiO2/MoS2 core@shell formation, both the S 2p and Mo 3d spectra are observed to be shifted  

towards lower binding energy side (~0.5 eV), as shown in Fig. 4.3(a,b), which is due to the reduced 

charge density in monolayer MoS2 after the core@shell formation, indicating a charge migration 

from MoS2 to TiO2. After the incorporation of Au or Ag NPs in between the TiO2/MoS2 

heterojunction, no further shift was observed in the S 2p or Mo 3d binding energies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. (a) S 2p and (b) Mo 3d core level XPS spectra of MoS2, TiO2/MoS2 and TiO2/Au/MoS2 samples. The vertical 

dotted lines show the shift in binding energy in each case. (c) Au 4f and (d) Ag 3d core level XPS spectra of 

TiO2/Au/MoS2 and TiO2/Ag/MoS2, respectively with the Gaussian deconvolution. 
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Fig. 4.3(c,d) exhibit the Gaussian deconvolution of Au 4f and Ag 3d core level XPS spectra of 

TiO2/Au/MoS2 and TiO2/Ag/MoS2, respectively. In each case, the Au or Ag is identified with a 

characteristic doublet, confirming the presence of metallic Au or Ag NPs, in between the 

TiO2/MoS2 core@shell heterojunction.  

In order to investigate the chemical environment of TiO2 core and its surface defects, Ti 2p and O 

1s core level spectra were analyzed. Fig. 4.4(a,b) displays the core level Ti 2p XPS spectrum of 

each heterojunction system, which may be identified with two doublets located at ~458.6 eV (Ti 

2p3/2) and ~464.2 eV (Ti 2p1/2), respectively with a splitting of 5.6 eV, which confirms the presence 

of Ti4+ valence state and thus the formation of TiO2.
10 Besides the Ti4+ valence state, TiO2/MoS2 

contains ~9.3% of Ti3+ state which increases to 11.8% after the loading of Au NPs on it. 

Interestingly, the oxygen vacancy (OV) concentration is found to be increased from 28.2% to 

31.5% after the loading of Au NPs into TiO2/MoS2 interface as shown in Fig. 4.4(c,d). Thus, it 

can be concluded that the lattice strain in TiO2 associated with the nonstoichiometric oxygen 

vacancy defects increases after the plasmonic NP loading.11 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4: (a,b) Gaussian deconvolution of Ti 2p core level XPS spectra of TiO2/MoS2 and TiO2/Au/MoS2, respectively. 

(c,d) Gaussian deconvolution of O 1s XPS spectra for TiO2/MoS2 and TiO2/Au/MoS2, respectively.  
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4.3.2.2. Raman Analysis 

Micro-Raman measurements were performed on the TiO2, MoS2, Au/MoS2, TiO2/MoS2, and 

TiO2/Au/MoS2 in order to investigate the crystallinity, phase, defects and doping in the systems.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.5: (a) Comparison of the Raman spectra of MoS2, Au/MoS2 and TiO2/Au/MoS2. Inset shows the peaks in the 

shaded region corresponding to the characteristic peaks of MoS2 in bare MoS2, Au/MoS2 and TiO2/Au/MoS2 in the 

range of 376-418 cm-1. The vertical dashed lines are used to indicate the shift in Raman modes. (b) Comparison of the 

Raman spectra of bare TiO2, TiO2/MoS2 and TiO2/Au/MoS2. Inset shows the normalized Eg peak of anatase TiO2 for 

bare TiO2, TiO2/MoS2 and TiO2/Au/MoS2 samples. (c) Lorentzian fitting of Raman modes of MoS2 (E2g and A1g) for 

the different samples. The vertical dashed lines are used to indicate the shift in the Raman modes.  

A comparative Raman spectra are shown in Fig. 4.5(a,b) for the different samples recorded using 

514 nm Ar laser. Note that 514 nm excitation was chosen for Raman measurement based on the 

surface plasmon resonance absorption (shown later) of plasmonic Au NPs used in the 

heterostructures. MoS2 exhibits two characteristic Raman modes E2g and A1g, corresponding to the 

in-plane vibration of two S atoms with respect to the Mo atoms and out-of-plane vibration of only 

S atoms in opposite directions with respect to the Mo atoms, respectively.12 The frequency 

difference (Δk) between the Raman modes E2g and A1g is conventionally used to determine the 

layer number of the MoS2 film. For bare MoS2 and Au/MoS2 samples, Δk between the two modes 

are estimated to be ~19.8 and ~20.5 cm-1, respectively, (see Table 4.2) confirming the successful 
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growth of monolayer MoS2 film, whereas for TiO2/Au/MoS2,  Δk ~ 21.3 cm-1 as-shown in the inset 

of Fig. 4.5(a). For bare MoS2, the E2g and A1g modes appear at ~ 384.4 and ~ 404.2 cm−1, 

respectively, whereas for Au/MoS2, the E2g mode red shifts and the A1g mode frequency remains 

almost unaffected with a notable enhancement in the intensity. The Au NP deposited samples 

(Au/MoS2 and TiO2/Au/MoS2) show ~11 and ~27 folds enhancement, respectively in the Raman 

intensity compared to the pristine MoS2. This enhancement is due to the localized electric field 

arising from the surface plasmon resonance of the Au NPs, and eventually amplifying the Raman 

scattering. However, it is to be noted that for TiO2/Au/MoS2, the A1g mode is blue shifted as 

compared to that of MoS2 and Au/MoS2. This shift is an indication of p-doping effect of 1L-MoS2 

lattice after the formation of HS with TiO2, consistent with earlier reports.8, 13 Fig. 4.5(b) shows a 

comparative Raman spectra of bare TiO2, TiO2/MoS2 and TiO2/Au/MoS2. The TiO2 NS shows the 

most prominent peaks at 145.1 cm−1 (Eg), and a few weak peaks at 198.2 (Eg), 396.8 (B1g), 505 

(A1g), and 637.6 cm−1 (Eg), corresponding to the Raman active modes of pure anatase phase. The 

characteristic Raman active modes of other phases (rutile, brookite, TiO2 (B)) were not observed, 

which essentially discards the formation of other crystal phases and confirms the growth of pure 

anatase phase. The Raman spectra of TiO2/MoS2 and TiO2/Au/MoS2 HS are comprised of the 

Raman peaks of both MoS2 and TiO2, confirming their co-existence in the HS.  In TiO2/MoS2 HS, 

no observable shift was detected in the Eg(1) mode of anatase TiO2 compared to the bare TiO2 NS. 

On the other hand, for TiO2/Au/MoS2 HS, the characteristic Eg(1) peak is observed to be broadened 

with a huge blue shift by ~5.6 cm−1, as compared to the bare TiO2 and TiO2/MoS2 (see inset of 

Fig. 4.5(b)). This increase in the FWHM and large blue shift in the Eg(1) peak indicates the 

increase in the crystalline defects due to oxygen vacancies and strain induced by the oxygen 

vacancy related Ti relaxation within the anatase TiO2 after the loading of Au NPs.11 For a more 

detailed understanding, Lorentzian line shape was fitted in the range of 377−416 cm−1 for the E2g 

and A1g Raman bands of 1L-MoS2 and B1g band of TiO2 for all the samples, as shown in Fig. 

4.5(c). For Au/MoS2, the E2g mode red shifts by ~ 0.7 cm-1, while A1g mode remains almost 

unaltered with respect to the pristine 1L-MoS2. This may be due to the uniaxial strain in the 1L-

MoS2 owing to the curvature of the Au NPs.6 Similarly, for TiO2/Au/MoS2 HS, the E2g mode red 

shifts by ~0.7 cm-1 with unaffected A1g mode in comparison with TiO2/MoS2 HS. However, the 

characteristic Raman mode A1g for both the HS samples (TiO2/Au/MoS2 and TiO2/MoS2) exhibits 

a relative blue shift by ~0.8 cm−1 as compared to the pristine 1L-MoS2. This blue shift of the A1g 
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mode indicates an effective p-type doping effect in the MoS2 layer due to the strong electron–

phonon coupling.14 It can be understood that the shift in A1g mode is due to the transfer of electrons 

from MoS2 to TiO2 at the interface.15 This further explains the higher ∆k value for TiO2/Au/MoS2 

HS.  The characteristic Raman mode B1g for TiO2 shows a blue shift by ~0.7 cm-1 in the 

TiO2/Au/MoS2 HS with respect to that of TiO2/MoS2 HS, which may be due to the presence of 

compressive strain in TiO2 lattice induced by the loading of Au NPs, and strong interaction 

between TiO2 and Au atoms.16 Similar results were observed with Ag NPs coated heterostructures.  

Table 5.1: Summary of the Raman modes, their separation (∆k) showing various species for 1L-

MoS2 and its HS. 

 Raman modes 

sample E2g (cm-1) A1g (cm-1) 

 

∆k (cm-1) 

 MoS2 384.41 404.24 19.83 

Au/MoS2 383.71 404.16 20.45 

TiO2/Au/MoS2 383.72 405.03 21.31 

TiO2/MoS2 384.40 404.97 20.57 

4.3.3. Optical Analysis 

4.3.3.1. UV-Vis Absorption Study 

UV-visible diffuse reflectance spectroscopy (DRS) was adopted for the detailed investigation of 

optical absorption properties of the as-prepared samples. Fig. 4.6 shows the Kubelka-Munk (K-

M) plot of each of the samples corresponding to their reflectance spectra against wavelength. Bare 

TiO2 NSs exhibit strong excitonic absorption in the UV region but negligibly low absorption in 

the visible region (above 400 nm). Pristine monolayer MoS2 displays two distinct absorption peaks 

at 609 nm and 656 nm, which are attributed to the intrinsic B and A excitonic absorption bands, 

respectively originating from the band-edge excitons.8 Another additional peak is detected at 429 

nm, which is associated with the direct transition to the conduction band from the deep valence 

band.17 In the TiO2/MoS2 core@shell heterojunction, apart from the strong UV absorption coming 

from the TiO2 core, each characteristic absorption peak of MoS2 shell has been detected at the 

identical spectral position. In TiO2/Ag/MoS2 and TiO2/Au/MoS2 core@shell heterojunction 

systems, besides the characteristic TiO2 and MoS2 absorption bands, two distinct peaks are 

detected at 435 nm and 539 nm, which are described as the localized surface plasmon resonance 
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(LSPR) bands of Ag and Au NPs, respectively. As the plasmon resonance frequency directly 

depends on the dielectric constant of the surrounding medium, this red shift in the SPR bands can 

be interpreted due to the changed dielectric environment of plasmonic NPs surrounded by the TiO2 

and MoS2 layers. 

 

 

 

 

 

 

 

 

Fig. 4.6: Kubelka–Munk function plot with wavelength for various samples derived from their respective diffuse 

reflectance spectra. A, B and C are the characteristic excitonic absorption bands of monolayer MoS2. The symbols ‘*’ 

and ‘♦’ are the SPR bands of Au and Ag NPs, respectively. 

4.3.3.2. Photoluminescence Study 

Fig. 4.7(a) displays representative PL spectra of 1L-MoS2, Au/MoS2 and TiO2/Au/MoS2 HS, 

measured with 514 nm excitation at room temperature. The peak intensities of these spectra are in 

an arbitrary unit. The PL peak intensities of TiO2/Au/MoS2 and Au/MoS2 show a substantial 

enhancement, compared to that of bare 1L-MoS2 which corresponds to the enhancement factor of 

~463 and ~22, respectively. Additionally, the PL spectra of TiO2/Au/MoS2 and Au/MoS2 were 

observed to be blue shifted with respect to bare 1L-MoS2. In the Au/MoS2 heterojunction, the 

enhancement effect is attributed to; firstly, monolayer MoS2 was grown over the Au NP forming 

a core@shell heterojunction. This configuration allows the total incident light to interact with the 

MoS2 film rather than partially absorbed or reflected by the Au NPs when Au NPs are on top of 

MoS2 layers. Furthermore, the MoS2 film could re-absorb the light reflected or scattered by Au 

NPs.18 Secondly, in plasmonic excitation, a concentrated local electric field is formed at the 

vicinity of the metal NPs (Au or Ag) creating plasmonic hot spots. These hot spots aid as a source 

of localized surface plasmon resonance (LSPR). Thus, this field surrounding each Au/Ag NP is 

coupled with the 1L-MoS2 by the screening effect and hence leading to the enhanced 

electromagnetic field at the interface between the Au(Ag) NPs and 1L-MoS2.  In TiO2/MoS2 HS, 
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the giant PL enhancement is attributed to the transfer of excess electrons from MoS2 to TiO2, 

causing heavy p-doping in the 1L-MoS2.
15 Thus, for TiO2/Au/MoS2 HS, a combined effect of 

plasmonic enhancement of Au/MoS2 HS and charge transfer in TiO2/MoS2 HS leads to a dramatic 

enhancement in the PL intensity. Note that the TiO2/Ag/MoS2 has a similar configuration to 

TiO2/Au/MoS2 HS but shows a much lesser enhancement in the PL intensity (see Fig. 4.7(b)). 

 

 

 

 

 

 

Fig. 4.7: (a) Comparative PL spectra of pristine monolayer MoS2, Au/MoS2 and TiO2/Au/MoS2 at room temperature 

(RT) (b) Comparative PL spectra of TiO2/MoS2, TiO2/Ag/MoS2 and TiO2/Au/MoS2 at RT.  

For a better understanding of the origin of PL emission and its enhancement, each PL spectrum 

was deconvoluted with multiple Gaussian peaks. The PL spectra of as-grown samples MoS2, 

Au/MoS2 and TiO2/Au/MoS2 could be fitted properly with four Gaussian peaks: the neutral exciton 

(A0), negative trion (A−), B exciton, and the bound exciton (X),19 as depicted in Fig. 4.8(a-c).  

The spectral weights of the fitted peaks of A0, A−, B and X peaks of the as-grown samples are 

presented in Table 4.3. The A0 and B excitonic peaks originate from the direct band gap transition 

between valence-band spin-orbit splitting and the minima of the conduction at the K point in the 

Brillouin Zone.1 The A− exciton (trion) peak, is caused by the unintentional substrate doping and 

charged impurities on the grounds of CVD growth of MoS2 film,19 and  the radiative recombination 

of bound excitons from the defect trap states is assigned to the X exciton peak.19 Interestingly, the 

spectral weight of A0 exciton peak is observed to be increased from 38.8 to 66.2%, while that of 

A− decreased from 32.7 to 22.4 %, for Au/MoS2 compared to MoS2. This increase in the A0 exciton 

peak is attributed to the LSPR of Au NPs beneath the monolayer MoS2. More interestingly, for 

TiO2/Au/MoS2 heterojunction, the spectral weight of A0 exciton peak has increased dramatically 

from 38.8 to 85.5 %, while that of A− decreased from 32.7 % to a negligible amount compared to 

pristine counterpart, as shown in Figure 4.8(a, b and c) and Table 4.3. This modification in the 
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spectral weight observed in TiO2/Au/MoS2 heterojunction is associated with firstly, the transfer of 

excess electrons present in 1L-MoS2 which is intrinsically n-type to the TiO2 side through the 

interface due to the appropriate band alignment (type-II) between MoS2 and TiO2. Thus, the 

depletion of electrons from the 1L-MoS2 by means of charge (electron) transfer would lead to the 

p-doping effect in the 1L-MoS2, which leads to the conversion of trions to neutral excitons and 

thus leads to the PL enhancement of 1L-MoS2 as mentioned in Chapter 3, Section 3.3.4.2. The 

blue shift of Raman and PL spectra is also consistent with the above scenario.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8: Gaussian deconvolution of RT PL spectra of pristine (a) Au/MoS2, (b) MoS2 and (c) TiO2/Au/MoS2 HS, 

respectively. 
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Secondly, upon illumination with the resonant wavelength of the plasmonic NS, there is a strong 

collective oscillations of the free electrons in Au/Ag NPs, creating LSPR that couples and interact 

with the excitons in 1L-MoS2. Thus, the carrier excitation rate of 1L-MoS2 through the local field 

enhancement can be considerably enhanced by the LSPR at the metal/semiconductor interface. 

The spectral weight of the defect-bound excitons (X) decreases from ∼18.4 to∼4.4% and to ~ 5.6 

% for Au/MoS2 and TiO2/Au/MoS2, respectively, as compared to the pristine MoS2 due to the 

lower defect density in 1L-MoS2 grown on TiO2 and Au-TiO2. 

Table 4.3: Summary of the Gaussian deconvoluted PL spectra showing various species for 

MoS2, Au/MoS2 and TiO2/Au/MoS2. 

 Relative weightage of PL peaks Overall PL 

enhancement 

factor 
sample B-exciton  

(B) (%) 

 

A-exciton 

(A) (%) 

 

Trion 

(A) (%) 

Bound 

exciton 

(X) (%) 

 
MoS2 10.1 38.8 32.7 18.4 1 

Au/MoS2 7.0 66.2 22.4 4.4 22 

TiO2/Au/MoS2 8.9 85.5 - 5.6 463 

 

4.3.4. Electric Field Enhancement by Au NPs 

The intensities of electromagnetic fields around Au NPs can be defined by considering a concentric 

sphere (Au NPs) of radius a and dielectric constant ε1 placed in a medium with dielectric constant 

εm in which there exists a uniform static electric field. The field enhancement factor (η) is defined 

as the intensity ratio of the resultant field (𝐸2
⃗⃗⃗⃗ ) to the incident field (𝐸0

⃗⃗⃗⃗ ),20 expressed as: 

η =
|𝐸2⃗⃗ ⃗⃗  |

2

|𝐸0⃗⃗ ⃗⃗  |
2 =|1 + 2

𝑎3

𝑟3

𝜀1−𝜀𝑚

𝜀1+𝜀𝑚
|
2

=|1 + 2
𝑎3

𝑟3 𝛽|
2

                                                           (1) 

where β = 
𝜀1−𝜀𝑚

𝜀1+𝜀𝑚
                                                                                                    (2) 

Now, if we consider a thin outer spherical shell (1L-MoS2) of radius a2 with dielectric constant ε2 

over an inner spherical core (Au NPs) of radius a1 with dielectric constant ε1 placed in a medium 

with dielectric constant εm as shown in Fig. 4.9(a), the modified field enhancement factor (η) is  
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η =
|𝐸2⃗⃗ ⃗⃗  |

2

|𝐸0⃗⃗ ⃗⃗  |
2= |1 + 2

𝑎2
3

𝑟3

(𝜀2−𝜀𝑚)(𝜀1+2𝜀2)+𝑓3(𝜀1−𝜀2)(𝜀𝑚+2𝜀2)

(𝜀2+2𝜀𝑚)(𝜀1+2𝜀2)+𝑓3(2𝜀2−2𝜀𝑚)(𝜀1−𝜀2)
|
2

= |1 + 2
𝑎3

𝑟3 𝛽|
2

          (3)                                         

where β = 
(𝜀2−𝜀𝑚)(𝜀1+2𝜀2)+𝑓3(𝜀1−𝜀2)(𝜀𝑚+2𝜀2)

(𝜀2+2𝜀𝑚)(𝜀1+2𝜀2)+𝑓3(2𝜀2−2𝜀𝑚)(𝜀1−𝜀2)
                                                      (4)    

and   𝑓 =
𝑎1

𝑎2
                                                                                                          (5)   

It is to be noted that, the dielectric constants ε1, ε2, and εm are complex functions of wavelength and 

are expressed as εj = εj′ + iεj″, where j = 1, 2 and m, and both εj′ and εj′′are real. Using the above 

equations (1), (2) and (3), the calculation of the field enhancement factor η was carried out. The 

wavelength dependent dielectric constant data for Au and 1L-MoS2 were attained from previous 

works.20-21 Fig. 4.9(b) shows the calculated field enhancement factor η around spherical core of 

Au NP and a thin shell of 1L-MoS2 in air. Note that, the calculation of η is made at the observing 

point r = a2. We observed that the η value shows a peak at ~ 540 nm, for the Au NPs is which is 

consistent with the absorption spectra shown in Fig 4.6. The field enhancement factor is found to 

be ~ 24, which is also in excellent agreement with the PL enhancement of Au/MoS2 HS, showing 

an enhancement of ~ 22 times compared to 1L-MoS2, as shown in Fig. 4.7(a).  

 

 

 

 

 

 

Fig. 4.9: (a) Schematic representation of a concentric spherical core-shell structure consisting of an inner spherical 

core (Au NPs and an outer spherical shell (1L-MoS2) in an electric field. (b) Calculated field enhancement factor η of 

the core shell Au/MoS2 HS in air. 

From our previous work8 the in situ CVD-grown 1L-MoS2 shell over the 3D TiO2 NSs facilitates 

a PL enhancement factor of 30 as compared to that of 1L-MoS2 grown on sapphire substrate. On 

the other hand, the enhancement in the PL intensity of Au/MoS2 HS is found to be ~ 22 times that 

of 1L-MoS2. Thus, for a ternary core-shell TiO2/Au/MoS2 hybrid structure, the expected 
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enhancement of the PL is the combine enhancement of the Au/MoS2 and the TiO2/MoS2 hybrid 

system, which is ~ (22×30=660) times. However, we observed that the PL enhancement for the 

TiO2/Au/MoS2 HS to be ~ 463 times compared to 1L-MoS2, which is lesser than the above factor. 

This lower enhancement factor is primarily due to reduce charge transfer at the TiO2/MoS2 

interface in the presence of the ultrathin Au NPs. Further, as some of the electron hole pairs 

generated may be delocalized by the thermal energy and, consequently, nonradiative 

recombination processes are activated. 

4.3.5. Mechanism of giant PL enhancement: 

Fig. 4.10: (a) Schematic representation of the TiO2/Au/MoS2 HS. (b) The mechanism of plasmon-exciton coupling in 

MoS2-Au NP hybrids. (c) Schematic of the band diagram showing the pathways of probable charge transfer from F-

TiO2 to Au and from 1L-MoS2 to Au, leading to enhanced excitonic PL emissions. 

Fig. 4.10(a) shows the schematic representation of the TiO2/Au/MoS2 core shell HS, where TiO2 

NS acts as a substrate on which Au NPs are coated and finally a single layer MoS2 shell is deposited 

by CVD technique. Upon excitation with 514 nm laser, which is close to the surface plasmon 

resonance wavelength of the Au NPs, plasmonic hot spot is formed at the vicinity of the Au NP  

and hence serves as a source of LSPR as shown in Fig. 4.10(b). In addition, the 1L-MoS2 shell 

over the Au NP creates a coupling between the excitons of MoS2 and localized surface plasmons 

of Au NP and thus leading to the enhanced PL intensity. Additionally, from the band alignment of 

the 1L-MoS2 and Au NP, there is a possibility of charge transfer from MoS2 side to the Au NP as 

shown in Fig. 4.10(c), resulting in reduced trion formation. On the other hand, at the heterojunction 

between MoS2 and TiO2, the excess electrons are transferred from the MoS2 side to the TiO2 side 

resulting in MoS2 being highly p-doped as can be understood from the type-II band alignment of 

the 1L-MoS2 and the TiO2. Furthermore, this leads to the conversion of negative trions to neutral 

excitons, which enormously enhances the overall PL intensity of 1L-MoS2.
15 Thus, the 1L-MoS2 

in the ternary HS sample exhibits a dramatic enhancement in the PL emission due to the formation 
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of special geometry of the heterojunction at the interfaces. Firstly, the MoS2/TiO2 interface 

facilitates the optimum conversion of negative trion to the neutral exciton and secondly, the 

MoS2/Au interface enables the electromagnetic field enhancement driven by the LSPR. These two 

aspects effectively amplify the PL emission intensity. Our theoretical estimate closely matches 

with the experimental data on plasmonic enhancement factor. 

4.4. Conclusion 

In summary, this work presents a simple and powerful strategy to achieve a dramatically high 

PL enhancement in 1L-MoS2 using plasmonic Au/Ag NPs grown on TiO2 NSs as a substrate. An 

array of Au NPs were grown on the hydrothermally grown hierarchical TiO2 NSs followed by a 

direct CVD growth of monolayer MoS2 shell, forming a TiO2/Au/MoS2 ternary core-shell HS. 

This architecture allows a strong interaction between the incident light and 1L-MoS2 leading to a 

~463-fold enhancement in PL intensity compared to the pristine 1L-MoS2 at room temperature. 

The Raman and HRTEM analyses reveal the formation of TiO2/Au/MoS2 core-shell HS. This 

work demonstrates two major mechanisms for the enhancement of PL intensity in 1L-MoS2.  

Firstly, the excess electrons responsible for trion formation are transferred from the MoS2 to TiO2 

at the interface of MoS2/TiO2, leading to the p-doping effect in MoS2 lattice, which enhances the 

neutral exciton emission and inhibit the trion emission. Secondly, the exciton-plasmon coupling 

between excitons of the 1L-MoS2 and surface plasmons of the Au NPs at the MoS2/Au interface 

is believed to enhance PL emission enormously, as shown from the theoretical estimate of the 

field enhancement factor. The present study demonstrates that MoS2 based HS offers a promising 

way to improve future nanophotonic and optoelectronic devices, such as photodetectors, 

plasmonic field-effect transistors etc.  
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Chapter 5 

Coupled Charge Transfer Dynamics and Photoluminescence 

Quenching in Monolayer MoS2 Decorated with WS2 

Quantum Dots 

In this chapter, we investigated the tunability of the photoluminescence (PL) and doping of the 

monolayer MoS2 (1L-MoS2) by decorating it with WS2 quantum dots (WS2 QD). The direct 

bandgap 1L-MoS2 and WS2 QDs are grown by chemical vapor deposition and liquid exfoliation 

methods, respectively. The PL intensity of bare 1L-MoS2 is systematically quenched with its 

decoration with WS2 QDs at different concentrations. A decrease in the work function of 1L-MoS2 

with the decoration of WS2 QDs was established from the Kelvin probe force microscopy analysis. 

A detailed quantitative analysis using the four-energy level model involving coupled charge 

transfer was employed to explain the redshift and the systematic decrease in the intensity of the 

PL peak in 1L-MoS2/WS2 QD heterostructure. The modulation of the PL in the heterostructure is 

attributed to the increase in the formation of negative trions through the charge transfer from WS2 

QD to the 1L-MoS2 and thus making the 1L-MoS2 heavily n-type doped. This study establishes 

the contribution of defects in the coupled charge transfer dynamics in 1L-MoS2, and it lays out a 

convenient strategy to manipulate the optical and electrical properties of 1L-MoS2 for various 

optoelectronic applications.  

5.1. Introduction 

The monolayer transition metal dichalcogenides TMDs (e.g., MoS2, WS2, MoSe2, WSe2, etc.) have 

drawn great attention for their fascinating properties and diverse range of applications, such as 

transistors,1-2 photodetectors,2-4 light-emitting devices,5 and sensors.6 The strong Coulomb 

interaction between the charge carriers in the atomically thin two dimensional materials create 

stable excitonic states even at room temperature.7-8 Among most investigated 2D TMDs, 

monolayer MoS2 (1L-MoS2) has attracted significant attention due to its abundance in nature, 

tunable optical band gap, high chemical stability and efficient carrier generation.8-10 An effective 

and convenient method to tune the optical properties of MoS2 is to control the charge density. To 

induce charge transfer to/from the 1L-MoS2, numerous methods were used, such as chemical 

doping,11-12 plasmonic hot-electron doping,13 and electrical doping.14-15 Construction of hybrid 

architectures with MoS2 is favorable due to the excitonic nature of optical excitations in its 
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monolayer form. Interfacing 1L-MoS2 with zero-dimensional semiconductor nanocrystal, also 

known as quantum dots (QDs) is one of the possible ways to control the optical properties of 1L-

MoS2. The QDs have remarkable properties such as strong absorption, size-dependent energy 

bandgap, and high-photoluminescence. In case of a hybrid 0D/2D structure, the absorptive 

properties of monolayer TMD are enhanced by the QD donors which improve the optoelectronic 

devices, producing more efficient photodetectors and solar cells. TMD QDs such as WS2 QDs 

have gained wide interest due to their high solubility in both aqueous and non-aqueous solvents, 

good electrical conductivity and flexible to hybridize with other nanomaterials. Therefore, this 

material is highly promising for a wide range of applications. In a previous study, Li et al.16 

fabricated graphene QDs/1L-MoS2 heterostructure (HS) and demonstrated charge transfer from 

graphene QDs to the 1L-MoS2. This charge transfer at the interface between the QD and the 1L-

MoS2 induces competition between neutral exciton and charged exciton (trion) population 

resulting in the modulation in the photoluminescence (PL) of 1L-MoS2. However, in these studies, 

the role of defects in PL quenching of the 1L-MoS2 has not been addressed. To our knowledge, 

there is no report on the charge transfer from WS2 QDs to 1L-MoS2 and the resulting doping and 

PL quenching effect. It is interesting to study the role of defects in the charge transfer dynamics in 

the 1L-MoS2 layers through PL spectroscopy and its implications for future applications. In this 

chapter, we show that by solving the carrier dynamics based on the coupled rate equations, we can 

have a better understanding of the contribution of the defects in the recombination dynamics of 

the 1L-MoS2/WS2 QD hybrid structure. 

5.2. Experimental Details 

5.2.1. Sample Preparation 

5.2.1.1. Synthesis of WS2 quantum dots 

High purity WS2 powder (Sigma Aldrich, 99%) was dispersed in 80 ml N-methyl-2-pyrrolidinone 

(NMP) (Alfa Aesar, HPLC grade, 95%) and sonicated using an ultrasonic homogenizer (Sonic 

Ruptor 250, Omni International) for 15 hours. Subsequently, the suspension was allowed to settle 

for 12 hours and was centrifuged for 45 minutes at 12000 rpm. The top 2/3rd of the solution 

(supernatant) contains the WS2 quantum dots, while the bottom 1/3rd (centrifugate) comprises of 

the bigger WS2 quantum dots and the nanosheets (See Fig. 5.1). The excess solvent from the 
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centrifugate was evaporated with constant stirring and the resultant residue was dispersed in Milli-

Q water at various concentrations (4, 8, 12, 16, 20, 24, 28, 32, 36 mg/L) for further experiments. 

5.2.1.2. Growth of monolayer MoS2 by chemical vapor deposition (CVD) technique and 

formation of heterostructure with WS2 quantum dots 

Fig. 5.1. Schematic illustration of the synthesis of WS2 QDs and their decoration onto 1L-MoS2. 

1L-MoS2 were grown by a typical CVD process using a two zone furnace. The precursors (MoO3 

and S) are placed inside a 2-inch quartz tube-based horizontal muffle furnace at the center of their 

respective zones. SiO2 substrates were used for the growth of monolayer MoS2. These substrates 

were then placed face down on top of the quartz mask with a circular opening, which were then 

put on top of the boat containing MoO3 precursor. The temperature of the zone containing the 

substrate was ramped at a rate of 15 °C/min up to 700 °C and was maintained for 5 min, with an 

Ar flow rate of 10 sccm. Subsequently, the temperature of the other zone containing the sulfur 

precursor reaches 150 °C. The furnace was then allowed to cool down to room temperature. Further 

details of the experiment is described in Chapter 2, Section 2.3.2. The morphology, crystal 

structure and phase of the sample were characterized by FESEM, TEM, XRD, XPS and micro-

Raman analyses. For the formation of the heterostructure, WS2 QDs were spin-coated onto the 1L-

MoS2 and are dried before optical characterizations were carried out (See Fig. 5.1).  

5.2.2. Characterization Techniques 

The details of the FESEM, AFM, and Raman measurements were described in Chapter 2, Section 

2.1.3. In order to carry out the surface potential (SP) analysis of the samples, the Kelvin probe 

force microscopy (KPFM) measurements were done. Conducting platinum (Pt)/iridium (Ir)-coated 

tips were used for KPFM studies, having the optimum frequency of operation ~72 kHz. To avoid 

the noise between the topographical and the surface potential measuring images, the measurements 
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were carried out in the dual-pass lift mode.  The calculation of the work function for the sample 

(ɸs) was obtained from the AFM by using Pt/Ir tips in the KPFM mode. TEM imaging was used 

to examine the decoration of WS2 QD on 1L-MoS2. For this purpose, the CVD grown 1L-MoS2 

was transferred from the SiO2 substrates to carbon-coated Cu-grids. To transfer the as-grown MoS2 

film, the sample was coated with polymethylmethacrylate (PMMA) by spin coating at 1500 rpm 

for 60 s, and then baked at 140 °C for 10 min. The PMMA-coated sample was then treated with 6 

M NaOH solution for one hour to etch out the PMMA supported MoS2 film, which was then 

repeatedly washed with DI water. Then, the film was fished out onto a Cu grid and allowed to dry 

at relatively low temperature (50 °C). The PMMA was removed from the MoS2 film by the 

addition of acetone dropwise. WS2 QDs of the concentration 4 mg/L was then drop cast on the 

sample for TEM imaging. X-ray photoelectron spectroscopy (XPS) has been carried out using a 

PHI X-tool automated photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Kα X-ray 

beam (1486.6 eV) at a beam current of 20 mA. The C 1s spectrum at 284.8 eV was used as a 

standard value for the correction of the shift in the binding energy of various elements. A 

commercial spectrophotometer (PerkinElmer, Lambda 950) was used to study the UV−vis 

absorption spectra of the 1L-MoS2/WS2 QD HS as well as its individual counterparts. The details 

of the TEM measurements were discussed in Chapter 3, Section 3.2.3 

5.3. Results and Discussion 

5.3.1. Morphology Studies 

Fig. 5.2(a) displays the optical image of monolayer MoS2 film grown with triangular-shaped MoS2 

grains towards the edge of the sapphire substrate. These triangular shaped MoS2 regions merge to 

form a large continuous monolayer film with millimeter-scale uniformity, as evident from Fig. 

5.2(a). The layer uniformity is evident from the small difference in contrast over the whole film. 

Details of the growth conditions for monolayer MoS2 film over a large area have been discussed 

in Chapter 2, Section 2.3.2.  Fig. 5.2(b) shows the AFM image of the triangular-shaped 

monolayer MoS2. It reveals that the triangular-shaped MoS2 have a tendency to interconnect with 

each other rather than overlap when they grow to form a continuous film as seen by the 

homogeneous color contrast, which further indicates a good uniformity. The AFM height profile 

taken along the black line in Fig. 5.2(c) indicates a thickness of ~ 0.7 nm, which corresponds to 

monolayer thickness. The AFM image of the 1L-MoS2/WS2 QD HS is shown in Fig. 5.2(d). The 
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height profile of MoS2 layer and the QDs decorated over it clearly revealed the growth of 

monolayer MoS2 and monolayer WS2 QDs, as shown in Fig 5.2(e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2. (a) Optical microscope image of large area monolayer MoS2 grown on sapphire substrate. (b) AFM image of 

triangular shaped monolayer MoS2 on sapphire substrate, and (c) AFM height profile taken along the black line in (b) 

showing a step height of ~0.7 nm confirming the monolayer MoS2 growth. (d) AFM image of triangular shaped 

monolayer MoS2 decorated with WS2 QDs on sapphire substrate, and (e) AFM height profile taken along the black 

lines (position 1 and 2) in (d) showing the height profile of WS2 QDs and the monolayer MoS2, respectively.    

The typical morphological and structural properties of the as-prepared WS2 QDs were studied 

using TEM. Fig. 5.3(a) shows the TEM image of the WS2 QDs. The selected area electron 

diffraction (SAED) pattern (top right inset of Fig. 5.3(a)) shows the presence of diffused rings, 

which indicates the polycrystalline nature of the QD. The WS2 QDs size ranges from 3-11 nm with 

an average diameter of ~ 4.5 nm, as shown in Fig. 5.3(b). The high-resolution TEM (HRTEM) 

image of the WS2 QD (Fig. 5.3 (c)) displays ordered lattice fringes. The inset in Fig. 5.3(c) shows 

the inverse fast Fourier transform (IFFT) image of the lattice fringes with an interplanar spacing 
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of 0.22 nm, which corresponds to the (103) plane of WS2. To examine the coverage of the WS2 

QDs on the 1L-MoS2, TEM imaging of the 1L-MoS2/WS2 QD HS was carried out. Fig. 5.3(d) 

shows a low magnification TEM image of the QD decorated on large area 1L-MoS2 film. A higher 

magnification TEM image is depicted in Fig. 5.3(e), where a uniform surface coverage of WS2 

QDs is clearly observed over the MoS2 layer. The corresponding SAED pattern shows the 

polycrystallinity of the WS2 QDs. In addition, hexagonally aligned diffraction spots are attributed 

to the (101) plane of MoS2 (inset of Fig. 5.3 (e)). Thus, the as-grown 1L-MoS2 is highly crystalline 

in nature and is uniformly  

 

 

 

 

 

 

 

Fig. 5.3: (a) The TEM image of WS2 QDs; the top right inset shows the corresponding (b) the size distribution of WS2 

QDs with an average size of 4.5 ± 0.2 nm; (c) HRTEM lattice image of a WS2 QD; the inset shows the IFFT lattice 

image showing a d-spacing of 0.22 nm; (d,e) The TEM image of uniform decoration of WS2 QDs on the 1L-MoS2. 

The inset of 2(e) shows the SAED pattern with hexagonally aligned diffraction spots (1L-MoS2) and diffused rings 

(WS2 QDs). (f) HRTEM lattice fringe pattern of 1L-MoS2/WS2 QDs HS. The top-left inset is the IFFT of the region 

enclosed by the dotted square showing the planes corresponding to MoS2. The top right inset is the IFFT of the area 

inside the dotted circle displaying the lattice fringe pattern of a WS2 QD. 

decorated with WS2 QDs. The HRTEM image of the 1L-MoS2/WS2 QD HS is displayed in Fig. 

5.3(f), which shows distinct lattice planes. The top-left inset shows the IFFT of the atomic planes 

of the MoS2 film. The lattice d-spacing is 0.27 nm that corresponds to (101) plane of MoS2. 

Additional ordered domains are observed with a lattice spacing of 0.24 nm, which can be assigned 

to the (101) plane of WS2 (top right inset of Fig. 5.3(f)). 
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5.3.2. Structural and Optical Analyses 

5.3.2.1. XPS Analysis 

The chemical composition of the 1L-MoS2 and WS2 QDs was confirmed from the XPS analysis. 

Fig. 5.4 shows the XPS spectra of the core level Mo 3d, W 4f and S 2p bands for the 1L-MoS2 and 

WS2 QDs samples. Fig. 5.4(a) depicts the elemental composition of 1L-MoS2 with the presence 

of the peaks of Mo and S. In Fig. 5.4(b), several Mo 3d5/2 and 3d3/2 peaks fitted for Mo (3d) 

envelope, indicating that more than one Mo species were present. The first peak, centered at 226.4 

eV, agrees well with that of the 2s binding energy of elemental S. The strongest Mo 3d doublet 

peaks for 1L-MoS2 detected at 229.1 eV (3d5/2) and 232.0 eV (3d3/2) correspond to the +4 oxidation 

state of Mo, confirming the formation of MoS2.
18 Additional Mo peaks were observed at 232.8 eV 

and 235.2 eV corresponding to the oxides of Mo metal (Mo6+) probably due to the presence of 

traces of MoO3 in the sample after CVD growth and post-synthesis exposure to air. Fig. 5.4(c) 

exhibits the S 2p XPS spectra of 1L-MoS2 with peaks at ∼161.8 eV (S 2p3/2) and ∼162.9 eV (S 

2p1/2) corresponding to the divalent sulfide ions (S2−). Additionally, a peak at 162.1 eV (S 2p3/2) 

(with 8.1 % spectral weight) is present that could be due to the presence of surface defects 

introduced during the CVD growth. These defect sites are the S vacancies, as there are fewer S 

atoms around the Mo atoms at such sites.19  

Fig. 5.4. (a) XPS survey spectrum of 1L-MoS2. Core level XPS spectra of 1L-MoS2 for (b) Mo 3d, (c) S 2p. (d) XPS 

survey spectrum of WS2 QD.  Core level XPS spectra of WS2 QD for (e) W 4f and (f) S 2p, respectively. The symbols 

are experimental data and the solid curves are Gaussian fittings. 
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 The survey scan XPS spectrum of WS2 QDs shows the presence of W, S, C, N and O peaks (Fig. 

5.4(d)). For the as-synthesized WS2 QD, the peaks at 32.5 eV and 34.8 eV are identified to be from 

W 4f7/2 and W 4f5/2, respectively, corresponding to the 4+ oxidation state of W, as shown in Fig. 

5.4(c), which are consistent with those reported for 2H-WS2.
20 Fig. 5.4(d) shows the S 2p XPS 

spectrum of the WS2 QD with peaks at ∼161.8 eV (S 2p3/2), and ∼162.9 eV (S 2p1/2), which are 

similar to that of the 1L-MoS2 sample. The existence of surface defects (S vacancies) in the WS2 

QD is shown by the presence of the peak at 162.1 eV (S 2p3/2) (with 13.5% spectral weight), which 

may have occurred during the synthesis by liquid exfoliation method. Additionally, there is a small 

peak at 167.5 eV corresponding to SO2 which suggests the minor presence of oxidized sulfur 

edges. 

5.3.2.2. Raman and XRD Analyses 

Raman spectroscopy has been widely used for the determination of the number of layers,21 the 

strain, the external field and doping effects16, 21-22 in 2D TMDs. Fig. 5.5(a) shows the comparative 

Raman spectra for 1L-MoS2 and 1L-MoS2/WS2 QD HS at room temperature. Two characteristic 

Raman modes E2g and A1g corresponding to the in-plane vibration of Mo and S atoms and out-of-

plane vibration of S atoms, respectively, can be clearly seen.21 The frequency difference (Δk) 

between E2g and A1g modes has been used to identify the number of layers in MoS2.
21 For 1L-

MoS2 sample, the measured Δk is ~19.6 cm-1 confirming the monolayer growth,21 which is 

consistent with the AFM result. WS2 QDs also show the presence of two characteristic Raman 

modes E2g and A1g of WS2, which confirms the crystallinity of the QDs.23 A comparative Raman 

analysis of the WS2 QDs and WS2 nanosheets shows a red shift in the E2g mode and a blue shift in 

the A1g mode in the QDs with respect to that of the nanosheets (see Fig. 5.5(b)). This shift in the 

Raman modes is attributed to the decrease in the number of layers of the WS2 QD compared  to 

the WS2 nanosheets.23 Interestingly, after the formation of the 1L-MoS2/WS2 QD HS, the position 

of the Raman modes of MoS2, A1g is red-shifted by 1.2 cm-1, while that of E2g is not influenced 

(See Table 5.1). This shift occurs due to the fact that the A1g mode couples much more strongly 

with electrons than the E2g mode.22 The redshift of the A1g mode indicates an effective n-type 

doping effect in the MoS2 layer due to the strong electron-phonon coupling.24 Crystallinity of the 

WS2 QDs is further confirmed from the XRD analysis (see Fig. 5.5(c)) showing a strong peak at 

14.3° corresponding to the (002) plane and multiple weak peaks corresponding to (004), (101), 

(103), (006) and (105) lattice planes of 2H-phase of crystalline WS2 (JCPDS 08-0237).25 
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Fig. 5.5. (a) Comparison of the Raman spectra of 1L-MoS2, WS2 QD and 1L-MoS2/WS2 QD HS (with 24 mg/L 

concentration of WS2 QD).  The vertical dotted lines show no shift of the E2g and a redshift of the A1g Raman band of 

MoS2 in the 1L-MoS2/WS2 QD HS. (b) Comparative Raman spectra of the WS2 QD and WS2 nanosheet depicting two 

Raman modes E2g and A1g, respectively. (c) XRD spectrum of WS2 QD. The inset depicts a magnified view of the 

XRD pattern in the range 2θ=28° to 49°. 

Table 5.1: Summary of the Raman modes and their separation (∆k) for 1L-MoS2 and 1L-

MoS2/WS2 QD HS. 

Sample  E2g (cm-1) A1g (cm-1) ∆k (cm-1) 

1L-MoS2 387.6 407.2 19.6 

1L-MoS2 /WS2 QD 387.6 406.0 18.4 
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5.3.2.3. UV-vis and Photoluminescence Study 

Fig. 5.6(a) shows the UV-vis absorption spectra of the samples. The 1L-MoS2 exhibits three 

excitonic absorption peaks A, B and C at 1.85, 2.00 and 2.74 eV, respectively. The excitonic A 

and B peaks originate from the transitions between the spin-orbit split valence band and the lowest 

conduction band at the K and K′ points of the Brillouin zone.7 The C absorption peak is assigned 

to the direct transition from the deep valence band to the conduction band.26 The absorption 

spectrum of WS2 QDs (see Fig. 5.6(a)) shows low absorbance in the visible range and no distinct 

excitonic features in contrast to that of the monolayer WS2 reported in the literature.27 Since the 

QDs are mostly monolayer, the bandgap is expected to be direct type and the optical bandgap 

calculated from the Tauc plot is 3.45 eV as shown in Fig. 5.6(b), which is much higher than the 

monolayer WS2.
27  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. (a) UV-visible absorption spectra of 1L-MoS2, WS2 QDs and 1L-MoS2/WS2 QD (with 24 mg/L concentration 

of WS2 QD). A, B and C represent the characteristic excitonic absorption bands of the 1L-MoS2. The inset shows the 

first derivative of the absorption spectra of 1L-MoS2 and 1L-MoS2/WS2 QD. (b) Tauc plot for the WS2 QDs indicating 

a bandgap of 3.45 eV. (c) Normalized PL emission spectra of WS2 QDs at various excitation wavelengths (300–480 

nm). (d) Gaussian fitting of the PL emission spectrum for the excitation of 300 nm and 400 nm. The constituent peaks 

are denoted as B, A, and X excitonic emissions. 
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In case of 1L-MoS2/WS2 QD HS, three absorption peaks (A, B, C) were observed, which are 

consistent with the spectrum of 1L-MoS2. A marginal enhancement in the absorbance of 1L-

MoS2/WS2 QD HS compared to that of individual absorbance of 1L-MoS2 and WS2 QDs is 

observed in the spectral range 2.48 to 4.59 eV, which may be due to the combined effect of the 

increase in the number of layers as well as the enhanced light-material interaction in the 

heterostructure.28 To determine precisely the absorption peaks of spin-orbit split B and A excitons 

in the 1L-MoS2 and 1L-MoS2/WS2 QDs, we have taken the first derivative of the absorption 

spectra (see the inset of Fig. 5.6(a)). The A and B excitonic peaks for 1L-MoS2 are located at 1.844 

eV and 1.990 eV, respectively. For 1L-MoS2/WS2 QD HS, there is only ~4 meV redshift in the A 

excitonic peak with respect to the 1L-MoS2. This small redshift in the A peak may be due to the 

n-type doping of 1L-MoS2 after the formation of the HS due to the charge transfer from the WS2 

QDs to the 1L-MoS2. In contrast to our case of marginal shift, in case of a chemical doped system 

the shift in the excitonic peaks in the absorption spectra has been more prominent.29  

The as-synthesized WS2 QDs are highly fluorescent in nature with a quantum yield (QY) of ~15%. 

The PL emission spectra usually depend on the wavelength of excitation due to the contribution 

from multiple states and size distribution.30 Fig. 5.6(c) displays the normalized PL emission 

spectra of the WS2 QDs for various excitation wavelengths.  As the excitation wavelength is 

increased gradually from 300 to 480 nm, the emission peak position systematically redshift from 

2.52 eV to 2.31 eV. This excitation wavelength-dependent PL shift is poorly understood in the 

literature. The broadening in PL peak usually results from the polydispersity in the WS2 QD size, 

which is attributed to the colloidal synthesis process.31-32 To further explain the broad PL spectrum 

in WS2 QDs under 300 nm excitation, we have deconvoluted the spectrum with three Gaussian 

peaks: the B exciton, the neutral A exciton, and the defect bound exciton X, as shown in Fig. 

5.6(d). The A and B-excitons centered at 3.1 eV and 3.5 eV arise from the giant spin-orbit splitting 

of the valence band in the K-K′ point.20 The B and A excitons arise from the splitting of the valence 

band at the K point due to strong spin-orbit coupling in the W atom of WS2.
7 The energy difference 

between these two peaks is found to be ~400 meV, which is similar to that of monolayer WS2.
33 

The contribution from the A and B exciton is gradually reduced with increasing excitation 

wavelength and hence the spectrum is narrower than that with low wavelength excitation. The X 

band in the fitting centered at 2.54 eV is associated with the surface defect bound exciton X, and 

at higher excitation wavelength (>380 nm), the PL emission arises only from the bound exciton 
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transition (Fig. 5.6(d)). Thus, a selective excitation of different states at different excitation 

wavelength is responsible for the red shift and narrowing of the PL peak at higher wavelength of 

excitation. This explains the wavelength-dependent shift in the PL emission peaks in WS2 QDs. 

Note that the PL peak assignments are based on the measured bandgap and the relationship: EB=Eg-

Eb+ESO,34  where EB is the B exciton peak position, Eb is the exciton binding energy (~0.3 eV for 

monolayer WS2).  ESO is the energy difference arising due to splitting of the valence band due to 

strong spin-orbit coupling (~0.4 eV) in the W atom of WS2.
33 Thus, based on the measured 

bandgap, EB is expected to be ~3.5 eV. Likewise, the A exciton peak is expected at ~3.1 eV. The 

deconvoluted peaks positions in Fig. 5.6(d) closely match with the above. Note that the defect 

contribution (X-band) to the PL intensity is very significant in all the spectra.  

Fig. 5.7(a) displays representative PL spectra of pristine 1L-MoS2, WS2 QD and 1L-MoS2/WS2 

QD HS, measured with 488 nm laser excitation. The PL emission peak for the WS2 QD is broad 

due to the size distribution of QDs and it is much weak compared that of the 1L-MoS2. The PL 

peak position (~2.28 eV) is consistent with the result presented in Fig. 5.6(c).35 Interestingly, this 

peak is at a much higher energy than that of 1L-WS2.
27 The broadening and blue shifting of the PL 

peak of the WS2 QD originate from the quantum size effect as well as the surface defect states.30 

For 1L-MoS2, we observe a PL peak at 1.86 eV with 488 nm excitation. However, after the 

formation of the 1L-MoS2/WS2 QD HS the PL peak position is redshifted by ~ 30 meV and the 

intensity is also partially quenched. Such a redshift and quenching of the PL is an indication of the 

possible charge transfer and n-type doping of 1L-MoS2 due to the specific band alignment at the 

interface. This is consistent with the Raman analysis discussed earlier. 

 To further interpret the possible origin of the PL evolution, a deconvolution analysis was 

carried out on 1L-MoS2 and 1L-MoS2/WS2 QD by fitting each spectrum with four Gaussian peaks: 

the neutral exciton (A0), negative trion (A−), B exciton, and the defect bound exciton (X). Fig. 

5.7(b) shows the fitted PL spectra of the sample 1L-MoS2 and 1L-MoS2/WS2 QD HS, respectively.  

The A0 and B exciton peaks are associated with the direct bandgap transition at the K point in the 

Brillouin Zone, with energy split from the strong valence-band spin-orbit coupling.8 It has been 

reported that the A−  trion peak arises from charged impurities in the 1L-MoS2 grown by a CVD 

method on accounts of unintentional n-type doping,36 and the X exciton peak is assigned to the 

radiative recombination of bound excitons from the defect trap states.37 Note that in the fitting 
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process, we have fixed only the peak positions of the A0 (1.88 eV), B (1.98 eV), A− (1.83 eV) and 

the X (1.78 eV) bands and the rest are kept as free parameters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7. (a) Comparative PL spectra of pristine 1L-MoS2, WS2 QDs and 1L-MoS2/WS2 QD HS (with 24 mg/L 

concentration of WS2 QD) measured with 488 nm excitation using a micro-Raman system. (b) Gaussian deconvolution 

of PL spectra of pristine 1L-MoS2 and 1L-MoS2/WS2 QD HS, respectively. (c) Energy band diagram of the 1L-

MoS2/WS2 QD heterostructure under equilibrium. 

With the decoration of the WS2 QDs, the PL spectral weight of the A0 exciton peak decreased from 

53% to 20.6%, while that of the A− trion peak increased from 23.2% to 37.2% (see Fig. 5.7(b) and 

Table 5.2). This increase in the spectral weight of the negative trion in 1L-MoS2/WS2 QD HS is 

due to an increase in the number of excess electrons in the 1L-MoS2. This is an indication that 

electrons are transferred from the WS2 QDs to the 1L-MoS2. Upon illumination (at 488 nm) with 
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photon energy lesser than the bandgap (Eg) of the WS2 QDs, only electrons in the defect states of 

the QDs absorb the photons and these electrons are excited to the conduction band. Some of these 

generated electrons are transferred to the 1L-MoS2 resulting in n-type doping, as can be understood 

from the schematic of the band alignment of the 1L-MoS2 and WS2 QD depicted in Fig. 5.7(c). 

DFT calculations on the MoS2/WS2 HS from previous studies show charge transfer from 1L-WS2 

to 1L-MoS2.
38 The spectral weight of the defect bound excitons X increases from 10.6% to 26.7% 

after the formation of HS. (see Fig. 5.7(b) and Table 5.2).  

Table 5.2: Summary of the Gaussian deconvoluted PL spectra showing various species for 1L-

MoS2 and 1L-MoS2/WS2 QD HS. 

 Relative weightage of PL peaks 

Sample  B-exciton 

(B) (%) 

A-exciton 

(A) (%) 

Trion 

(A) 

(%) 

Bound exciton 

(X) (%) 

1L-MoS2 13.2 53.0 23.2 10.6 

1L-MoS2 /WS2 QD 15.5 20.6 37.2 26.7 

 

 To provide a more direct evidence in support of the proposed charge transfer process, the 

change in the work function of 1L-MoS2 before and after the decoration of WS2 QD was estimated 

by KPFM (Kelvin probe force microscopy). Fig. 5.8(a) and (c) show the AFM topography of 1L-

MoS2 and 1L-MoS2/WS2 QD HS, while Fig. 5.8(b) and (d) show the surface potential image of 

1L-MoS2 and 1L-MoS2/WS2 QD HS, respectively. Before the measurement, the work function of 

the tip (t, in eV) was calibrated (∼4.52 eV). The overall contact potential difference (VCPD, in V) 

values of the measured samples were provided by the KPFM measurements. The measured VCPD 

between the sample and the tip can be expressed as, e × VCPD = t – s, where e is the elementary 

charge and s is the work function of the sample. The contact potential difference for 1L-MoS2 is 

~85 mV, while that for 1L-MoS2/WS2 QD HS is ~120 mV. So, the work functions of 1L- MoS2, 

1L-MoS2 ~ 4.435 eV, which is similar to previously reported values39 and 1L-MoS2/WS2 ~ 4.400 eV, 

respectively. Thus, there is a distinct decrease in the work function of the 1L-MoS2/WS2 QD HS 

by 35 meV compared to that of 1L-MoS2. The reduction in the work function of the HS suggests 

the higher electron density in the 1L-MoS2 due to the favorable band bending for the charge 

transfer from the WS2 QDs to the 1L-MoS2. 
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To further understand the change of the PL intensity of the 1L-MoS2 with the addition of the WS2 

QDs (concentration 4 to 36 mg/L), PL intensity was measured for the HS system. Fig. 5.9(a) shows 

the variation of the PL spectra of the 1L-MoS2 with different concentrations of WS2 QDs.  The PL 

intensity of the 1L-MoS2 decreases systematically and PL peak broadens and red-shifts as the 

concentration of the WS2 QDs is increased. The total PL intensity of the 1L-MoS2 decreases 

dramatically after the formation of the 1L-MoS2/WS2 QD HS even at very low concentration (4 

mg/L), as shown in Fig. 5.9(b). Note that attachment of WS2 QDs to 1L-MoS2 surface is limited 

by the specific surface area of the 1L-MoS2 and beyond a certain concentration, WS2 QDs are not 

directly attached to the MoS2 surface sites and hence further charge transfer is restricted at high 

concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8. (a, c) AFM surface topography images of 1L-MoS2 and 1L-MoS2/WS2 QD, respectively. (b, d) The 

corresponding KPFM surface potential images. 

To have a better understanding of the spectral changes in PL, we have considered the contribution 

of the neutral exciton, trion and defect bound exciton in the spectral deconvolution of PL peaks, 

as shown in Fig. 5.9(c). It is evident that with increasing concentration of WS2 QDs, charge carrier 

density increases in 1L-MoS2. These doped electrons easily form trions and restrain the electron-
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hole pair recombination and as a result, the PL intensity quenches systematically and the PL peak 

is redshifted. Therefore, the neutral excitons are gradually converted to trions resulting in the 

change of the spectral weight of the individual component. It is evident from the fitting shown in 

Fig. 5.9(c) that for low concentrations of the WS2 QD (< 12 mg/L), the PL emission is dominated 

by the neutral exciton peak (A0). At higher concentration of WS2 QDs, the contribution of the 

trions becomes higher than the neutral exciton and hence induces quenching of the PL intensity 

and a redshift of the PL peak position.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9. (a) Variation of the PL spectra of the 1L-MoS2 with different concentration of WS2 QDs. (b) Total PL 

intensity of 1L-MoS2 as a function of the concentration of WS2 QDs. (c) Gaussian deconvolution of the PL spectra of 

1L-MoS2 measured at different concentration of the WS2 QD. The PL spectra are deconvoluted with four peaks: B 

exciton (B), neutral exciton (A0), trion (A-), and the defect bound exciton (X). 

Fig. 5.10(a) shows a plot of the integrated PL intensity of neutral excitons IA
0, negative trions IA

- 

and the bound excitons IX as a function of the concentration of WS2 QDs. We notice that the 

intensity of the neutral excitons IA
0 decreases gradually and then almost saturates at high 

concentration of the WS2 QD (>24 mg/L). However, there is a very small change in the integrated 

intensity of the trions. This is because the trion emission saturates after a certain doping level due 
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to Pauli blocking effect.15 Thus, the excess electrons that are transferred from the WS2 QDs to the 

1L-MoS2 will further move to the defect trap states. It is interesting to note that despite the 

systematic decrease in the integrated PL intensity of A0 and A- peaks, the defect-related X peak 

intensity does not decrease with doping, which is essentially due to the charge transfer from the 

A- level to X level. In the absence of defect, one would expect an increase in trion population with 

increasing doping (electron) concentration, which is contrary to our experimental data.  On the 

other hand, the total integrated PL intensity ITotal decreases in a similar way as that of IA
0. Fig. 

5.10(b) shows the change of the PL spectral weight of the neutral exciton (IA
0/ITotal) with the 

increase in the concentration of the WS2 QDs. For pristine 1L-MoS2 the spectral weight is ~0.61, 

whereas with doping at higher concentration (>24 mg/L), the spectral weight decreases up to 

~0.29. This is an indication of the transition from neutral exciton to trion with the increase in the 

doping.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10. (a) Integrated PL intensity of neutral exciton (IA
0), trion (IA

-), defect bound exciton (IX) and the sum (ITotal) 

of IA
0, IA

- and IX as a function of the concentration of WS2 QD. Symbols are the experimental data, while the solid lines 

are fitted data based on analytical solutions of rate equations. (b) The neutral exciton spectral weight (IA
0/ITotal) as a 

function of the concentration of WS2 QD. (c) Schematic representation of electronic transitions through a four-level 

energy diagram involving the neutral exciton (IA
0), trion (IA

-), defect bound exciton (IX) and the ground state. Other 

symbols are described in the text. (d) Calculation of electron density (ne) based on the law of mass action; inset shows 

ne as a function of the concentration of WS2 QDs.  
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For a quantitative understanding of the relative change in the PL intensity of the neutral exciton 

IA
0, trion IA

- and defect bound exciton IX, we discuss the exciton and trion relaxation dynamics 

with rate equations based on a four-energy level model, as shown in Fig. 5.10(c).40 Here, G 

represents the generation rate of excitons, Γ1 and Γ2 represent the decay rates of the exciton and 

trions, respectively.  ktr(δ) is the formation rate of trion from the exciton, which is dependent on 

the doping concentration (δ) of the WS2 QDs. To better model our experimental observation, we 

have assumed Γ1 to be dependent of δ and it is taken as proportional to doping concentration δ, 

without which the trion population would not decay with increasing δ, which will be evident from 

the solution of the rate equations discussed below. In case of high doping density, carrier-density-

dependent recombination dynamics of excitons is rational and it has been reported for InGaN/GaN 

quantum wells.41 Thus, the dependence of Γ1 on doping density δ is reasonable in the present case. 

The trions also decay through the defect trapping state at the rate Γ3. Lastly, Γ4 represents the decay 

rate of the defect bound excitons. Thus, based on the evolution of the three peaks with different 

doping concentrations, the electronic transitions are shown in Fig. 5.10(c). The corresponding rate 

equations for the population of neutral excitons NA
0, trions NA

- and the defect bound excitons NX 

can be expressed as:  

𝑑𝑁
𝐴0

𝑑𝑡
= 𝐺 − [𝛤1(𝛿) + 𝑘𝑡𝑟(𝛿)]𝑁𝐴0                                                                     (1) 

𝑑𝑁𝐴−

𝑑𝑡
= 𝑘𝑡𝑟(𝛿)𝑁𝐴0 − (𝛤2+𝛤3)𝑁𝐴−                                                                     (2) 

𝑑𝑁𝑋

𝑑𝑡
= 𝛤3𝑁𝐴− − 𝛤4𝑁𝑋                                                                                         (3) 

  𝑘𝑡𝑟(𝛿) = 𝑘𝑡𝑟(0)(1 − 𝑠.
1

𝛼𝛿+1
)                                                                         (4) 

𝛤1(𝛿) = 𝛤1(0)(1 + 𝛽𝛿)                                                                                     (5) 

where G is the generation rate of the A exciton, δ is the concentration of WS2 QDs solution. The 

parameter α in eq. (4) represents the WS2 QD adsorption probability and β in eq. (5) is a 

proportionality constant. Considering that the rate of adsorption of WS2 QDs obeys the Langmuir’s 

law, the formation rate of trions with doping concentrations can be described as ktr(δ) given in eqn. 

(4), and s (∼85% for our best-fitted data) reflects the ability of charge transfer from WS2 QD to 

1L-MoS2. Doping concentration δ is increased in steps for 4 mg/L in our experiment. Γ1 and Γ2 
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are the decay rate of neutral exciton and trion, respectively. The time dependent population of 

excitons, trions and defect charges can be analytically solved as: 

𝑁𝐴0(δ, 𝑡) =
1

𝛤1(δ)+𝑘𝑡𝑟(δ)
(𝐺 − 𝑒−(𝛤1+𝑘𝑡𝑟(δ))𝑡)                                                   (6) 

𝑁𝐴−(δ, 𝑡) =
𝑘𝑡𝑟(δ)

(𝛤2+𝛤3)

𝐺

(𝛤1(δ)+𝑘𝑡𝑟(δ))
(1 − 𝑒−(𝛤2+𝛤3)𝑡) −

𝑘𝑡𝑟(δ)

(𝛤2+𝛤3−(𝛤1(δ)+𝑘𝑡𝑟(δ))(𝛤1(δ)+𝑘𝑡𝑟(δ))
[𝑒−(𝛤1(δ)+𝑘𝑡𝑟(δ))𝑡 − 𝑒−(𝛤2+𝛤3)𝑡]                

                                                                            (7) 

 𝑁𝑋(δ, 𝑡) =
𝛤3

𝛤4

𝑘𝑡𝑟(δ)

(𝛤2+𝛤3)

𝐺

(𝛤1(δ)+𝑘𝑡𝑟(δ))
(1 − 𝑒−𝛤4𝑡) −

𝛤3𝑘𝑡𝑟(δ)

(𝛤4−(𝛤2+𝛤3))

𝐺

(𝛤2+𝛤3)(𝛤1(δ)+𝑘𝑡𝑟(δ))
[𝑒−(𝛤2+𝛤3)𝑡 −

𝑒−𝛤4𝑡] −
𝛤3𝑘𝑡𝑟(δ)

(𝛤2+𝛤3−(𝛤1(δ)+𝑘𝑡𝑟(δ)))(𝛤1(δ)+𝑘𝑡𝑟(δ))
[

1

(𝛤1(δ)+𝑘𝑡𝑟(δ))
(𝑒−𝛤4𝑡 − 𝑒−(𝛤4+𝛤1(δ)+𝑘𝑡𝑟(δ))𝑡) −

1

(𝛤2+𝛤3)
(𝑒−𝛤4𝑡 − 𝑒−(𝛤2+𝛤3+𝛤4)𝑡)                                                                (8) 

Under steady state condition, the above equations reduces to 

𝑁𝐴0(δ) =
𝐺

𝛤1(δ)+𝑘𝑡𝑟(δ)
                                                                       (9) 

  𝑁𝐴−(δ) =
𝑘𝑡𝑟(δ)

(𝛤2+𝛤3)

𝐺

(𝛤1(δ)+𝑘𝑡𝑟(δ))
=

𝑘𝑡𝑟(𝑛)

(𝛤2+𝛤3)
 𝑁𝐴0(δ)                                         (10)  

 𝑁𝑋(δ) =
𝛤3

𝛤4

𝑘𝑡𝑟(δ)

(𝛤2+𝛤3)

𝐺

(𝛤1(𝛿)+𝑘𝑡𝑟(δ))
=  

𝛤3

𝛤4
 𝑁𝐴−(δ)                                              (11) 

𝑁𝑋

𝑁𝐴0  
=

𝑁𝑋

𝑁𝐴−  
×

𝑁𝐴−

𝑁𝐴0  
                   (12) 

The steady-state PL intensities of neutral exciton (IA
0), trion (IA

-) and defect bound exciton (IX) 

can be represented as follows:  

𝐼𝐴0(δ) =
𝐴𝐺𝛾𝑒𝑥

𝛤1(δ)+𝑘𝑡𝑟(δ)
                                                                                     (13) 

𝐼𝐴−(δ) =
𝑘𝑡𝑟(δ)

(𝛤2+𝛤3)

𝐴𝐺𝛾𝑡𝑟

(𝛤1(δ)+𝑘𝑡𝑟(δ))
                                                                       (14) 

  𝐼𝑋(δ) =
𝛤3

𝛤4

𝑘𝑡𝑟(δ)

(𝛤2+𝛤3)

𝐴𝐺𝛾𝑋

(𝛤1(δ)+𝑘𝑡𝑟(δ))
,                                                                   (15) 

where A is the collection efficiency of luminescence, 𝛾𝑒𝑥, 𝛾𝑡𝑟  and 𝛾𝑋 are the radiative decay rates 

of neutral exciton, trion and defect bound exciton, respectively. The calculated/fitted PL intensities 
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𝐼𝐴0 ,  𝐼𝐴− and 𝐼𝑋 in equations (13), (14) and (15), are in excellent agreement with the experimental 

results, as shown in Fig. 5.10(a). The parameters used in this analysis are Γ1(0) =0.002 ps-1, Γ2 = 

0.02 ps-1, Γ3=0.05 ps-1, and ktr(0) = 0.5 ps-1 , which are based on previously reported data.15, 42 We 

have assumed an intermediate decay rate from the defect trap state, Γ4 = 0.01 ps-1 for a good fit to 

the carrier recombination dynamics. The fitting parameters of AGγtr/AGγex and AGγX/AGγex to 

match the experimental data are 0.38 and 0.01, respectively, which implies that γtr < γex and γX << 

γex, consistent with their relative PL intensities observed experimentally. Note that our value of 

γtr/γex is nearly double of  the reported value (γtr/γex = 0.15),12 due to the specific band alignment 

for favorable charge transfer and formation of trions. Due to the higher bandgap of WS2 QDs than 

that of monolayer WS2, the band bending is higher in our case resulting in more efficient charge 

transfer. Our results further imply that the defect (X) contribution to the PL evolution is smaller 

than the trion (A-) contribution. However, it is significant enough and necessary to consider it in 

the rate equation to match with the experimental data.  

 Assuming the validity of the law of mass action here, the relationship between the 

population of the neutral exciton (NA
0), trions (NA

-) and the charge density ne in the 1L-MoS2 is 

expressed as 

𝑁
𝐴0𝑛𝑒

𝑁𝐴−
= (

16𝜋𝑚
𝐴0 𝑚𝑒

ℎ2𝑚𝐴−
) 𝑘𝐵𝑇 exp (−

𝐸𝑏

𝑘𝐵𝑇
)                                                       (16) 

where h is the Planck's constant, kB is the Boltzmann constant, T is the temperature and Eb is the 

trion binding energy.  The effective masses of the electron, hole, and trion are me, mh and mA
-, 

respectively. me and mh are 0.35 m0 and 0.45 m0, where m0 is a free electron mass.15 Therefore, 

the effective mass of a neutral exciton (𝑚𝐴0) and a trion (𝑚𝐴−) can be calculated as as 𝑚𝐴0 = me + 

mh = 0.8 m0, 𝑚𝐴− = 2me + mh = 1.15 m0, respectively. Therefore, the calculated the PL spectral 

weight of the exciton can be expressed as 

𝐼
𝐴0

𝐼𝑡𝑜𝑡𝑎𝑙
=

1

1+
𝛾𝑡𝑟𝑁𝐴−

𝛾𝑒𝑥𝑁
𝐴0 

+
𝛾𝑋𝑁𝑋

𝛾𝑒𝑥𝑁
𝐴0 

≈
1

1+7.4×10−14𝑛𝑒+4.4×10−14𝑛𝑒 
≈  

1

1+11.8 ×10−14𝑛𝑒 
     (17) 

where Itotal =𝐼𝐴0 + 𝐼𝐴− + 𝐼𝑋, and the Eb and T are taken as 25 meV and 300 K, respectively. The 

γtr/γex  and γX/γex values as obtained from the fitting are substituted here. Thus, the charge density 

ne is calculated from the exciton spectral weight using equation (17) and is shown in Fig. 5.10(d). 

For pristine 1L-MoS2, the charge density is ~ 5.5 × 1012 cm-2 owing to its unintentional n-doping 

attributes.43 After WS2 QD doping, in the saturation region, the calculated electron density of the 
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1L-MoS2/WS2 QD HS increases to 20.5 × 1012 cm-2. It is important to note that the difference in 

the electron density before and after the formation of the HS, Δne ~ 1.5 × 1013 cm-2, which is 

significant. This change in the electron density signifies the approximate density of doped 

electrons in 1L-MoS2. The inset in Fig. 5.10(d) shows the gradual increase in the charge density 

ne in the 1L-MoS2 with the increase in the WS2 QD concentration. Thus, these results demonstrate 

effective control of doping/electron density in 1L-MoS2 about one order of magnitude by the 

decoration of WS2 QDs. We believe that the electron density in the 2D materials can be effectively 

tuned by decorating with QDs of other 2D materials with high bandgap and thus, enable suitable 

control of the electrical and optical properties of the 2D materials, which is very significant for the 

ensuing applications.   

5.4. Conclusion 

 In conclusion, we have demonstrated the tunability in the light emission of the 1L-MoS2 

by doping it with the WS2 QD. KPFM analysis revealed a decrease in the work function of 1L-

MoS2 with the decoration of WS2 QDs. Systematic quenching of the PL intensity of 1L-MoS2 with 

the decoration of WS2 QDs was explained on the basis of charge transfer from WS2 QDs to 1L-

MoS2. A detailed analysis using coupled charge transfer among four-energy level model was 

employed to explain the redshift and the decrease in the PL intensity of the 1L-MoS2 after 

decoration with the WS2 QDs. An analytical solution to the coupled rate equations for change in 

the population of different excitonic emissions including bound excitonic transition was 

successfully employed to quantitatively understand the quenching process. The contribution of 

defects in the charge transfer induced quenching of PL and the carrier-density-dependent 

recombination dynamics of excitons were established through the quantitative analysis of the 

spectral evolution. Charge transfer induced increase in electron density in 1L-MoS2 leads to the 

transition of the neutral excitons to trions. The doped electron density up to Δne ~1.5 × 1013 cm-2 

indicates high n-type doping in the 1L-MoS2 by a simple approach. Our results suggest an effective 

way to manipulate the electron density through the heterostructure approach, which is 

advantageous to tune the optical and electrical properties of monolayer TMDs for optoelectronic 

applications. 
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Chapter 6 

A High-Performance Hybrid 2D/0D Photodetector based on 

1L-MoS2/WS2 Quantum Dot Heterostructure 
 

In this chapter, we present the CVD growth of monolayer MoS2 decorated with WS2 QDs for 

optoelectronic applications. In this work, we incorporate WS2 QDs with direct CVD grown 

monolayer MoS2 on Si/SiO2 substrate and fabricate a vertical heterojunction photodetector (PD). 

The 1L-MoS2/WS2 QD heterojunction PD can operate at a very low bias (0.1 V) and with fast 

photo-response speed exhibiting photocurrent growth and decay times of 18.5 µs and 95.4 µs, 

respectively. The photoresponsivity and detectivity of 1L-MoS2/WS2 QD hybrid photodetector are 

2.17 A/W and 1.18×1012 Jones under 405 nm illumination, respectively, which are much superior 

to that of pristine MoS2 photodetector. The enhanced performance of the heterojunction PD is 

attributed to the fast transfer of photogenerated electrons from WS2 QDs to monolayer MoS2 and 

n-type doping of MoS2 layer due to the appropriate band bending at the interface. We evaluate 

various device parameters to demonstrate the superiority of the p-n heterojunction photodetector 

operated under a low bias. This work offers a detailed insight to understand and fabricate the next 

generation multifunctional optoelectronic devices based on the 1L-MoS2 and WS2 heterojunction. 

  

6.1. Introduction 

Since the discovery of graphene, two-dimensional materials have received remarkable attention in 

the optoelectronics industry due to their fascinating properties such as light-matter interaction and 

substantial band gaps.1-3 In the previous chapter, we have demonstrated the tunability of 

photoluminescence (PL) emission from monolayer MoS2 (1L- MoS2) by decorating with WS2 

quantum dots (WS2 QDs). The system collectively exhibited an orderly quenching of the PL of 

1L-MoS2, which was explained on the basis of charge transfer from WS2 QDs to 1L-MoS2. We 

presented a detailed analysis of the coupled charge transfer using a four-energy level model. The 

decrease in the PL intensity accompanied by the redshift was explained on the basis of the 

contribution of trions as well as defects and carrier density-dependent recombination dynamics, 

which led to an effective high n-type doping effect in the 1L-MoS2. This manipulation of charge 

density in the 1L-MoS2 paves the way for interesting optoelectronic applications. According to 

previous literature, MoS2-based photodetectors still suffer from drawbacks owing to factors, such 

TH-2338_136153008



C h a p t e r  6                                                                                                                          | 120 

as traditional monolayer of 2D materials, exhibits poor optical absorption,4-5, and low interlayer 

transport speed.6  In the case of multilayer MoS2 photodetectors, the optical absorption is 

improved, thus, enhancing the overall responsivity of the detector. However, there is a major 

drawback in the performance of the device as the interlayer mobility is compromised.5, 7 There 

have been reports on the hybridization of the 2D materials to improve upon the carrier mobility 

and overall quantum efficiency of the photodetectors.3-4, 8-9 In the present chapter, we report the 

fabrication of a novel MoS2-WS2 based photodetector with the ultrafast response and high 

photoconductive gain. The WS2 QD decorated on CVD grown 1L-MoS2 forms an effective type 

II heterojunction. The response rise/fall times of the heterojunction were measured to be 18.5/95.4 

µs, which is an order faster than pristine 1L-MoS2 photodetector. Our results show that the 

heterojunction photodetector exhibits a broad spectral response with a peak photoresponsivity of 

2.17 A/W and peak detectivity of 1.18×1012 Jones at 405 nm. 

6.2. Experimental Details 

6.2.1. Sample Preparation 

6.2.1.1. Synthesis of WS2 quantum dots 

WS2 quantum dots were synthesized by liquid exfoliation method using high purity WS2 powder 

(Sigma Aldrich, 99%) dispersed in N-methyl-2-pyrrolidinone (NMP) (Alpha Aesar, HPLC grade, 

95%) and sonicated for 15 hours. The solution was allowed to settle down and was centrifuge for 

45 minutes. The WS2 quantum dots are present on the top 2/3rd of the solution, while the bottom 

1/3rd consists of the larger WS2 quantum dots and the nanosheets. Further details are described in 

Chapter 5, Section 5.2.1.1. To confirm the crystallinity of the WS2 QDs, micro-Raman analysis 

was performed.  

6.2.1.2. Growth of monolayer MoS2 

1L-MoS2 were directly grown on the SiO2 substrate by the CVD process using a two zone furnace. 

High-purity MoO3 (99.5%, Sigma-Aldrich) and sulfur powder (99.95%, Sigma-Aldrich) were used 

as precursors and placed inside a 2-inch quartz tube-based horizontal muffle furnace at the center 

of their respective zones, for the monolayer growth of MoS2. The substrates were then placed face 

down on top of the quartz mask with a circular opening, which were then put on top of the boat 

containing MoO3 precursor. The temperature of the zone containing the substrate was ramped at a 

rate of 15 °C/min up to 700 °C and was maintained for 5 min, with an Ar flow rate of 10 sccm. 
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Subsequently, the temperature of the other zone containing the sulfur precursor reaches 150 °C. 

The furnace was then allowed to cool down to room. It resulted in the large area growth of 

monolayer MoS2. Further details of the growth is described in Chapter 2, Section 2.3.2.  

6.2.1.3. Fabrication of 1L-MoS2/WS2 QD heterojunction photodetector 

To fabricate the 1L-MoS2/WS2 QD heterojunction, WS2 QDs were spin-coated onto the 1L-MoS2 

grown on Si/SiO2 and are dried, as described in Chapter 5, Section 5.2.1.2.  Next, a 100 nm thick 

Au layer was deposited through a shadow mask placed on top of the sample by a thermal 

evaporation method (base pressure of ~1×10−6 torr). Note that the shadow mask was properly fixed 

on the sample and examined using an optical microscope to ensure that one opening for electrode 

deposition was on the top WS2 QD layer and the other opening is on the pristine 1L-MoS2 film. 

For the fabrication of pristine 1L-MoS2 photodetector, the two Au electrodes were directly 

deposited on the 1L-MoS2 film. The electrodes were connected to the microprobe station for 

measurements.      

6.2.2. Characterization Techniques 

The details of AFM, Raman, FESEM, and PL measurements were discussed in Chapter 2, Section 

2.1.3. The details of FETEM, UV-Visible absorption, and XRD measurement were discussed in 

Chapter 3, Section 3.2.3.  The XPS measurements were carried out with an automated 

photoelectron spectrometer (PHI X-tool, ULVAC-PHI Inc.) using Al Kα X-ray beam (1486.6 eV) 

with a beam current of 5 mA. Temporal response of photocurrent and I-V measurement of the 

photodetector were measured using a microprobe station (ECOPIA EPS−500) connected to a 

source measure unit (Keithely 2400, USA) and a 405 nm laser with TTL modulation. A 250 W 

Xenon lamp (Newport, USA) with a manual monochromator (Oriel Instruments, USA) and the 

source meter (Keithely 2400, USA) were used to measure the spectral photoresponsivity of the 

photodetector.  

6.3. Results and Discussion 

6.3.1. Morphological Studies 

6.3.1.1. TEM and AFM Analyses 

Fig. 6.1(a) depicts the optical microscope image of large area continuous monolayer MoS2 film 

grown on SiO2/Si substrate. The as-grown MoS2 thin film shows uniformity and continuity along 

with triangular-shaped MoS2 flakes towards the edge of the substrate. It appears that during the 
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growth, these MoS2 flakes tend to merge together to form a large continuous monolayer film across 

a few millimeter square area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1. (a) Optical microscope image of large-area monolayer MoS2 grown by the CVD technique. (b) AFM image 

of monolayer MoS2 on Si/SiO2 substrate, and (c) AFM height profile of monolayer MoS2. (d) AFM image and (e) 

AFM height profile of the WS2 quantum dots. 

The surface morphology of the film is further characterized by AFM analysis. The result of a 

typical AFM measurement is presented in Fig. 6.1(b), which shows a few triangular domains 

interconnected with each other. The homogeneous color contrast indicates a good uniformity of 

the as-grown sample. Fig. 6.1(c) shows the height profile along the white line drawn at the edge 

in Fig. 6.1(b) revealing a film thickness of ∼0.7 nm, which agrees well with the monolayer MoS2. 
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The layer thickness and film uniformity are further confirmed by Raman spectroscopy analysis. 

Fig. 6.1(d) displays the AFM image of uniformly distributed spherical WS2 QDs. The height 

profile of the quantum dots indicates a thickness of ~0.6 nm (as shown in Fig. 6.1(e)), which 

corresponds to the monolayer thickness of the WS2 QDs.  

To further characterize the morphology of the as-prepared WS2 QDs, FETEM measurement was 

carried out. The FETEM image of prepared WS2 QDs is shown in Fig. 6.2(a). It is observed that 

the as-prepared QDs have sizes in the range 2-6 nm, with an average diameter of 3.3 nm (see the 

inset of Fig. 6.2(a)). The high-resolution TEM (HRTEM) image suggests that the QDs are highly 

crystalline with highly ordered fringes, as shown in Fig. 6.2(b). The inset of Fig. 6.2(b) displays 

the inverse fast Fourier transform (IFFT) of the lattice fringes showing a d-spacing of 0.23 nm, 

which corresponds to the (103) plane of WS2. 

 

 

 

 

 

 

 

 

Fig. 6.2: (a) The TEM image of WS2 QDs; the shows the size distribution of the QDs showing an average diameter 

(d) of 3.3 nm; (b) HRTEM lattice image of a WS2 QD; the inset shows the IFFT lattice image showing a d-spacing of 

0.23 nm 

6.3.2. Structural Analysis 

6.3.2.1. XPS Analysis 

To investigate the surface chemical composition of the as-grown samples, the X-ray photoelectron 

spectroscopy (XPS) was carried out. Fig. 6.3(a) shows the survey scan XPS spectra of pristine 1L-

MoS2, WS2 QD and 1L-MoS2/WS2 QD. Here, the presence of Mo 3d, Mo 3p, W 4f, and S 2p are 

observed in 1L-MoS2/WS2 QD HS sample confirming the presence of the elements of MoS2 and 

WS2 QD in the HS. Fig. 6.3 (b,c) shows the comparative Mo 3d and S 2p core-level XPS spectra, 

for 1L-MoS2 and 1L-MoS2/WS2 QD samples, respectively.   
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Fig. 6.3: (a) XPS survey spectra of 1L-MoS2, WS2 QD and 1L-MoS2/WS2 QD HS. (b, c) Core-level XPS spectra of 

1L-MoS2 and 1L-MoS2/WS2 QD HS for Mo 3d and S 2p, respectively. The vertical dotted line with arrow indicates 

the shift in the binding energy in each case. 

Fig. 6.3(b) displays two distinct peaks characteristic of Mo 3d5/2 and Mo 3d3/2 at 228.8 eV and 

231.9 eV for 1L-MoS2, indicating the presence of Mo4+ oxidation states in the sample. The S 2p 

spectrum for 1L-MoS2 shows two peaks attributed to S 2p3/2 at 162.1 eV and S 2p1/2 at 163.2 eV, 

respectively, which are attributed to the 2− oxidation state of sulfur as shown in Fig. 6.3(c). We 

observed that in the case of the 1L-MoS2/WS2 QD HS, both the Mo 3d and S 2p peaks are red-

shifted by∼0.4 eV, toward higher binding energy. This shift in the peak positions is due to the 

movement of the Fermi level toward the conduction band, indicating the charge transfer from WS2 

QDs to 1L-MoS2.
10 

6.3.2.2. Raman and XRD Analyses 

Raman spectroscopy is an indispensable tool to determine the atomic layer number in 2D 

materials. Micro-Raman measurements were performed on the as-grown 1L-MoS2, and 1L-

MoS2/WS2 QD HS recorded using 514 nm Ar laser. Fig. 6.4(a) shows the comparative Raman 

spectra for the samples. The Raman spectrum of 1L-MoS2 shows the presence of two characteristic 

Raman peaks, the E2g (in-plane) and A1g (out of plane) vibrational mode, which confirms the MoS2 

growth. The frequency difference Δk between these two peaks is ~ 20.6 cm-1, which suggests that 

the MoS2 is of monolayer thickness.11 The Raman spectrum of 1L-MoS2/WS2 QD HS exhibits two 
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additional peaks at 359.5 and 423.8 cm-1, which can be attributed to the E2g and A1g modes of WS2 

QD, and this confirms the co-existence both the phases in the HS. Interestingly, the peak position 

of A1g mode of MoS2 in the 1L-MoS2/WS2 QD HS is red-shifted by 1.2 cm-1, while there is no 

measurable shift in the E2g mode. This red shift of the A1g peak is attributed to the increase of 

electron concentration in MoS2 and has been reported as evidence of n-type doping of monolayer 

MoS2 by other dopants.12 Therefore, the MoS2 is n-type doped due to the formation of the 

heterostructure.  

Fig. 6.4: (a) Comparison of the Raman spectra of pristine 1L-MoS2, and 1L-MoS2@WS2 QD HS. (b) XRD patterns 

of 1L-MoS2, WS2 QD, and 1L-MoS2/WS2 QD HS. The curves are vertically shifted for clarity of presentation. 

The crystalline structure and phase composition of the as-grown samples were confirmed 

from the X-ray diffraction analysis. Fig. 6.4(b) shows the XRD patterns of 1L-MoS2, WS2 QD, 

and 1L-MoS2/WS2 QD HS. The diffraction pattern of the thin, pristine 1L-MoS2 shows only one 

small peak (labeled with " symbol) at 2θ ≈ 14.3°, which can be attributed to the (002) plane of 

MoS2. It is observed that the reflection peak can be perfectly indexed to the hexagonal MoS2 with 

a= b = 3.16 Å and c = 12.30 Å, which is consistent with the standard JCPDS card no. 37-1492. 

The XRD pattern of the WS2 QD displays diffraction peaks at 2θ ≈ 14.3°, 28.9°, 43.9°, and 59.9° 

assigned to (002), (004), (006) and (008) planes of hexagonal WS2 (JCPDS #84-1398), 

respectively. The peaks of both MoS2 and WS2 were present in the XRD pattern of the 1L-

MoS2/WS2 QD HS. However, it was difficult to distinguish the characteristic peak of MoS2 (002) 

from that of WS2 due to their similar 2 values (~14.3°). 
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6.3.3. Optical Analysis 

6.3.3.1. UV-Vis Absorption and Photoluminescence Study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5 (a) UV-visible absorption spectra of 1L-MoS2, WS2 QDs, and 1L-MoS2/WS2 QD. Inset shows the magnified 

view. A, B, and C represent the characteristic excitonic absorption bands of the 1L-MoS2; (b) PL spectra of pristine 

1L-MoS2 at room temperature. (c) Low-temperature PL spectra for pristine 1L-MoS2 taken from 83 to 300 K at a 

regular interval. (d) A plot of PL intensity (A exciton) as a function of temperature for the 1L-MoS2. Inset shows the 

Arrhenius plot for the region 285-330 K. The experimental data have been fitted with the Arrhenius equation to extract 

the exciton binding energy (Eb). (e) Comparative PL spectra of 1L-MoS2 and 1L-MoS2/WS2 QD HS. The vertical 

dashed lines and the arrow indicate the redshift of the PL peak in the HS sample.  

Fig. 6.5(a) displays a comparison of the UV-visible absorption spectra of 1L-MoS2, WS2 QD, and 

1L-MoS2/WS2 QD HS. The absorption spectrum of 1L-MoS2 shows three characteristic absorption 

peaks A, B, and C at 667.7 nm, 618.5 nm, and 436.4 nm, respectively. The A and B excitonic 

peaks correspond to the direct excitonic transitions of the MoS2 originated from the energy split 
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of valence-band and spin-orbital coupling.13 The C excitonic peak is attributed to the direct 

transition from the deep valence band to the conduction band.14 On the other hand, WS2 QD 

displays an absorption peak in the near-UV region ( λ < 300 nm), which is assigned to the excitonic 

features of WS2 quantum dots.15 In the 1L-MoS2/WS2 HS, all the three absorption peaks (A, B, 

and C) of 1L-MoS2 are observed. In addition, as compared to the pristine 1L-MoS2 and WS2 QD, 

the 1L-MoS2/WS2 HS exhibits enhanced absorption, which may be ascribed to the increase in the 

number of layers in the HS.16 The inset shows the magnified view of the spectra in the selected 

region of 550-750 nm, evidently revealing a red-shift of A and B peaks by ∼ 3.7 nm and ~ 2.5 nm 

for the 1L-MoS2/WS2 QD HS as compared to that of bare 1L-MoS2.  This shift in the peaks in the 

HS sample may be due to the charge transfer from the WS2 QD to the 1L-MoS2, which leads to 

the effective n-type doping of the 1L- MoS2 film due to the HS formation.17 This n-type doping of 

the 1L-MoS2/WS2 QD HS is consistent with the Raman spectral shift shown in Fig. 6.4(a). Fig. 

6.5(b) displays the PL spectrum of pristine 1L-MoS2, measured at room temperature. The spectrum 

is featured by a broad peak appearing at 670 nm.  We examine the evolution of the PL spectrum 

of 1L-MoS2 in more detail by fitting it with four Gaussian peaks: the neutral exciton (A0), B 

exciton, trion (A-), and the bound exciton (X), respectively. The A0 and B exciton peaks are 

associated with direct optical transitions from the highest valence-band spin-orbit to the lowest 

conduction band at the K point in the Brillouin Zone.18 The A- exciton peak (trion) is a negatively 

charged exciton. When excess electrons are introduced, these electrons bind with photoexcited 

electron-hole pairs resulting in the formation of trions, which causes a reduction of exciton 

absorption and PL intensity. The spectral weight of the neutral exciton is then transferred to the 

trion. Thus, the doping level of the CVD grown MoS2 often govern the spectral weight of trion 

emission peak. The presence of peak X is ascribed to the radiative recombination of bound 

excitons.19 To further investigate the excitonic properties of the CVD grown 1L-MoS2, temperature 

dependent PL measurement was carried out in the range of 83-300 K, as shown in Fig. 6.5(c). As 

the temperature increases from 83 to 300 K, the intensity of PL peak decrease systematically (see 

Fig. 6.5(c)). This decrease in PL peak intensity of 1L-MoS2 with increasing temperature is mainly 

due to the higher rate of the non-radiative recombination process with an increase in the thermal 

energy, as explained earlier.20 A redshift in the PL peak position is also observed with the increase 

in the temperature. This shift is attributed to the decrease in the bandgap with the increase in the 

temperature.21 From the low-temperature PL analysis, we can estimate the exciton binding energy 
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(Eb) of the CVD grown pristine 1L-MoS2 and can be expressed in terms of the Arrhenius equation 

as follows: 

                                                         𝐼(𝑇) =
𝐼0

1+𝐶𝑒
(−

𝐸𝑏
𝑘𝐵𝑇

)
                                                               (1) 

Here I(T) and I0 are the PL peak intensities of the A exciton at temperature T and 0 K, respectively, 

and C is a constant, Eb is the exciton binding energy and kB is the Boltzmann constant. We 

considered the temperature range of 183-300 K to extract the exciton binding energy of ~176 meV 

from the Arrhenius plot, as shown in the inset of Fig. 4(f), which is comparable to the reported 

value for monolayer MoS2.
22 Fig. 6.5(e) displays the comparative PL spectra of 1L-MoS2 and 1L-

MoS2/WS2 QD. The PL intensity of 1L-MoS2/WS2 QD was observed to be partly quenched when 

compared with the pristine 1L-MoS2. Also, the PL peak position was considerably redshifted by 

13 nm in the 1L-MoS2/WS2 QD HS as compared to that of 1L-MoS2. This redshift in the PL peak 

position and partial quenching of the PL intensity in the 1L-MoS2/WS2 QD HS can be attributed 

to the increase in the trion (A-) population due to the presence of excess electrons after the 

formation of the HS. This is a result of the charge transfer from the WS2 QDs to the 1L-MoS2 

leading to the n-doping effect of the HS. A thorough understanding of the PL behavior of the HS 

was presented in the previous chapter.                                                                                                                                                                        

6.3.4. Performance study of 1L-MoS2/WS2 QD heterojunction photodetector    

In this section, we discuss about the 1L-MoS2/WS2 QD heterojunction as an efficient photodetector 

over a wide spectral range. Fig. 6.6(a) shows the schematic representation of the device 

configuration of the 1L-MoS2/WS2 QD heterojunction photodetector. We studied the comparative 

performance of pristine 1L-MoS2 and 1L-MoS2/WS2 QD as photodetectors. Fig. 6.6(b,c) depicts 

the current-voltage (I–V) characteristics of pristine 1L-MoS2 and 1L-MoS2/WS2 QD in the dark 

and under the illumination with 405 nm laser with an illumination power density of 2.35 mW/cm2. 

The I-V characteristics curve for the 1L-MoS2 shown in Fig. 6.6(b) is nearly symmetric both in 

the dark and light conditions, indicating the formation of back- to-back Schottky diode contact. On 

the other hand, for the 1L-MoS2/WS2 QD, the I-V characteristic curve exhibits asymmetric diode 

like rectifying behavior, as shown in Fig. 6.6(c). This indicates the formation of type-II 

heterojunction between 1L-MoS2 and WS2 QD.   
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Fig. 6.6: Schematic illustration of 1-LMoS2/WS2 QD heterojunction vertical type photodetector under reverse bias. I–

V characteristics of (b) 1L-MoS2 and (c) 1-LMoS2/WS2 QD heterojunction photodetector in the dark and under the 

illumination of intensity 2.35 mW/cm2 of wavelength 405 nm.  

To analyze the dependence of the photocurrent on the incident light power, we measure the 

photocurrent of the HS photodetector with different power densities, as shown in Fig. 6.7(a). It is 

clear that with the increase in the irradiation power, there is a systematic increase in the 

photocurrent. This dependence of the photocurrent on the incident power can be fitted well by the 

power law: 

                                                                      𝐼𝑝ℎ = 𝐴𝑃𝜃                                               (2) 

where Iph is the photocurrent, P is the incident light power density, A is a constant, and θis an 

exponent that determines the response of the photocurrent to light intensity. By fitting the data 

using the power law, the θ value is found to be 0.78. The obtained exponent value of <1 is due to 

the loss of carriers due to the trapping as well as recombination of photogenerated charge carriers 

due to the presence of some trap states at the interface between 1-LMoS2 and WS2 QDs.23 Fig. 

6.7(b) shows the typical temporal response of the photocurrent under illumination under different 
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bias voltages. We observed that over a long operational period, the photoresponse of the device is 

quite stable and reproducible. In the region of higher bias voltages, a linear increase in the 

photocurrent with an increase in the bias voltage was observed, which is due to the efficient 

separation and transport of photocarriers and the suppression of the recombination loss. On the 

other hand, there is a rapid increase in the photocurrent at lower bias voltages region (0.1 to 1.5 

V), as shown in the inset of Fig. 6.7(b). Furthermore, we measure and compare the optoelectronic 

figures of merit of the bare 1L-MoS2 photodetector and the 1L-MoS2/WS2 QD HS photodetector 

to evaluate their photodetection performance. The photoresponsivity (R) and the detectivity (D*) 

are critical parameters to determine the sensitivity for an optoelectronic device. Fig. 6.7(c) shows 

a comparison of spectral responsivity of the pristine and HS photodetectors in the spectral range 

of 300-800 nm at 5V bias. Spectral responsivity (R(𝜆)) of a photodetector is defined by the 

following equation:24 

                                                       𝑅(𝜆) =
𝐼𝑝ℎ()

𝑃𝑖𝑛𝐴
                                                           (3)  

where, Iph() is the photocurrent at a particular wavelength 𝜆, 𝑃𝑖𝑛  is the incident optical power 

density at 𝜆, and A is the effective device surface area (A ~ 0.01 cm2). Pristine 1L-MoS2 shows a 

broadband response with a peak responsivity ∼1.08 A/W at a wavelength of 658 nm, while the 

hybrid photodetector exhibits a relatively higher responsivity with the highest responsivity ~2.17 

A/W at ~600 nm, which is more than two times of the pristine 1L-MoS2 photodetector. Thus, the 

hybrid photodetector shows superior performance than the pristine 1L-MoS2 photodetector due to 

the efficient charge transfer between MoS2 and WS2 QDs.  

The detectivity (D*) of a photodetector can be expressed as: 

                                                        𝐷∗(𝜆) = 𝑅(𝜆)(
𝐴

2𝑄𝐼𝐷
)

1
2⁄                                                     (4) 

where ID is the dark current, and Q is the electronic charge (1.6×10-19 C). The D* value of pristine 

1L-MoS2 photodetector is found to be ~5.95×1011 Jones, while that of the 1L-MoS2/WS2 QD HS 

is 1.18×1012 Jones under the same condition, as shown in Fig 6.7(d). Thus, the D* of the HS 

photodetector is two times that of the pristine MoS2 photodetector.   
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Fig. 6.7: (a) Power dependent photocurrent response of 1-LMoS2/WS2 QD with 405 nm pulsed laser excitation at 5V 

(reverse bias) applied bias. Inset shows the variation photocurrent of the 1-LMoS2/WS2 QD photodetector as a function 

of illumination intensity with the corresponding fitting. (b) Time-dependent photocurrent response of 1-LMoS2/WS2 

QD under 405 nm light illumination (2.35 mW/cm2) recorded at different bias voltages. The inset shows the 

photocurrent vs. bias voltage for a fixed intensity of illumination. The comparison of (c) responsivity and (d) 

detectivity of 1L-MoS2 and 1L-MoS2/WS2 QD with -5 V applied bias. 

Next, we investigated the temporal response of the photodetectors using a pulsed laser source. Fig. 

6.8(a) and (b) displays the time-dependent photoresponse curves of pristine 1L-MoS2 and 1L-

MoS2/WS2 QD HS  measured at a reverse bias of 5 V and 405 nm pulsed laser excitation with an 

power density of 2.35 mWcm-2. To estimate the characteristic rise/fall time of the photodetector, 

the experimental data are fitted by a single exponential function as 

                                                        I(𝑡) = 𝐼0 + A exp (− 𝑡/𝜏) ,                                              (5) 

where τ is the time constant, and  𝐼0  and A are constants. The value of the time constants of 

photocurrent rise and fall for pristine 1L-MoS2 photodetector are found to be 49 µs and 638 µs, as 

shown in Fig. 6.8 (a). In contrast, the rise and fall time of the hybrid photodetector is reduced to 

18.5 µs and 95.4 µs (see Fig. 6.8(b)), which further demonstrates that the hybrid photodetector is 

significantly faster in response than the pristine 1L-MoS2 photodetector. The improved response 

of 1L-MoS2/WS2 QD photodetector is attributed to the efficient transfer of charges between MoS2 
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and WS2 QDs due to the appropriate band alignment at the heterojunction, as explained earlier in 

Chapter 5 (Section 5.3.2.2). Furthermore, the defect states in MoS2 are provided with electrons 

from the WS2 QDs, which can significantly decrease the number of trapped electrons.25 We 

summarize the key figure of merit of the HS photodetector in Table 6.1, to demonstrate the 

improvement achieved by the hybrid 1L-MoS2/WS2 QD photodetector in comparison with other 

0D-2D heterojunction photodetectors.  

 

 

 

 

 

 

 

 

 

Fig. 6.8: Time-dependent photoresponse of (a) 1-LMoS2 and (b) 1-LMoS2/WS2 QD under 405 nm light illumination 

recorded at different bias voltages. Schematic of the band diagram of 1L-MoS2/WS2 QD heterojunction at (c) 

equilibrium (zero bias), and (d) reverse bias condition. 

To visualize the mechanism of improved photoresponse of the HS photodetector, a schematic band 

diagram of the 1L-MoS2/WS2 QD heterojunction is illustrated in Fig. 6.8(c,d). Note that the 

measured work function of the 1L-MoS2 is 4.435 eV, which is higher than that of 1L-MoS2/WS2 

QD heterojunction, as discussed in the previous chapter (Section 5.3.2.2). This suggests a 

favorable band bending in the HS for the charge transfer from WS2 QDs to 1L-MoS2. When WS2 

QDs and 1L-MoS2 are in contact, potential barrier ΦB is developed at the interface of p-type WS2 

QDs and n-type 1L-MoS2, and the Fermi levels are aligned at the same energy value (equilibrium), 

as shown in Fig 6.8 (c). This leads to the type II band alignment between WS2 QDs and 1L-MoS2. 

Under illumination, the incident light is absorbed by the 1L-MoS2/WS2 QD heterojunction, and 
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the photocarriers are separated at the p–n interface between WS2 QDs and 1L-MoS2. Fig. 6.8(d) 

shows the energy band diagram of the 1L-MoS2/WS2 QD heterojunction at a reverse bias, under 

illumination. Under this condition, the potential difference increases to (ΦB +V) due to the shift of 

the Fermi level, which further leads to the expansion of the barrier potential across the depletion 

region as well as enhanced electric field, as shown in Fig. 6.8(d).  Subsequently, the photo-

generated electrons and holes flow towards the opposite electrodes, leading to the high 

photocurrent in the 1L-MoS2/WS2 QD photodetector. The fast response of the heterojunction is 

attributed to the high carrier mobility of MoS2 and the fast charge separation at the heterojunction.  

Table 6.1: Comparison of the performance of the 1L-MoS2/WS2 QD photodetector with 

commercial photodetector and other reported MoS2 and MoS2 based photodetectors. 

Device structure Responsivity 

(A/W) 

Detectivity 

(Jones) 

Rise time Fall time Ref. 

MoS2/PbSe QD 1.9 × 10-6 ˗ 250 s 430 s  24 

Si/MoS2 7.2 ~7.5× 109 - - 26 

Commercial PD 

(Advanced 

Photonix, 008-

2151-112) 

0.18 - ~1ns - - 

Few layer MoS2 

Schottky 

0.57 ~1010 70 µs 110 µs 27 

1L-MoS2/WS2 QD 2.17 1.18×1012 18.5 µs 95.4 µs This work 

 

6.4. Conclusion 

In summary, a high-performance heterojunction photodetector was fabricated by combining the 

CVD grown n-type 1L-MoS2 with p-type WS2 QDs synthesized by liquid exfoliation method, for 

the first time. Raman and PL measurements indicated charge transfer across the 1L-MoS2/WS2 

QDs heterojunction. The hybrid 1L-MoS2/WS2 QD photodetector shows much improved 

performance compared to the pristine MoS2 counterpart. The device exhibits high responsivity of 

~2.17 A/W at 600 nm, detectivity of 1.18×1012 Jones, which is two times of the pristine 1L-MoS2. 

The response rise and fall time of the hybrid photodetector are reduced to 18.5 µs and 95.4 µs from 

49 µs and 638 µs of the pristine 1L-MoS2 photodetector. The mechanism behind the improved 

photodetection was explained on the basis of efficient charge transfer at the interface and reduced 
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trapaping of carriers at the interface. Employing atomically thin 2D heterostructures of different 

material platforms may pave the way for a promising route for future novel high-performance 

optoelectronic devices. 
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Chapter 7 

Summary and Outlook 
 

This chapter presents a summary of the contributions of the thesis and highlights the new findings 

on the synthesis of monolayer MoS2 and its heterostructures with TiO2 nanostructures, plasmonic 

nanoparticles (NPs), and WS2 quantum dots, and their applications in light emission and broadband 

photodetection. Outlook and scope for future work are also presented at the end.  

7.1. Summary and Highlights of the Thesis Contribution 

In this dissertation, we have presented the controlled growth of monolayer MoS2 by chemical 

vapor deposition (CVD) method. We have controlled various growth parameters such as the carrier 

gas, growth temperature, precursors, and substrates to obtain high-quality monolayer MoS2 over 

large area on SiO2 and sapphire substrates (Chapter 2). Next, we have demonstrated a simple one-

step direct synthesis process of 1L-MoS2 film by CVD method over the hydrothermally prepared 

TiO2 nanorods (NRs) and investigated the mechanism of strong enhancement of the 

photoluminescence (PL) intensity of the 1L-MoS2 due to the formation of the heterostructure (HS) 

with TiO2 NRs (Chapter 3). Further, we have demonstrated a dramatically enhanced PL emission 

from the large area monolayer MoS2 grown over an array of Au nanoparticles (NPs) coated over 

hierarchical TiO2 nanostructure forming a core-shell TiO2/Au/MoS2 hybrid structure, where the 

PL intensity is enhanced by about three orders of magnitude, highest among the reported values 

(Chapter 4). Next, we investigated the tunability of the PL and doping of monolayer MoS2 by 

decorating it with WS2 quantum dots (WS2 QD). A detailed quantitative analysis using the four-

energy level model involving coupled charge transfer dynamics was employed to explain the 

behavior of the PL in 1L-MoS2/WS2 QD HS as a function of the concentration of WS2 QDs 

(Chapter 5). Finally, we have fabricated a vertical heterojunction photodetector (PD) by 

incorporating WS2 QDs over a CVD grown monolayer MoS2 on SiO2 substrate. The 1L-

MoS2/WS2 QD p-n heterojunction acts as an efficient, high-performance broadband photodetector, 

reported for the first time (Chapter 6). 

The major contributions of the present thesis work are summarized below.     
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A. Controlled Growth of Monolayer MoS2 by Chemical Vapor Deposition Method 

First, we demonstrated the growth of luminescent monolayer and bilayer MoS2 dots with 

controlled size and shape on SiO2 substrate by a low temperature (510-560˚C) CVD technique. 

The Raman spectra of the samples at room indicated the growth of the crystalline MoS2 dots array. 

Position dependent Raman profiles indicated some kind of non-uniformity in the layer thickness 

across the dots. Next, we demonstrated that the growth parameters such as the carrier gas, growth 

temperature, precursors, and substrates play an important role in the growth of high-quality 

monolayer MoS2. By tuning these growth parameters, the growth of purely monolayer triangular 

MoS2 was achieved. The size of these triangular monolayer MoS2 could be varied from 1 to 6 µm 

and are found to be highly crystalline. Finally, we have grown large area continuous monolayer 

MoS2, covering a few mm2 on various substrates by CVD technique. This is achieved by 

controlling the vapor pressure locally with the use of a specially designed quartz mask between 

the MoO3 source and the substrate. We have systematically studied the Raman and PL properties 

of the as-grown MoS2 on the different substrates. The substrates have significant effect on the PL 

peak intensity and emission wavelengths. 

B. Direct CVD Growth of Monolayer MoS2 on TiO2 Nanorods and Evidence for Doping 

Induced Strong Photoluminescence Enhancement 

We have demonstrated the growth of monolayer MoS2 shell by a direct CVD process on the 

hydrothermally grown vertical TiO2 NRs, forming a MoS2@TiO2 core-shell heterostructure (HS). 

The HS sample exhibited a strong enhancement in PL intensity (by nearly two orders of 

magnitude) at room temperature as compared to the bare 1L-MoS2 grown on SiO2 substrate. The 

observed strong PL enhancement is explained on the basis of oxygen bonding induced p-type 

doping in intrinsically n-type MoS2 lattice, which suppresses the trion formation/ emission and 

increases in neutral exciton emissions. Low-temperature PL measurement on the HS sample 

indicates the suppression of nonradiative recombination of excitons at the MoS2, which eventually 

boosts the PL emission at room temperature. Finally, oxygen plasma irradiation was performed on 

pristine MoS2 and MoS2@TiO2 HS samples to verify the p-doping through the oxygen bonding at 

the defect sites in MoS2, resulting in the enhancement of PL. Our results provide a new and easy 

way to fabricate MoS2 based heterostructure and tune the optical properties of MoS2 to realize its 
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practical applications in optoelectronic or nanophotonic devices. This work has been published in 

“J. Phys. Chem. C 121, 15017-15025 (2018)”. 

C. Exciton-Plasmon Coupling and Giant Photoluminescence Enhancement in Hierarchical 

designed TiO2/Au/MoS2 Ternary Core-Shell Heterostructure 

We have developed a simple and powerful strategy to achieve a dramatically high PL 

enhancement in 1L-MoS2 using plasmonic substrate consisting of Au/Ag NPs grown on TiO2 

NSs. An array of Au NPs was grown on the hydrothermally grown hierarchical TiO2 NSs 

followed by a direct CVD growth of monolayer MoS2 shell, for the first time, forming a 

TiO2/Au/MoS2 ternary core-shell HS. This ternary core-shell structure allows a stronger 

interaction between the incident light and 1L-MoS2, leading to a ~463-fold enhancement in PL 

intensity compared to the pristine 1L-MoS2 at room temperature. We consider two major 

mechanisms for the enhancement of PL intensity in 1L-MoS2 in the ternary heterostructure: (a) 

the excess electrons responsible for trion formation are transferred from the MoS2 to TiO2 at the 

interface of MoS2/TiO2, leading to the effective p-type doping of 1L-MoS2, which inhibits the 

trion emission and enhances the neutral exciton emission significantly. (b) The exciton-plasmon 

coupling between the excitons of the 1L-MoS2 and surface plasmons of the Au NPs at the 

MoS2/Au interface is believed to enhance the PL emission enormously, as shown from the 

theoretical estimate of the field enhancement factor that matches closely with the PL enhancement 

factor. The present study demonstrates that MoS2 based heterostructures offer a promising way 

to improve the performance of future nanophotonic and optoelectronic devices. 

 

D. Coupled Charge Transfer Dynamics and Photoluminescence Quenching in Monolayer 

MoS2 Decorated with WS2 Quantum Dots 

We have demonstrated the tunability in the light emission of the CVD grown 1L-MoS2 by doping 

it with a 2D semiconducting WS2 QD. A systematic quenching of the PL intensity of 1L-MoS2 

with the decoration of WS2 QDs was observed. The relative changes in the constitient emission 

peaks was quantitatively analysied and explained on the basis of charge transfer from WS2 QDs to 

1L-MoS2. The KPFM analysis revealed a decrease in the work function of 1L-MoS2 with the 

decoration of WS2 QDs providing a direct evidence for the charge transfer. A detailed analysis 
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using coupled charge transfer among four-energy level model was employed to explain the redshift 

and the decrease in the PL intensity of the 1L-MoS2 as a function of the concentration of the WS2 

QDs. An analytical solution to the coupled rate equations for change in the population of different 

excitonic emissions, including bound excitonic transition, was successfully employed to 

quantitatively understand the quenching process. The contribution of defects in the charge transfer 

induced quenching of PL and the carrier-density-dependent recombination dynamics of excitons 

were established through the quantitative analysis of the spectral evolution. Charge transfer 

induced increase in electron density in 1L-MoS2 leads to the transformation of the neutral excitons 

to trions. The doped electron density up to Δne ~1.5 × 1013 cm-2 indicates high n-type doping in the 

1L-MoS2. Our results suggest an effective and simple approach to manipulate the electron density 

through the doping technique, which is advantageous to tune the optical and electrical properties 

of monolayer TMDs for various optoelectronic applications. This work has been published in 

“Scientific Report 9, 1-14 (2019)”. 

E. A High-Performance Hybrid 2D/0D Photodetector based on 1L-MoS2/WS2 Quantum Dot 

Heterostructure 

We have demonstrated a high-performance heterojunction photodetector by combining an n-type 

CVD grown 1L-MoS2 with p-type WS2 QDs synthesized by liquid exfoliation method, for the first 

time. The successful formation of the 1L-MoS2/WS2 QDs heterojunction was confirmed from 

Raman and PL measurements. The I–V characteristics of the hybrid photodetector confirms the 

formation of rectifying p-n junction at the interface between the p-type WS2 QDs and n-type 1L-

MoS2. The hybrid 1L-MoS2/WS2 QD photodetector shows a higher photodetection performance 

compared to the pristine MoS2 counterpart. The device exhibits high responsivity of ~2.17 A/W at 

600 nm, detectivity of 1.18×1012 Jones, which is higher than pristine 1L-MoS2. The response rise 

and fall time of the hybrid photodetector are reduced to 18.5 µs and 95.4 µs, respectively, from 49 

µs and 638 µs of the pristine 1L-MoS2 photodetector. Employing atomically thin 2D 

heterostructures of different material platforms may pave the way for a promising route for future 

novel high-performance optoelectronic devices.  

7.2. Scope of Future Work 

In the present thesis, we have demonstrated the controlled growth of device quality large-area 

monolayer MoS2 by CVD technique and the fabrication of MoS2 based heterostructures with TiO2 
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NRs, TiO2 NSs, metal NPs (Au and Ag), and WS2 QDs for the light emission and broadband 

photodetection applications. There is a vast scope to extend the present work for a broad range of 

applications, as described below: 

1. Monolayer MoS2 can be combined to form heterostructures with several other 2D 

materials, e.g, MoSe2, WSe2, h-BN, Bi2O2Se, MXenes, etc. to enable a wide range of 

device applications. 

2. Low temperatures CVD growth of 1L-MoS2 and its heterostructure for the fabrication of 

flexible devices. 

3. Direct CVD growth of other compatible 2D transition metal dichalcogenide (TMDs) layers 

for multi-junction formation and studies on its fundamental aspects as well as 

optoelectronic applications. 

4. The hybrid structure of monolayer MoS2 with TiO2 displays an excellent absorption in the 

UV-visible region and thus can serve as a promising system for photoelectrochemical 

hydrogen production and photodetection.    

5. Further investigation of the carrier trapping and charge transfer dynamics in MoS2 based 

heterostructure for future improvement in the optical and electrical properties, which will 

be useful for various optoelectronic applications. 

6. TiO2/Au/MoS2 ternary heterostructure exhibited a giant enhancement of the PL intensity 

compared to MoS2. Thus, further investigation of similar ternary systems with different 

plasmonic nanoparticles can be promising for next-generation photonic devices.  
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