
Layer-Controlled CVD Growth of 2D Tungsten 

Disulfide and Its Lateral Heterostructure with 

Molybdenum Disulfide for Optoelectronic and 

Biosensing Applications 

 

 

A Thesis Submitted to 

Indian Institute of Technology Guwahati 

For the Degree of 

 

Doctor of Philosophy 

By 

Abdul Kaium Mia 

 

 
Centre for Nanotechnology 

Indian Institute of Technology Guwahati 

Guwahati-781039, India 

May 2025 

TH-3630_196153001



ii 
 

Dedicated 

 

 

 

 

 

 

 

 

 

 

 

 
To all my family members, especially to my parents, 

who have always believed in me. 

 

 

 

 

 

 

 

 

 

 

TH-3630_196153001



iii 
 

Centre for Nanotechnology  

Indian Institute of Technology Guwahati  

Guwahati-781039, India 

 

STATEMENT 

 

 

The work contained in the thesis entitled “Layer-Controlled CVD 

Growth of 2D Tungsten Disulfide and Its Lateral Heterostructure 

with Molybdenum Disulfide for Optoelectronic and Biosensing 

Applications” has been carried out by me at Indian Institute of 

Technology Guwahati under the supervision of Prof. P. K. Giri, 

Professor, Department of Physics and Centre for Nanotechnology, 

Indian Institute of Technology Guwahati. This work has not been 

submitted elsewhere for any degree award. 

 

 

 

 

 

 

 

 

 

 

Abdul Kaium Mia 

Roll No. - 196153001  

Senior Research Fellow  

Centre for Nanotechnology  

Indian Institute of Technology Guwahati  

Guwahati-781039, India 

 

TH-3630_196153001



iv 
 

Prof. P. K. Giri  

Professor Department of Physics  

and Centre for Nanotechnology  

Indian Institute of Technology Guwahati  

Guwahati-781039, India  

Phone: +91 361 2582703,  

Fax: +91 361 2690762  

Email: giri@iitg.ac.in 

  

CERTIFICATE 

 

 
This is to certify that the work contained in the thesis entitled “Layer-

Controlled CVD Growth of 2D Tungsten Disulfide and Its Lateral 

Heterostructure with Molybdenum Disulfide for Optoelectronic 

and Biosensing Applications” has been carried out by Mr. Abdul 

Kaium Mia at the Indian Institute of Technology Guwahati under my 

supervision. This work has not been submitted elsewhere for any 

degree award. 

 

  

 

 

 

 

 

 

Prof. P. K. Giri  

Thesis supervisor 

 

 

 

TH-3630_196153001

mailto:giri@iitg.ac.in


v 
 

ACKNOWLEDGEMENT 

I would like to express my heartfelt gratitude to everyone who has contributed to my journey 

towards the completion of my Ph.D. thesis.  

 

First and foremost, I extend my deepest appreciation to my supervisor, Professor P. K. Giri, 

for providing me with the invaluable opportunity to work under his guidance. His profound 

knowledge and boundless passion for science have deeply inspired me and significantly shaped 

my approach to scientific research. His exceptional technical expertise and practical skills in 

semiconductor material synthesis and device fabrication were instrumental throughout my 

research. I am immensely grateful for his continuous support, the necessary resources, 

laboratory facilities, and, above all, the freedom he allowed me to conduct my research, which 

enabled me to achieve my objectives.  

I would also like to extend my sincere thanks to the members of my Doctoral Committee, Prof. 

H. B. Nemade, Prof. Biman B. Mandal, and Prof. Nageswara Rao Peela, for their 

unwavering encouragement, insightful feedback, and constructive criticism throughout the 

course of my research. My deep appreciation goes to the Head of the Centre for 

Nanotechnology, along with other faculty members, for their constant support and guidance, 

which played a crucial role in the completion of my Ph.D. research work. 

I am especially grateful to the Centre for Nanotechnology and the Central Instrumentation 

Facility for providing a conducive research environment equipped with state-of-the-art 

cleanroom-based fabrication and characterization facilities. I would also like to acknowledge 

the Indian Institute of Technology Guwahati for their financial assistance, a safe and supportive 

working environment, and comfortable accommodation throughout my stay.  

I extend my gratitude to my collaborators: Dr. Swapnil Sinha (CEO of Bio-NEST, IIT 

Guwahati), Professor Meyya Meyyappan (Former Head of NASA Ames Research Centre, 

USA), and Professor Saptarshi Das (The Pennsylvania State University, USA), for their 

invaluable support and contributions to my thesis work. I am profoundly thankful to Dr. 

Swapnil Sinha, who meticulously carried out all bio-related activities in her laboratory under 

her expert supervision, including aptamer selection, bacterial selection, and culture. Her 

guidance was instrumental in the success of these experiments. I am equally grateful to 

Professor Meyya Meyyappan for his extensive knowledge of semiconductor devices and his 

constructive suggestions, which significantly enhanced both the scientific understanding and 

quality of the manuscript. A special acknowledgment goes to Professor Saptarshi Das for his 

TH-3630_196153001



vi 
 

exceptional guidance in addressing the critical issue of gate leakage current during device 

fabrication. His insightful advice was key to identifying and resolving this challenge. 

Additionally, the wafers he generously provided were pivotal in overcoming the leakage 

current issue, ultimately enabling the fabrication of high-quality devices. This achievement 

would not have been possible without his expertise and unwavering support.  

The successful completion of this work is a testament to the unwavering encouragement and 

intellectual support I received from my seniors and junior colleague. I am deeply grateful to 

Dr. Abhilasha Bora, Dr. Larionette P. L. Mawlong, Dr. N. Somorjit Singh, Dr. Md Tarik, 

Ravinder, Koushik, Tadasha, Sirshendu, Sanju, Subhankar, Debabrata, Sanjoy, Shipra, 

Sourav, Garima, and Shantanu for their invaluable contributions to both the personal and 

professional dimensions of my research journey. Their presence made this endeavor not only 

fruitful but also profoundly enjoyable and intellectually rewarding.  

   Finally, I wish to express my heartfelt gratitude to my extended family members, whose 

constant support I deeply value. I am profoundly thankful to my parents, whose unwavering 

belief in me and sacrifices, despite our financial struggles, have been the cornerstone of my 

academic journey. I am eternally grateful to the late Sushanta Kr Basak and Babli Basak 

from Gangarampur for the life-changing kindness of offering me accommodation at their home 

that pivotal night. His generosity provided me with the environment I needed to focus on my 

studies, a gesture that transformed the course of my life. I extend my deepest thanks to my 

Physics teacher, Bhaskar Roy, and my Chemistry teacher, Dr. Sujan Kumar Paul, for their 

selfless guidance and encouragement, which went far beyond the tuition. Their support instilled 

in me the confidence to pursue my dreams. I am also deeply indebted to the Foundation for 

Academic Excellence and Access, whose financial assistance supported my education from 

my B.Sc. to my M.Sc., enabling me to pursue my aspirations without burdening my family. 

Lastly, I want to thank Professor Anushree Roy from IIT Kharagpur for helping me during 

one of the toughest times of my life. I am extremely thankful to her. This journey would not 

have been possible without the boundless love, support, and encouragement of my entire 

family, the remarkable individuals mentioned above, and other individuals I missed. To each 

of you, I am forever grateful 

 

 

 

 

Abdul Kaium Mia 

IIT Guwahati 

TH-3630_196153001



vii 
 

                                                                                                                                                   Contents 

  

Synopsis……………………………………………………………………………… xi 

List of Publications……………………...…………………………………………… 

Conference and Workshop…………………………………………………………… 

xvi 

xvii 

Abbreviation………………………………………………………………......……… xviii 

Chapter 1. Introduction……………………………………………………...……... 1 

 1.1. Properties of WS2 …………………………………………………...……… 

1.1.1. Crystal Structure of WS2 …………………………………………… 

1.1.2. Electronic Band Structure of WS2 ……………………………...…... 

1.1.3. Optical Properties of WS2 ……………………………...…………... 

2 

2 

3 

4 

 1.2. Synthesis 2D WS2 …………………………...…...………………………… 

1.2.1. Mechanical Exfoliation ……….…...………...……………………...      

1.2.2. Chemical Exfoliation ……………….…....…….…….......................       

1.2.3. Physical and Chemical Vapour Deposition…………….…………...        

7 

7 

7 

9 

 1.3. Applications of WS2 ………………………………………………………... 11 

 1.3.1. Healthcare Monitoring Systems Focused on Biosensing ………...... 

1.3.2. Photodetectors ….......………………………………………….…... 

1.3.3. Memristor and Artificial Synapse ……………………………...…... 

1.3.4. Other Applications of WS2………………………………….…........ 

11 

16 

19 

   21 

 1.4.Challenges in Fabrication of 2D WS2 and its Heterostructures and Their 

Applications…………………………………………………………………. 

    

  22 

 1.5. Focus of the Present Thesis……………...………………...…...……………   22 

 1.6. Organization of the Thesis ………………………………...…...……………   23 

 References………………………………………………….…………….………   24 

Chapter 2. Controlled Growth of Monolayer, Bilayer WS2, by Chemical 

Vapour Deposition Method ………….………………………………………..…… 

       2.1 Introduction ……………………………………………...……………..……  

       2.2. Experimental Details.………………………………………….…...……...... 

       2.3. Characterization Techniques……….………………………………..……… 

       2.4. Results and Discussion………………………………………………..……. 

 

35 

35 

37 

39 

39 

TH-3630_196153001



viii 
 

            2.4.1. CVD growth of rod-like WS2 Structure at 850 ˚C …………...….....… 

            2.4.2. CVD growth of WS2 at 900˚C.....…………………...……...….……… 

            2.4.3. CVD growth of WS2 at 950˚C.....…………………...……...….……… 

            2.4.4. CVD growth of WS2 at 1000˚C.....…………………....…..................... 

            2.4.5. Layer-controlled CVD growth of large area WS2 ……....…….….…… 

            2.4.6. Structural Characterization…………………………………… ….…… 

2.5. Conclusion ………………………………………………………………………. 

References ………………………………...…………………………………………. 

 

 

Chapter 3. Asymmetric Contact-Induced Selective Doping of CVD-grown 

Bilayer WS2 and Its Application in High-Performance Photodetection ….…… 

       3.1 Introduction ……………………………………………...………….…….…  

       3.2. Experimental Details.………………………………………….………........ 

             3.2.1 Synthesis of Monolayer and Bilayer WS2 Flakes by CVD ….……..… 

             3.2.2 Transfer of WS2 Flakes and Device Fabrication…………………..…. 

       3.3. Results and Discussion…………………………………………………..…. 

            3.3.1. Optical and Structural Analysis…………...……………….…..…....… 

            3.3.2.  Device Fabrication and Electrical Performance…………..….….…… 

      3.4. Conclusion …………………………………………………………………. 

References ………………………………………..…………………………………. 

 

Chapter 4. Non-Metal Contact Engineering on Monolayer MoS2 for High-

Performance Field Effect Transistor and Flexible Photodetector …….………… 

       4.1 Introduction …………………………………………………….……………  

       4.2. CVD growth of uniform monolayer MoS2……………...……….………...... 

       4.3. Results and Discussions………………………………...……….………...... 

             4.3.1. Optical characterization ………………………………….…………… 

             4.3.2. Structural and chemical characterization …………………….………. 

            4.3.3.  Device Fabrication and Electrical Performance…………...……...….. 

            4.3.4. Statistical distribution of performance parameters……………………. 

       4.4.  Application of monolayer MoS2 with Bi2Se3 contact as flexible PD....… 

       4.5. Conclusion …………………………………………………………………. 

39 

41 

43 

45 

47 

49 

51 

52 

 

 

 

55 

55 

57 

57 

57 

59 

59 

65 

76 

77 

   

 

83 

   83 

   85 

   85 

   85 

   88 

   89 

   91    

97 

102 

TH-3630_196153001



ix 
 

            References …………………………………..………………………………. 

 

Chapter 5. Single-Step Controlled CVD Growth of WS2-MoS2 in-situ Lateral 

Heterostructure and Its Application in Field Effect Transistor……………….… 

        5.1 Introduction ……………………………………………...…………………  

       5.2. In-situ CVD-growth of WS2-MoS2 Lateral Heterostructure.………............ 

       5.3. Results and Discussion……………………………………………………. 

            5.3.1.  Optical and Structural Analysis…………...…................................… 

            5.3.2.  Device Fabrication and Electrical Performance Comparison.……… 

      5.4. Conclusion …………………………………………………………………. 

              References …………………………………………………………………. 

 

Chapter 6. Highly Sensitive and Selective Optical Detection of Staphylococcus 

aureus using Thiol Functionalized Monolayer Tungsten Disulfide Grown by 

Chemical Vapor Deposition……………………………………………………… 

       6.1 Introduction ……………………………………………...…………………  

       6.2. Experimental Details.………………………………………….………...... 

            6.2.1 Synthesis of Monolayer WS2 Flakes……………………………….... 

            6.2.2 The ssDNA Aptamer Selection……………………………………....   

            6.2.3 ssDNA Aptamer Reduction and Functionalization with 1L-WS2…. 

      6.3. Results and Discussion……………………………………………………. 

            6.3.1.  Optical, Raman, and PL Analysis ……………………………...…… 

            6.3.2. Chemical Analysis…………………………………………………… 

            6.3.3.  Surface Functionalization ……….....………………...…….….……… 

            6.3.4.  Sensing of S. aureus via 1L-WS2…………………...…….….……… 

            6.3.5.  Sensitivity and Selectivity.....…………………....…....................... 

            6.3.6.  Repeatability and sensing in a human urine sample …....…….……… 

            6.3.7.  Sensing mechanism …………………………………………….…… 

       6.4. Conclusion …………………………………………………………………. 

              References ………………………………………………………………. 

 

102 

 

 

107 

107 

109 

110 

110 

122 

131 

132 

 

 

 

137 

137 

139 

139 

140 

141 

141 

141 

149 

152 

153 

156 

158 

159 

160 

161 

 

 

 

TH-3630_196153001



x 
 

Chapter 7. Fast Detection of Staphylococcus aureus using thiol-functionalized 

WS2 Quantum Dots and Bi2O2Se Nanosheets Hybrid Through 

Photoluminescence Recovery Mechanism……………………..……….………… 

     7.1 Introduction ……………………………………………...…………………  

     7.2. Experimental Details.………………………………………….………...... 

           7.2.1.  Preparation of WS2 QDs ……………………….…………..…...… 

           7.2.2.  Synthesis of Bi2O2Se NSs.....………………...…….….……… 

           7.2.3.  Aptamer Reduction and Functionalization with WS2 QDs……...…… 

           7.2.4.  Bacteria Culture and Aptamer Selection…………....…................... 

           7.2.5.  Method of Detection …....…….…………………………………… 

    7.3. Results and Discussion……………………………………………………. 

           7.3.1.  Structural and Chemical Analysis…………………………………… 

           7.3.2.  Composite material for statics PL quenching via complex formation.               

           7.3.3.  Optimum Sensing Environment …………………………………… 

           7.3.4.  Sensing of S. aureus by using WS2 QDs-Bi2O2Se complex ……… 

           7.3.5.  Sensing Mechanism………………………………………………… 

    7.4. Conclusion …………………………………………………………………. 

            References …………………………………………………………………. 

 

Chapter 8. Summary and Outlook…………………………...…………….……… 

167 

167 

170 

170 

171 

171 

171 

171 

172 

172 

183 

184 

185 

189 

190 

191 

 

199 

 8.1 Summary and Highlights of the Thesis Contribution…………...……………  199 

 8.2. Scope of Future Work.……………………………………….………...... 200 

 

 

 

 

 

 

 

 

TH-3630_196153001



xi 
 

Synopsis 

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

increasingly gaining interest because of their exceptional structural, optical, and electronic 

properties, making them a promising candidate for a wide range of applications. Among 2D 

TMDs, semiconducting MoS2 and WS2 have garnered significant attention due to their natural 

abundance, tunable optical band gap, high chemical stability, remarkable mechanical 

properties, efficient carrier generation, and separation. In TMDs, weak van der Waals forces 

bind individual covalently bonded X–M–X layers (where M is the transition metal and X is the 

chalcogen), making layer-controlled synthesis and exploration of layer-dependent properties. 

Unlike graphene, MoS2 and WS2 have semiconducting electrical properties and have been 

studied extensively for their application in future integrated electronic circuits. Unique 

optoelectronic properties arise when multilayer TMDs are reduced to monolayers (1L), and the 

electronic band structure becomes direct from indirect, along with strong photoluminescence 

(PL) and large exciton binding energy. The bandgap difference of 1L-WS2 and MoS2 from 

their bulk counterpart is quite high, and hence, this vast difference in the electronic structure 

of the bulk to 1L offers a great opportunity for diverse applications such as in photodetectors, 

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

demand large-scale, layer-controlled, high-quality growth. Usually, 1L-TMDs are obtained 

through a top-down approach, such as mechanical exfoliation or liquid exfoliation. However, 

these approaches are challenging to use in the fabrication of large-scale devices because they 

produce randomly distributed flakes and provide limited control over the number of layers. A 

more promising technique for the growth of large area WS2, MoS2, and other 2D materials is 

by one-step chemical vapour deposition (CVD). Additionally, this method demonstrates the 

synthesis of high-quality films with high crystallinity, which is favorable for the fabrication of 

high-quality optoelectronic devices and circuits. The 1L-WS2 exhibits intense PL emission at 

room temperature, which decreases significantly by 99% when transitioning to 2L and beyond. 

Therefore, this intense PL emission has many potential applications. Conversely, 2L-WS2 has 

better electronic mobility and light absorption, making it suitable for high-performance 

electronic applications. There are still challenges in controlled doping mechanisms in TMDs, 

and they require more intense studies for future generation applications in electronic chips to 

flexible robotics.   
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This thesis presents a systematic study on the controlled growth of 1L and 2L-WS2, 

MoS2, and in-situ WS2-MoS2 lateral HS by CVD technique and their applications in biosensing, 

broadband photodetection, high-performance FETs, and flexible electronics. We believe that 

these studies are very significant in addressing the current challenges of optoelectronic 

applications. Here, the complete thesis work has been organized into eight chapters, as detailed 

below:  

Chapter 1 provides a concise introduction to the key properties and growth techniques of WS2, 

emphasizing its potential applications in fields such as healthcare monitoring (e.g., biosensors), 

photodetectors, memristors, artificial synapses, and field-effect transistors (FETs), among 

others. Additionally, the chapter explores the critical properties of WS2-based heterostructures 

(HSs) formed with other 2D materials like MoS2 and WSe2. The formation of these HSs, either 

through transfer techniques or in-situ growth, unlocks novel properties that significantly 

enhance device performance. A brief overview of advancements in experimental techniques 

for synthesizing high-quality, wafer-scale WS₂ is also presented. The chapter concludes with a 

discussion of current challenges in producing large-area, high-quality WS₂, and its in-situ 

lateral heterostructures. Finally, the focus of this thesis is outlined, concluding with the 

motivation behind the present work.  

Chapter 2 presents a systematic study for understanding the nucleation and growth mechanism 

for CVD growth of WS2. Here, we discuss the optimization process for large-area growth of 

1L and 2L WS2 by precisely controlling the growth parameters. Our findings highlight the 

critical role of growth temperature, carrier gas flow, growth pressure, and precursor quantities 

in achieving uniform layer control over a large area. Tungsten oxide and sulfur powders were 

used as precursors for the complete vapor-phase CVD growth of 2D WS2 on SiO2/Si substrate.  

We observed multilayer, rod-like, defective WS2 growth at a growth temperature of 850°C and 

pressure of 10 mbar. Increasing the temperature to 1000°C, a notable enhancement in lateral 

growth occurred. Through careful adjustment of growth pressure and duration, we successfully 

achieved uniform 1L and 2L WS2 growth at 1000°C. Moreover, the addition of salt catalysts 

like NaCl significantly enhanced lateral growth, extending it to the millimeter scale. 

Chapter 3 discusses a simple and powerful strategy to achieve simultaneous asymmetric 

doping in CVD-grown 2L-WS2 via contact engineering and its application toward high-

performance photodetection. The 1L and 2L-WS2 grown by the CVD technique are excellent 

candidates for high-performance optoelectronics due to their high carrier mobility, air stability, 
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and strong optical absorption. However, photodetectors made with 1L-WS2 often exhibit high 

dark current with instability for a longer duration, and thus, there is a scope for further 

improvement. Compared to conventional symmetric contact electrodes, utilizing metal 

electrodes with higher and lower work functions relative to 2L-WS2 aids in achieving 

asymmetric lateral doping in the WS2 flakes. This doping asymmetry was confirmed through 

photoluminescence spectral profile and Raman mapping analysis. With the asymmetric 

contacts on 2L-WS2, we find evidence of selective doping of electrons and holes near the Ti 

and Au contacts, respectively, while the WS2 region away from the contacts remains intrinsic. 

When compared to the symmetric contacts case, the WS2 photodetector with asymmetric (Au, 

Ti) contacts decreased the dark current by an order of magnitude under reverse bias and 

increased the photocurrent, resulting in an excellent on/off ratio of ~10⁵ and overall improved 

device performance under identical illumination conditions. We explain this improved 

performance based on the energy band alignment showing unidirectional charge flow under 

light illumination. Our results indicate that the planar device structure and compatibility with 

current nanofabrication technologies can facilitate its integration into advanced chips for 

futuristic low-power optoelectronic and nanophotonic applications. 

Chapter 4 investigated the potential application of Bi2Se3 as a contact material for monolayer 

(1L-MoS2) in the development of high-performance field-effect transistors and flexible 

photodetectors. The metal-semiconductor interface is crucial in determining the performance 

of optoelectronic devices. Deposition of conventional metal contacts on an ultrathin layer often 

introduces defects in the semiconductor due to the high mass and kinetic energy of the metals, 

adversely affecting device performance. Using topologically insulating Bi2Se3 as a contact 

material for 1L-MoS2 results in a better Bi2Se3-MoS2 interface, which improves electron 

mobility and field control. Enhanced field control leads to a reduction in off-state current and 

an increase in on-state current, resulting in an improved peak on-off current ratio of 

approximately 108. The application of Bi2Se3 contacts also significantly reduces subthreshold 

swing compared to conventional Cr/Au contacts, indicating fewer interface defects. 

Furthermore, the Bi2Se3-contacted 1L-MoS2 was explored as a flexible photodetector, 

achieving an impressive current on-off ratio of ~103, which is double that of devices with 

traditional Cr/Au metal contacts. The key performance metrics for the Bi2Se3-contacted 1L-

MoS2 flexible photodetector show significant improvement. This combination of 2D TMDs, 

along with the highly stable and cost-effective Bi2Se3 contact material, demonstrates its great 

potential for future flexible electronics. 
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Chapter 5 demonstrates the controlled growth of WS2-MoS2 in-situ lateral HS using a novel 

single-step CVD and its application as FET. There has been extensive focus on 2D TMDs in 

the last decade for optoelectronic applications. However, relatively little attention has been 

given to their lateral HSs, particularly their in-situ growth. This in-situ HS growth ensures a 

clean interface between WS2-MoS2, enabling faster charge transfer. The Raman and Auger 

spatial mapping on the CVD-grown WS2-MoS2 lateral HS shows uniform intensity 

distributions of WS2 and MoS2 in a single lateral HS flake with a diffuse W(1-x)MoxS2 alloy 

interface. Spatially resolved PL spectra and PL mapping reveal a strongly enhanced (more than 

one order of magnitude) PL intensity in the HS interface, attributed to the strain-induced 

bandstructure modification in the alloyed interface. Interestingly, the alloyed interface in the 

lateral HS also dramatically improves the electronic properties, resulting in an on-off ratio of 

108 in the fabricated field effect transistor, which is two orders of magnitude higher than their 

individual counterpart. These results on lateral HS are significant, and they pave the way to 

synthesize other different HSs for future electronic devices and integrated circuits. 

Chapter 6 explores the potential application of CVD-grown 1L-WS2 as biosensors using its 

excellent PL emission at room temperature. The extraordinary PL emission at room 

temperature from CVD-grown 1L-WS2 was utilized as a recognition tool for detecting S. 

aureus bacteria with high sensitivity and selectivity. The 1L-WS2 possesses sulfur vacancy and 

is utilized for ssDNA aptamer immobilization to the sulfur vacancy sites of 1L-WS2 via the 

thiol functional group. The small-sized, highly selective ssDNA aptamers identify and 

selectively interact with targeted S. aureus, enabling selective detection. Interestingly, external 

charge doping strongly influences the PL emission of 1L-WS2. The shape of the PL emission 

peak for 1L-WS2 undergoes significant changes in the presence of targeted S. aureus as a result 

of charge transfer originating from selective interactions of the ssDNA aptamer with S. aureus, 

while it remains unaffected for non-targeted Escherichia coli. The ratio of the integrated 

intensities of trion to neutral exciton peak was used as a calibration parameter for the 

quantification of S. aureus concentrations. The PL analysis of 1L-WS2 with increasing 

concentration of S. aureus exhibits a linear response over 102 CFU/mL to 107 CFU/mL with a 

lower detection limit of 2.0 CFU/mL. The proposed sensing system can identify an unknown 

concentration of S. aureus in human urine. These results demonstrate the potential future-

generation application of 1L-WS2 in the optical biosensing of pathogenic species using suitable 

receptors. 
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Chapter 7 presents a simple method for the detection of S. aureus, a harmful gram-positive 

human pathogenic bacterium using strong PL emission of WS2 quantum dots (QDs). The WS2 

QDs of a mean diameter of 2.5 nm were synthesized by liquid exfoliation of bulk WS2. Due to 

the quantum confinement effect, WS2 QDs exhibit high PL emission under UV excitation. The 

addition of Bi2O2Se NSs resulted in the adsorption of WS2 QDs on their surface, resulting in 

quenching of its PL emission through static quenching complex formation among WS2 QDs 

and Bi2O2Se NSs. A specific sequencing ssDNA aptamer, which identifies and explicitly binds 

with S. aureus, was attached to the defect sites of WS2 QDs for selective detection. The thiol-

modified ssDNA aptamers attach covalently to the WS2 QDs defect sites, which was confirmed 

by Raman and XPS. The interaction of S. aureus with aptamer functionalized WS2 QDs 

weakens the van der Waals interaction between WS2 QDs and Bi2O2Se nanosheets, which 

results in the detachment of WS2 QDs from the Bi2O2Se nanosheet surface and restores PL 

intensity of WS2 QDs. Similar measurements with non-targeted bacteria show that the system 

is selective towards S. aureus. Our PL-based biosensor has a linear response in the range 103-

107 CFU/mL with a detection limit of 580 CFU/mL. We have observed a first response time of 

15 minutes for sensing, which is much faster than the previous reports. This proposed system 

was tested in human urine and can detect S. aureus in human urine samples selectively, proving 

its potential in real-life applications. The reported approach is versatile enough to sense other 

biomolecules and metal ions by choosing suitable receptors. 

Chapter 8 presents the summary and highlights of the contributions of the present thesis. The 

future scope of work on WS2, MoS2, and their HSs for advanced optoelectronic applications is 

presented at the end. 

 

 

 

 

 

 

 

 

TH-3630_196153001



xvi 
 

List of Publications: 

A. In Peer-Reviewed Journals: 

1. Abdul, Kaim Mia, Dey, S., & Giri, P. K.  In-situ CVD Grown WS2-MoS2 Lateral 

Heterostructure with Alloyed Interface: Strong Photoluminescence Enhancement and 

High On-Off Ratio Field Effect Transistors (Accepted, Materials Today Nano). 

 

2. Abdul, Kaim Mia, Debnath, S., & Giri, P. K. Non-metal contact Engineering on 

Monolayer MoS2 for High-Performance Field Effect Transistor and Flexible 

Photodetector (Under Review). 

 

 

3. Abdul, Kaim Mia, Meyyappan, M. & Giri, P. K. Two-dimensional transition metal 

dichalcogenide based biosensors: from fundamentals to healthcare applications. 

Biosensors 13, 169 (2023). 

 

4. Abdul, Kaim Mia, Sinha, S. & Giri, P. K. Highly sensitive and selective optical 

detection of Staphylococcus aureus using thiol functionalized monolayer tungsten 

disulfide grown by chemical vapor deposition. Sensors and Actuators Reports 8, 

100214 (2024).  

 

5. Abdul, Kaim Mia, Meyyappan, M. & Giri, P. K. Asymmetric contact-induced 

selective doping of CVD-grown bilayer WS2 and its application in high-performance 

photodetection with an ultralow dark current. Nanoscale 16, 8583–8596 (2024). 

 

6. Abdul, Kaim Mia, Bora, A., Hossain, M. T., Sinha, S. & Giri, P. K. Fast detection of 

Staphylococcus aureus using thiol-functionalized WS2 quantum dots and Bi2O2Se 

nanosheets hybrid through a fluorescence recovery mechanism. J. Mater. Chem. B 11, 

10206–10217 (2023). 

 

7. Abdul, Kaim Mia, Bora, A., & Giri, P. K. Aptamer Functionalized CVD Grown 

Monolayer WS2 Based FETs for Real-Time Detection of E. coli. The Physics of 

Semiconductor Devices (eds. Singh, R., Singh, M. & Kapoor, A.) 285–291 (Springer 

Nature, Singapore, 2024).  

 

8. Dey, S., Abdul, Kaim Mia, Giri, P.K. Printed Optoelectronic Synapse based on CVD-

grown Monolayer MoS2 with Ultralow Power Consumption and High 

Photoresponsivity. (under review) 

 

9. Paul, S., Hossain, M. T., Abdul, Kaim Mia, & Giri, P. K. Ultrabroadband Absorption 

and High-Performance Photodetection in Europium-Doped 2D Topological Insulator 

Bi 2 Se 3 Nanosheets. ACS Appl. Nano Mater. 4, 12527–12540 (2021).  

 

10. Bora, A., Mawlong, L. P. L., Abdul, Kaim Mia, & Giri, P. K. Manipulating Trion and 

Biexciton Emissions in Monolayer WS2 by Sandwiching with Ultrathin ZnO Layers 

for Excitonic Light Emission Applications. ACS Appl. Nano Mater. 7, 8612–8623 

(2024).  

TH-3630_196153001



xvii 
 

 

11. Marappan, G., Abdul, Kaim Mia, K. Puspharaj, S. Vaidyanathan, Yoshiyuki Kawazoe, 

Yuvaraj Sivalingam, & Velappa Jayaraman Surya. Response to VOCs stimuli by 

triphenylamine derivatives functionalized zinc oxide nanorods: A promising material 

for food freshness monitoring. Surfaces and Interfaces 44, 103648 (2024). 

 

12. Somorjit Singh, N., Abdul, Kaim Mia, & K. Giri, P. Role of oxygen functional groups 

and attachment of Au nanoparticles on graphene oxide sheets for improved 

photodetection performance. Nanoscale Advances 6, 2136–2148 (2024).  

 

13. Chahal, R., Abdul, Kaim Mia, Bora, A. & K. Giri, P. Facile in situ synthesis of double 

perovskite Cs2AgBiBr6 /WS2 heterostructure and interfacial charge transfer mediated 

high-performance ultraviolet photodetection. J. Mater. Chem. C, 2024,12, 12835-

12846 

 

B. Conference Papers Presented: 

1. Abdul, Kaim Mia, Abhilasha Bora and P. K. Giri; Poster presentation on “Aptamer 

Functionalized CVD Grown WS2 Monolayer FET for Real-time Detection of E.Coli”  at 

The XXI st International Workshop on the Physics of Semiconductor Devices (IWPSD 

2021), IIT Delhi, 14-17 December 2021.  

2.  Abdul Kaium Mia, and P. K. Giri; Poster presentation on “CVD Growth of Monolayer 

WS2 and its Application Toward Bacteria Detection” Indian Nanoelectronics Users 

Program - Idea to Innovation (INUP i2i-2022), IIT Guwahati, 4-6 April 2022. (Best Poster 

Award). 

3. Abdul Kaium Mia, Abhilasha Bora and P. K. Giri; Poster presentation on 

“Functionalization of CVD Grown Monolayer WS2 for Molecular Sensing via Defect 

Engineering”, at International Symposium on Semiconductor Materials and Devices-2022 

(ISSMD-2022), KIIT Bhubaneswar, 16-18 December 2022. 

4. Abdul Kaium Mia, Swapnil Singha and P. K. Giri; Poster presentation on “Real-time 

Detection of S. aureus Bacteria using Aptamer Functionalized Silicon Field Effect 

Transistor”, at Research and Industrial Conclave 2023 (RIC-2023), IIT Guwahati, 14-16 

May 2023. 

5. Abdul Kaium Mia, and P. K. Giri; Oral presentation on “Self-Powered Metal-

Semiconductor-Metal 2D WS2 Monolayer Photodetector with Asymmetric Contacts” at 

Recent Progress in Graphene and 2D Materials Research (RPGR-2023), Bangalore, 20-23 

November 2023. 

6. Abdul Kaium Mia, Swapnil Singha and P. K. Giri; Oral presentation on “Label-Free 

Detection of Staphylococcus Aureus using Aptamer Functionalized Monolayer WS2 Grown 

by CVD”, at the 8th International Conference on Advanced Nanomaterials and 

Nanotechnology 2023 (ICANN-2023), IIT Guwahati, 14-16 May 2023. 

TH-3630_196153001



xviii 
 

7. The 4th International Electronic Conference on Biosensors (IECB-2024), Online mode, 

20-22 May 2024. 

C. Workshops Attended: 

1. 5th DAE-BRNS National Workshop on Material chemistry (NWMC 2019), 08-09th 

November 2019. 

2. IEEE Sensors Winter School 2023, IIT Guwahati, 05-06th December 2023.  

3. SPARC Workshop on 2D Materials, IIT Kharagpur, 24-25 August 2024 

 

 

 

 

 

List of Abbreviations 
 

 

Abbreviation      Description 

 

2D        Two-dimensional 

3D            Three-dimensional 

1L         Monolayer 

2L                                       Bilayer 

CVD        Chemical Vapor Deposition 

EDS        Energy Dispersive X-ray Spectroscopy 

FESEM        Field Emission Scanning Electron Microscopy 

FETEM        Field Emission Transmission Electron Microscopy 

FWHM       Full Width at Half Maxima 

HER        Hydrogen Evolution Reaction 

HRTEM       High Resolution Transmission Electron Microscopy 

HS        Heterostructure 

NC         Nanocrystal 

NS        Nanostructure 

NP         Nanoparticle 

NR         Nanorod 

NT         Nanotube 

TH-3630_196153001



xix 
 

NW         Nanowire 

OV        Oxygen vacancy 

PL         Photoluminescence 

QC        Quantum Confinement 

QD        Quantum Dot 

RTA        Rapid Thermal Annealing 

RIE                                     Reactive Ion Etching 

SAED        Selected Area Electron Diffraction 

SPR        Surface Plasmon Resonance 

STEM           Scanning Transmission Electron Microscopy 

TEM         Transmission Electron Microscopy 

TRPL         Time-Resolved Photoluminescence 

UV-Vis       Ultraviolet Visible  

XPS         X-ray Photoelectron Spectroscopy 

 

TH-3630_196153001



1 |                                                                                I n t r o d u c t i o n  

Chapter 1 

Introduction 

Since the discovery of graphene in 2004, there has been growing interest in graphene and other 

graphene-like two-dimensional (2D) materials among the scientific community. The zero-band 

gap of graphene and its conducting nature impose fundamental limitations in electronic 

applications as well as in sensitivity and detection limits for sensing applications1. The cutting-

edge research on graphene and its underlying physics has paved the way for the identification of 

additional 2D layered materials. These 2D materials seek to address the limitations of graphene 

while broadening their applications across various domains. The other 2D materials include 

transition metal dichalcogenides (TMDs), hexagonal boron nitride (hBN), graphite carbon nitride 

(g-C3N4), bismuth oxy chalcogenides, black phosphorus (BP), etc. Among all 2D materials, the 

TMDs represent a category of 2D materials in which weak van der Waals (vdW) forces bind 

individual covalently bonded X–M–X layers (with M as the transition metal, such as Mo or W, 

and X as the chalcogen, namely S, Se, or Te), enabling the potential for layer-controlled synthesis2. 

These individual building blocks (monolayer TMDs) show a transition from indirect to direct band 

gaps and have fascinating optical and electronic properties3. Layer-dependent optoelectrical 

properties, along with the existence of finite band gaps, make 2D TMDs superior to graphene. This 

uniqueness opens up a range of applications, including electronic circuits, energy storage, 

biosensing, catalysis, and more, while also facilitating the exploration of two-dimensional physics 

and device applications4. 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 an 

indirect bandgap to a direct bandgap when scaled down from bulk to monolayer form. Tungsten 

disulfide (WS2), another member of the TMD family, has garnered significant attention recently 

and is actively being investigated for potential applications in next-generation optoelectronics5. 

The layer-dependent tunability of its bandgap, along with optical absorptions and PL emissions, 

makes it a promising candidate for various applications such as photovoltaics cells6,7, 

photodetectors,8,9 p-n junction diodes10,11, catalysis, 12,13 energy storage 14,15 phototransistors,16,17 

biosensing 18, and future generation electronic devices19.  The weak van der Waals (vdW) forces 

among the individual monolayers result in weak bonding, facilitating easy isolation and stacking 

with other materials. This characteristic allows the formation of a diverse array of heterostructures 
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(HSs) without the constraint of lattice matching20,21. By introducing additional structural 

complexities in the formation of the HS, one can selectively tune its distinctive properties, 

including electrical, optical, and structural aspects21,22. This process results in a material that 

possesses unique and vastly superior properties. We can gain a comprehensive understanding of 

WS2-based HSs by manipulating these innovative properties, positioning them as promising 

candidates for upcoming optoelectronic applications. In this chapter, we provide a brief overview 

of the key characteristics of 2D WS2, examine recent methodologies for growing WS2 

nanostructures, and explore its emerging applications, including biosensors, photodetectors, 

memristors, artificial synapses, and others. Toward the end of the chapter, we present a perspective 

on the primary challenges in synthesizing 2D WS2 and the fabrication of field-effect transistors 

(FETs) for optoelectronic applications. 

1.1. Properties of WS2 

1.1.1 Crystal Structure of WS2 

WS2 is a layered material described by the generalized common formula MX2, where M represents 

the transition metal (W) and X represents the chalcogen (S). These have structures like sandwiches, 

with a single layer; W atoms are situated in a hexagonal plane between two planes of S atoms23. 

These three layers of atoms are bound together by strong covalent bonding, forming a single layer 

of WS2. Each layer of WS2 is connected to the others by weak van der Waals forces, as depicted  

 

Figure 1.1: Schematic representation of WS2 crystal structure showing: (a) cross-sectional view; (b) top 

view; (c) Crystal structure of highly stable 2H and metastable  2M phase of WS2. Adapted from Ref.24. 
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in Fig. 1.1(a). The top view of the 2D WS2 plane is shown in Fig. 1.1(b). The strong bonding with- 

-in the plane, and weaker interactions perpendicular to the plane in these 2D crystals facilitate their 

exfoliation into single layers. With the variation of layers stacking geometry, 2D WS2 have well 

reported two phases, namely a trigonal prismatic phase (2H) or an octahedral phase (1T)25. 

Recently 2M phase of WS2 has also been reported with superconducting properties, as shown in 

Fig. 1.1(c)24. Among all the phases, 2H semiconducting WS2 is the most stable and dominant in 

nature compared to all other phases. The lattice structure corresponding to the 2H and 2M are 

shown in Fig. 1.1(c).                                     

1.1.2. Electronic Band Structure of WS2 

WS2 is a layered material and has exciting layer-dependent optoelectronic properties. The 

electronic band structure of WS2 is highly influenced by layer number and exhibits an interesting 

transition from indirect to direct at monolayer26. The electronic band structure calculated using the 

ab initio method by using the projector augmented wave method is shown in Fig. 1.2 from 

monolayer to quadallayer26. The bulk WS2 has an indirect bandgap of 1.3 eV, and with the reducing  

 

Figure 1.2: Band structures for WS2 ultrathin films were calculated ab initio: (a–d) depict the structures 

without spin-orbit coupling; (e–h) illustrate those with spin-orbit coupling. The valence band splitting at 

the K point remains nearly constant, approximately 0.43 eV for mono, bi, tri, and quad-layers. Adopted 

from Ref.26.  

TH-3630_196153001



C h a p t e r  1                                                                                                                                             | 4 

layer number, band edge separation increases and becomes a direct bandgap of 2.0 eV for 

monolayer WS2
27, as shown in Fig. 1.2. For monolayer WS2, the valence band maxima (VBM) 

and conduction band minima (CBM) coincide at the K point. As the layer number increases, the 

VBM aligns with the Γ point, while the CBM ranges between the K and Γ points, exhibiting a 

narrower indirect bandgap between them. Due to spin-orbit coupling, the valence band experiences 

splitting that remains unaffected by the layer number, thus disregarding interlayer interactions as 

shown in Fig. 1.2. Along with the band structure, the electron and hole mobility in 2D TMDs 

varies with layer number28. In general, WS2 is n-type semiconducting and the monolayer has an 

electron mobility of approximately 140 cm2/(V.s) at low temperature (83K); the mobility increases 

more than two times for bilayer WS2 ~ 300 cm2/(V.s) offering better performance possibilities for 

electronics applications. The monolayer WS2 has an electron mobility of ~ 50 cm2/(V.s) at room 

temperature with an excellent on/off ratio of 108 in FET configuration. By using high K dielectric 

and top gate configuration, the performance of the 2D WS2 was further enhanced in terms of 

electron mobility and on/off ratio19. The Excellent mobility of 2D WS2 and a high on/off ratio 

make it a suitable replacement for traditional Si channels in FETs.  

1.1.3. Optical properties of WS2 

A comprehensive understanding of the optical properties of WS2 is essential for a wide range of 

applications in optoelectronics. The interesting layer-dependent optical properties determine 

suitable applications in optical devices. The optical properties are usually studied by ultraviolet-

visible (UV-Vis) absorption spectroscopy, photoluminescence (PL) emission, and Raman 

spectroscopy. The excellent PL emission of monolayer WS2, originating from its transition to a 

direct band structure from an indirect band structure corresponding to its bulk counterpart, is a 

distinct optical feature29. Optical images of mechanically exfoliated monolayer, bi-layer, tri-layer, 

and multilayer WS2 flakes are shown in Fig. 1.3(a)27. The ultrathin layers of WS2 are transparent 

in nature, but as the layer number increases, it becomes opaque, as seen in the optical image of 

Fig. 1.3(a). The Raman spectra serve as fingerprints for 2D materials, each exhibiting unique 

spectra that vary according to the material and are influenced by the number of layers30. The 

Raman spectra of 2D WS2 is highly influenced by the excitation wavelength as shown in Fig. 

1.3(b) and Fig. 1.3(c). The two fundamental Raman modes of 2D WS2 are A1g and E2g, correspon- 
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Figure 1.3: (a) Optical microscope images of mechanically exfoliated 1L, 2L, and bulk WS2 on quartz 

substrates, adopted from ref.27; (b) and (c) Raman spectra of 1L, 2L, 3L, and bulk WS2 under excitation 

wavelength of 488 nm and 514 nm, respectively, adopted from Ref.30; (d) UV-vis absorbance spectra of 

1L, 2L, 3L, 4L and 5L WS2 on quartz substrate, adopted from ref. 27; (e) and (f) Relative PL emission 

intensity of WS2 with layer numbers and normalized PL emission of 1L, 2L, 3L, 4L, and bulk 2D WS2, 

adopted from ref. 26. 

-ding to the out-of-plane and in-plane vibrations of the S and W atoms, respectively31. The out-of-

plane mode, A1g, is highly influenced by charge density and layer number, whereas the in-plane 

vibration mode E2g is influenced by strain.32 The separation of these fundamental phonon modes 

is characteristic of layer number and provides an indirect means of determining the layer number. 

When excited with 488 nm laser, the 2D WS2 shows only two characteristic Raman modes (A1g at 

418 cm-1 and E2g at 356 cm-1) with a weaker 2LA phonon mode observed, as shown in Fig. 1.3(b). 

However, when excited with 514 nm laser, in addition to fundamental modes, many second-order 

stronger modes are also observed, as displayed in Fig. 1.3(c). For monolayer WS2, the intensity of 

second order 2LA mode at 352 cm-1 is maximum, which decreases with increasing layer number, 
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whereas A1g mode intensity increases with layer number. The stronger A1g mode with increasing 

layer number is presumably due to stronger interlayer contributions to the electron-phonon 

coupling30. 

 

 For atomically thin films, the differential reflectance provides an effective measure of absorbance. 

The differential reflectance spectra of mechanically exfoliated WS2 with various layer numbers 

are displayed in Fig. 1.3(d). For monolayer WS2, the two strong absorption peaks A and B, 

originated from direct band-to-band transitions at K-K´ valley in the Brillouin zone around 615 

and 533 nm, respectively.33 With the increasing layer numbers, there is redshift in spectrum with 

A and B absorptions peaks at 625 nm and 550 nm, respectively for bulk WS2.
27 The energy 

difference between A and B remains constant with layer number at 400 meV as a result of the 

splitting of VBM at K point. This is because of the spin-orbit coupling at the K point, which 

remains constant with layer number26, as shown in Fig. 1.2. In addition to the direct band transition 

peaks, there is another peak labeled by C, originating from the optical transition between the 

density of states peak at the valence band and the conduction band. The relative PL emission 

intensities of WS2 with layer number is shown in Fig. 1.3(e). The monolayer WS2 has a direct 

bandgap of 2.0 eV, giving rise to strong PL emission at room temperature.34 The PL emission 

drastically quenches for bilayers and beyond, decreasing by approximately 99% for bilayer WS2. 

The PL intensity is notably weak in bulk WS2, consistent with its behavior as an indirect band-gap 

semiconductor in bulk form. The faint PL emission peak corresponding to the indirect bandgap 

transition shifts towards lower energy as the layer number increases and indicated by “I” in Fig. 

1.3(f). These behaviors align perfectly with the calculated band structures.26 In addition to the 

peaks originating from indirect transition and the prominent direct transition peak (A), a faint PL 

peak (B) is detected at a higher energy level. The origin of the B peak can be explained flowing 

way: The splitting between the A and B peaks is nearly identical, approximately 0.4 eV, across 

mono, bi, tri, and quad-layer samples. In 1L, the valence band edges at the K points exhibit spin 

splitting solely due to the strong spin-orbit coupling in the d-orbitals of the tungsten atom. In 

multilayers, however, both spin-orbit coupling and interlayer hopping contribute to the valence 

band splitting at the K points. Thus, the B peak is prominent at multilayer WS2. 
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1.2. Synthesis of 2D WS2 

The growth/synthesis protocol of 2D WS2 plays a significant role in their applications in 

optoelectronic, sensing, drug delivery, and so on. Top-down and bottom-up are two standard 

approaches for the synthesis of 2D nanomaterials. In the top-down method, nanomaterials are 

obtained by breaking down their bulk counterparts, whereas in the bottom-up method, atomic-

range chemical or physical forces aid in the assembly of basic units in the formation of larger 

structures. Considerable efforts have been made to synthesize controllable, large-scale, high-

quality monolayer to few-layer WS2 using various top-down and bottom-up approaches, such as 

mechanical exfoliation, chemical exfoliation, hydrothermal methods, physical vapor deposition, 

atomic layer deposition (ALD), chemical vapor deposition (CVD), and others. 

 

1.2.1. Mechanical exfoliation 

The scotch-tape-aided mechanical exfoliation is a top-down method where thin layers of TMDs 

can be exfoliated from their bulk form.35–37 Graphene was first obtained from graphite using scotch 

tape in 2004.38 The mechanical exfoliation method provides WS2 of exceptional quality and 

crystallinity, enabling the exploration of its pristine properties and subsequent device 

performances.26,27,39–41 In this technique, a small quantity of high-quality natural bulk WS2 crystal 

is affixed to a piece of adhesive tape, which is then repeatedly peeled off using sticky tape and 

pressed onto the substrate. Through this iterative process, WS2 flakes of various shapes, sizes, and 

layer numbers are deposited onto the substrate. Despite its simplicity and cost-effectiveness, this 

method encounters challenges regarding repeatability and uniformity across large areas, rendering 

it impractical for real-world applications. 

 

1.2.2. Chemical exfoliation 

In addition to mechanical exfoliation, liquid phase exfoliation techniques such as ultrasonication 

and ion-intercalation are also utilized for the synthesis of 2D WS2. These methods are highly 

straightforward and cost-effective and enable the synthesis of significant quantities of dispersed 

monolayer and few-layer WS2 flakes. For the liquid phase exfoliation, high-quality bulk material 

is dispersed in polar organic solvents such as dimethylformamide (DMF), N-methylpyrrolidone 

(NMP), isopropyl alcohol (IPA) etc.42 This solution undergoes sonication either via probe  
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Figure 1.4: (a) Schematic representation of liquid exfoliation of a few layers WS2 via solvent assistant 

sonication, Adopted from Ref.42; (b) Lithium-ion intercalation-assisted chemical exfoliation of monolayer 

WS2 from bulk crystal, Adopted from Ref.44; (c) Schematics representation of the hydrothermal synthesis 

of WS2 nanostructure. Adopted from Ref.43 

sonication or bath ultrasonication followed by centrifugation to isolate the nanosheets, as 

illustrated in Fig. 1.4(a). In this method of synthesis, there is limited control over the layer number 

and lateral size. Other chemical exfoliation techniques include ion intercalation-assisted 

exfoliation from bulk WS2. In this method, metal ions such as lithium (Li) or sodium (Na) are 

introduced between the WS2 layers, increasing the interlayer spacing and ultimately leading to 

layer separation, as illustrated in Fig. 1.4(b). Mostly Li ions are used in this method. Alongside 

the top-down chemical route, hydrothermal synthesis is a prominent bottom-up approach for 

synthesizing WS2. In this process, tungsten and sulfur sources are combined in an appropriate 
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solvent, which is then placed in an autoclave. The mixture is subjected to elevated temperatures in 

a hot air oven for 24 to 72 hours, allowing for the formation of WS2
43. A schematic representation 

of the hydrothermal synthesis process is shown in Fig. 1.4(c). There are advantages to employing 

chemical processes in synthesis, such as in-situ doping of 2D materials through s45 as well as for 

functionalization with appropriate metal nanoparticles46. However, these techniques also come 

with some significant drawbacks, such as the potential loss of semiconducting properties with 

electrochemical intercalation. In addition, during the ultrasonication process, defects are 

introduced into the lattice of 2D WS2, along with a reduction in flake size, which in turn limits the 

applicability of WS2 in large-scale integrated circuits and optoelectronic devices. 

1.2.3. Physical and chemical vapor deposition  

The optoelectronic properties of 2D WS2 strongly depend on the quality of the film. However, 

WS2 layers obtained via chemical methods are not up to the standards required for optoelectronic 

devices. To overcome the limitations of chemical techniques, there have been many attempts to 

obtain high-quality 2D WS2 films with controlled thickness and wafer-scale uniformity by various 

physical vapor deposition (PVD) techniques, such as sputtering,47 pulsed laser deposition (PLD)48, 

and molecular beam epitaxy (MBE)49, as shown in Fig.1.5. These growth processes have been 

successful in achieving large-area growth of monolayer to few-layer WS2 films. Nevertheless, 

these methods come with certain disadvantages. The films grown using those techniques have 

large area but exhibit sulfur vacancy sites, nonuniform film thickness, and poor crystallinity,50 

therefore resulting in performance variation among the devices and thus limiting their practicality 

in device applications. Other physical methods include sulfurization of tungsten film. In this 

process, a thin film of tungsten is deposited on sapphire substrate by e-beam evaporation of 

tungsten, and then annealing the film in the presence of sulfur vapour in order to transform the 

tungsten films into WS2
51

, as displayed in Fig. 1.5(c).  Till now, the primary challenge has been 

maintaining control over the wafer scale lateral dimensions and ensuring a consistent thickness of 

WS2. In this regard, the CVD has attracted much attention because it is one of the most effective 

methods to synthesize high-quality large-area growth of atomically thin WS2, which shows great 

potential toward device applications52. The high temperature-controlled chemical reactions 

between the tungsten and sulfur precursors form highest quality of WS2 with minimum defects30. 

A schematic diagram for CVD growth of WS2 is shown in Fig. 15(d). This method has been shown  
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Figure 1.5: Schematics representation of: (a) Pulse laser deposition technique for large area WS2, Adopted 

from Ref 50; (b) RF sputtering method for depositing WS2 film, Adopted from Ref47; (c) Wafer-scale 

synthesis of WS2 films via sulfurization of tungsten film deposited by e beam evaporation technique, 

Adopted from Ref51; (d) Schematics representation of a thermal CVD for large area growth of WS2 and 

corresponding images, Adopted from Ref 52; (e) MOCVD growth of wafer-scale monolayer WS2, Adopted 

from Ref19; (f) Schematic representation for the single step CVD growth of Vanadium doped WS2 film, 

Adopted from Ref 53; (g) Schematic representation for single-step CVD growth of WS2-MoS2 lateral HS, 

Adopted from Ref 55. 

to be more feasible over other growth techniques because it could achieve large-area growth of 

WS2 with precise chemical doping, leading to enhanced optoelectronic properties53. The doping 

possibility enables us to control the type of conductivity alongside resistivity similar to what is 

available for silicon technology54, which one of the greatest milestones toward commercialization. 

In addition to the doping feasibility in the controlled growth, recent studies demonstrated the 

synthesis of lateral HS in single-step CVD, opening a topic for further exploration for applications 

in optoelectronic21,22,55,56. A schematic representation and optical images for single-step CVD 

growth of lateral HS are shown in Fig 1.5(f) and Fig. 1.5 (g). Interestingly, the lateral HS exhibits 

excellent electronic properties such as high on-off ratio and mobility as compared to individual 

counterparts. Generally, the WS2 grown by CVD is in the form of flakes having size in the order 

of mm to cm scale, but for practical device applications, we need wafer-scale uniformity. To 

overcome the lateral size limitation, MOCVD growth technique where one can grow wafer scale 

TH-3630_196153001



11 |                                                                                I n t r o d u c t i o n  

WS2 film
19, as displayed in Fig. 1.5(e). Thus, there is a need for robust growth strategy for real-

time commercial application of 2D TMDs.  

 

1.3 Applications of WS2  

Given the widespread use of semiconducting devices in daily life, WS2 holds significant potential 

for next-generation semiconductor technologies. One of the most distinct features of WS2 is the 

widening bandgap as the number of layers decreases, transitioning from an indirect bandgap 

material in its 2L to the bulk counterpart to a direct bandgap in the 1L57. The finite bandgap in 

WS2 makes it significantly superior for optoelectronic applications compared to the well-explored 

2D material, graphene.  Owing to unique properties such as a finite bandgap, excellent carrier 

mobility, thickness-dependent optical properties, transparency, flexibility, along biocompatibility, 

WS2 has attracted considerable attention for a wide range of applications, from future-generation 

optoelectronics to healthcare5,58. Furthermore, the planar 2D structure facilitates the formation of 

HSs with other 2D materials. such as MoS2, graphene, and WSe2, without the need for precise 

lattice constant matching, thereby enhancing the overall properties. Lastly, the compatibility with 

the existing fabrication process makes it one of the most promising candidates for replacing 

conventional Si. In this section, we will discuss the promising applications of WS2 and its HS 

systems in biosensing, photodetection, memristor, and artificial synapse applications and a brief 

summary of other future-generation applications.  

1.3.1 Healthcare monitoring systems focused on biosensing 

The sensing of bioanalytes and environmental pollutants is essential for continuous monitoring of 

public health in order to prevent a worldwide outbreak like SARS-CoV-259. During the global 

COVID-19 pandemic, there was an immediate requirement for real-time mass screening of patients 

to curb the spreading of viral infections. Thus, we need a robust sensing system capable of 

detecting analytes in real time with high accuracy. The 2H hexagonal semiconducting 2D WS2 

possesses excellent optoelectronic properties suitable for use as a transducer in sensing systems. 

This makes it potentially valuable in creating healthcare devices for the real-time detection of 

bioanalytes. There are mainly three types of detection mechanisms: optical, electrochemical, and 

electrical.  
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The optical biosensors leverage the advanced and exceptional optical properties of 2D TMDs to 

detect bioanalytes. These biosensors are among the most sensitive, capable of detecting even a 

single analyte in real-time60. Common detection mechanisms in optical biosensors include Förster 

resonance energy transfer (FRET), surface-enhanced Raman spectroscopy (SERS), surface 

plasmon resonance (SPR), and fluorescence imaging. SERS detects changes in the Raman signal 

of samples before and after the adsorption of analytes on a SERS substrate. SPR is highly 

dependent on the refractive index, where analyte absorption causes local changes in the materials 

refractive index. FRET involves nonradiative energy transfer between two fluorophores via dipole-

dipole coupling, and due to its sixth power law dependence, it is highly sensitive to distance 

changes between fluorophores. Consequently, fluorescence intensity modulation in the presence 

of a target analyte is widely used for detection. The high density of active sites in WS2 helps in the 

sensitive detection of the biomarkers in the early stage of disease propagation61. 2D MoS2 has been 

extensively studied for biosensing applications, while the potential of WS2 has only recently begun 

to be explored18,62. The ability to quench the PL of a probe by WS2 was utilized for ultralow 

detection of targeted DNA and other bioanalytes. In 2014, Xi et. al first showed the detection of 

microRNA-21 (miRNA-21), a breast cancer biomarker, using WS2 NSs through duplex-specific 

nuclease signal amplification (DSNSA)63. The binding of highly fluorescent dye-labeled ssDNA 

onto the basal plane of WS2 NSs quenches its FL intensity by almost 97%, via van der Waal 

interactions between ssDNA and WS2 NSs. Binding with the targeted miRNA-21, the probe DNA 

formed a DNA/RNA heteroduplex, which detached from the WS2, restoring its PL intensity and 

acted as the substrate for duplex-specific nuclease (DSN) cleavage. The DSN selectively cleaves 

the ssDNA from the heteroduplex, allowing the miR-21 to hybridize with another ssDNA. Later 

this PL quenching ability of WS2 was used to detect other DNA and E.coli64,65. The schematic 

representation for E. coli sensing using highly fluorescent aptamers functionalized upconversion 

NPs and WS2 NSs is displayed in Fig. 1.6(a). The working mechanism for PL quenching-based 

optical biosensor using WS2 as quencher is displayed in Fig. 1.6(b)66. Other than PL quenching, 

Dey et al. proposed a WS2-based layer structure for SPR-based biosensing applications67, and 

Wang et al. demonstrated a WS2 layer-based SPR sensor with improved sensitivity of 

2459.3 nm/RIU68. Shorie et at has selectively detected cardiac marker myoglobin using SERS 

active WS2 NSs incorporated with AuNPs69. This SERS sensing system has a linear detection 

range over 10 fM to 0.1 μM with a lower detection limit of 0.5 aM. Thus, WS2 is a promising 
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material for future generations applications in optical biosensing but there is a need for extensive 

study for real-time implementation of WS2-based optical biosensors.  

Electrochemical sensors are sensing platforms based on a three-electrode system, where redox 

(reduction-oxidation) reactions generate ions and charges, altering the electrochemical response. 

The three electrodes consist of the working electrode (WE), the reference electrode (RE), and the 

counter electrode (CE). All the potentials are measured relative to the reference electrode (RE), 

while the counter electrode (CE) completes the electrochemical cell connections. The WE is 

modified with nanomaterials for better electrochemical activity. The fundamental operating 

principle involves detecting Faraday currents through voltammetry or amperometry while 

modulating interfacial impedance using electrochemical impedance spectroscopy (EIS). The WE 

is modified with suitable biorecognition elements for detecting specific analytes via redox reaction,  

Figure 1.6: (a) Schematic representation for the detection of E. coli using aptamer and WS2 NSs; The 

aptamer functionalized upconversion NPs adsorbed to WS2 NSs, resulting in the quenching of PL intensity. 

Upon binding with targeted E. coli restored its PL, Adopted from Ref 65; (b) Schematic representation of 

WS2-based optical biosensors using its PL quenching ability, Adopted from Ref66; (c) Working principles 

of WS2 based electrochemical biosensors for the detection of miRNA-4484, Adopted from Ref71; (d) 

Schematics representation of WS2-based FETs biosensors for ultralow detection of DNA, Adopted from 

Ref 72. 
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which generate or suppress electrons or ions and change the current across the WE. In the case of 

EIS, analytes adsorbed onto the modified WE surface influence the electrochemical current or 

interfacial impedance. The sensing response is determined by quantitatively correlating changes 

in interfacial impedance or electrochemical current with the number of analytes present. The 

incorporation of TMDs in the electrochemical biosensors enhances its lower detection limits18. 

Among the TMD family members, WS2 has demonstrated a promising ability to distinguish 

between ssDNA and dsDNA, driving the use of TMD nanosheets in biosensing applications63. 

Yang et al. have incorporated poly (indole-6-carboxylic acid) (PIn6COOH) with WS2 nanosheets 

and modified the WE to create a sensing interface for developing an electrochemical DNA 

biosensor70. By mobilizing the probe DNA to the surface, the system was able to detect targeted 

DNA for a wide range of 10−17 to 10−11 mol/L, having a detection limit of 2.8×10-18 mol/L. Using 

the same technique, Li et al. developed an electrochemical biosensor that employs a self-assembled  

DNA aptamer on a WS2 nanostructure for the detection of ATP73. In this case, the aptamers were  

modified with the thiol functional group in order to have covalent bonding with the WS2, which 

eventually enhances the selectivity toward ATP. WS2 has also been used for the electrochemical 

detection of miRNA using its high-stability71. The schematic representation for electrochemical 

detection of miRNA using WS2 NSs is displayed in Fig. 1.6(c). The electrochemical performance 

of WS2 was improved by incorporating metal NPs such as Au, Ag, and Pt. Shuai et al. synthesized 

WS₂ NSs and modified them with AuNPs for highly sensitive electrochemical DNA detection74. 

The integration of AuNPs not only enhanced sensitivity but also enabled covalent bonding with 

thiol-modified aptamers, improving selectivity with a detection limit as low as 0.12 fM. 

Electrical biosensors convert information about analytes into user-readable electrical signals, such 

as changes in current or resistance. The fundamental working principle of FETs is that the current 

flowing between the source and drain terminals is controlled by a third terminal, called the gate. 

FETs are critical components in modern electronic circuits with well-established fabrication 

technologies. As a result, electrical detection can potentially be integrated with various modern 

electronic devices for real-time bioanalyte detection. These biosensors consist of a semiconductor 

transducer and a bioreceptor connected to it. Bioanalytes interact with the semiconducting 

transducer through the receptor, altering the transducers electrical properties via charge transfer 

mechanisms. The binding of a bioanalyte to the semiconductor surface acts like applying a 

potential bias to the gate terminal, which leads to changes in the drain current. The key advantage 
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Table 1.1: Comparison of the performance parameters of reported biosensors based on 2D WS2. 

   

of FET biosensors is their improved sensitivity and lower LoD76. As a semiconducting material, 

the WS2 is an excellent choice of channel for FETs has a high on/off ratio of 108
 and high 

mobility19,77. But WS2-based FETs biosensors have not been explored yet exist only a few 

Sensing 

Materials  

Sensing 

Method 

Target 

analytes  

Linear 

Range 

Detection 

limit 

Reference 

WS2 NSs Fluorescence miRNA-21 0.001-10 

nM 

300 fM 63 

WS2 NSs Fluorescence Peptide 

nucleic acid 

1-20 nM 500 pM 64 

WS2 NSs Fluorescence E. coli 85-85 107 

CFU/mL 

17 CFU/mL 65 

WS2 NSs Fluorescence DNA 13.3-143 

nM 

NA 66 

WS2 NSs Surface 

plasmon 

resonance  

NA NA NA 67 

WS2 NSs Surface 

plasmon 

resonance  

NA NA NA 68 

AuNPs-WS2 

NSs 

Surface-

enhanced 

Raman 

spectroscopy 

myoglobin 10 fg/mL -

0.1 μg/mL 

10 fg/mL 69 

WS2- 

NSs/PIn6COOH 

Electrochemical DNA 1×10-17-

1×10-11 

mol/L 

2.3×10-18 

mol/L 

70 

WS2 NSs Electrochemical miRNA4484 1 aM - 100 

fM 

1.61 aM 71 

WS2 NSs Electrochemical ATP and 

Hg2+ 

0.1 M-5 

mM and 0.1 

nM-500nM 

1.5 nM and 

0.5pM  

73 

1L-WS2 Electrical DNA 10-16-10-9 M 2 aM 72 

WS2-acetylene 

black 

Electrochemical DNA 0.001-100 

pM 

0.12 fM 74 

1L-WS2 Electrical Ampicillin 10-12-10-6 M 0.55 pM 75 
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reports72,75. Bahri et al. detected targeted DNA using WS2 FETs with an extraordinary low 

detection limit of 3 aM with a wide linear range from 0.1 fM to 1 nM72. The schematic diagram of 

a WS2-based FET biosensor for detecting DNA is displayed in Fig. 1.6(d). Wei et al. used the 

same strategy for real-time ultrasensitive detection of ampicillin75. AuNPs were used to bind the 

aptamer probe with monolayer WS2 for selective detection. Their sensing system showed a linear 

response from 10-12 M to 10-6 M with a detection limit of 0.556 pM. A detailed comparison of 

biosensing applications using 2D WS2 is tabulated in Table 1.1. More specific research is needed 

in order to use the excellent optoelectronic properties of WS2 for FET-based biosensors.   

1.3.2. Photodetector 

Photodetectors are electrical devices engineered to convert light signals into user-readable 

electrical signals, playing a crucial role in modern society across a wide range of practical 

applications from imaging, optical communications to sensing applications78. Owing to the 

exceptional optical and optoelectronic properties of 2D materials, they have the potential to surpass 

conventional silicon-based photodetectors79. Graphene, a well-known 2D material, has shown 

remarkable properties such as high carrier mobility, broadband response and rapid response time, 

making it a promising candidate for a wide range of photodetectors80. However, despite these 

excellent characteristics, its zero bandgap and low light absorption across the visible spectrum are 

drawbacks for achieving high-performance photodetectors. In this regard, WS2 is one of the most 

suitable 2D materials because of its tunnelable bandgap from 1.2 to 2.0 eV with a high absorption 

coefficient, excellent mobility, and efficient electron-hole generation under photo illumination58. 

The schematic diagram of a WS2 based photodetector is shown in Fig. 1.7(a). There have been 

reports on WS2-based photodetectors in the visible spectrum using monolayer, few layers and 

multilayer WS2
9,82–87. However, the performance of these devices is not up to the standards of 

typical commercial photodetectors. For instance, Perea-López et al. observed a low responsivity 

on the order of µA/W in multilayer WS2 PD within the visible range.82 By passivating the sulfur 

vacancy sites, the responsivity of few-layered WS2 was enhanced to few mA/W to 5.7 A/W; 

however, the on/off ratio dropped by a few orders. This decrease was caused by the increase in 

dark current due to the electron doping effect.83,88 The photoresponse was improved by several 

orders and reached o on/off rato of ~ 108 in a 3-terminal FET configuration, but it remains low in 

two terminal devices9. Power dependent I-V characteristics of a Si/WS2 HS is displayed in Fig. 
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1.7(b). The photocurrent increases with increasing illumination intensity, which is attributed to a 

greater number of photoinduced generation with intensity. The photoinduced carrier generation 

strongly depends upon the bandgap of the semiconducting channel material and the wavelength of 

the incident illuminations. The variation of photoresponse with incident light wavelength is shown 

in Fig. 1.7(c). The responsivity of monolayer WS2 PD in two-terminal devices was enhanced by 

incorporating plasmonic nanoparticles89. The integration of plasmonic gold nanoparticles 

significantly boosts visible absorption, leading to improved responsivity and on/off ratios. 

Therefore, optimizing the doping levels can further enhance the performance of WS2-based 

photodetectors. The formation of Schottky junction with WS2 improves the performance in 

contrast to the Ohmic junctions92 by reducing the dark current and facilitating charge separation 

due to the built-in potential.93 The 2D WS2 synthesized by CVD exhibits high stability with low 

defect density and high crystalline quality, and usually possesses good mobility at room 

temperature.94 Interestingly, the carrier mobility in 2D WS2 is layer-dependent. Specifically, 2L- 

 

Figure 1.7: (a) Schematic diagram WS2/Si HS-based photodetector; (b) I-V characteristics of the 

photodetector under different illumination intensities; (c) temporal photoresponse properties of the 

WS2/pyramid Si heterojunction device under light illumination with different wavelengths; (d) Schematic 

illustration of few-layer WS2 device with NH3 atmosphere annealing. Inset is the optical microscopy image 

of the device; () Electrical transport characteristics on a logarithmic scale of WS2 device before and after 

NH3 annealing; (f) Time dependence of the photocurrent with varying laser powers. Image a-c are adopted 

from Ref. 81; and image d-f are adopted from Ref9. 
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Table 2.2: Comparison of the performance parameters of reported photodetectors based on 2D WS2. 

 

-WS2 displays mobility that is twice that of the monolayer WS2, and it possesses enhanced photo-

absorption due to higher thickness, underscoring the significance of using bilayer WS2 in 

photodetection applications28. Chemical doping on the WS2 surface yields improved 

photodetection performance as a result of efficient charge transfer9. The schematic diagram and 

Material Wavele

ngth 

(nm) 

On/off 

ratio 

Responsivity 

(A/W) 

Detectivit

y 

(Jones) 

Response time  Ref. 

WS2 nanotubes 633 391 3.14  -- 228 s /330 s 
90 

Few layer WS2 514 -- 92 ×10-6 -- 5.3 ms 82 

Multilayer 

WS2 

633 25 5.7  -- 20 ms 83 

Monolayer 

WS2 

405  103 290  52 × 1014 0.2 s /0.07 s 91 

Few layer WS2 532 108 2.97  1010 -- 9 

Multilayer 

WS2 

532 -- 0.51  2.7 × 109 4.1 s/4.4 s 85 

Multilayer 

WS2 

365 -- 53.4  1.22 × 1011 -- 86 

Bilayer WS2 457 1.4×104 3×103  5 × 1012 59s/87 s  87 

Monolayer 

WS2 

532 8×103 5×10-3  4.9 × 109 560 s 
88 

Few layer WS2 590 103 1050  -- 100 ms/200 ms 89 

Multilayer 

WS2 

405 104 3.45  4.94 × 1011 7.8/ 37.3 ms 92 

Bilayer WS2 520 nm -- 2.5 ×10-3 3.55 × 108 2.6 ms/1.5 ms 84 

Bilayer WS2 405 nm 105 1.2  2.2× 1012 0.35 s/15 ms 29 

Multilayer 

WS2/Si HS  

980 nm 2×104 0.29 2.6×1014 5.2/22.3 μs 81 
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optical image of NH3 annealed WS2 photodetector is displayed in Fig. 1.7(d). From the transfer 

characteristics in Fig. 1.7(e) one can observe an enhanced on-off ratio by an order to 108 as a result 

of electron transfer from NH3 to WS2 surface. The photocurrent increased progressively with 

increasing illumination, as shown in Fig. 1.7 (f). A detailed comparison of WS2 based 

photodetector reported in the literature is tabulated in Table 1.2.   

 

1.3.3 Memristor and Artificial Synapse 

The memristor, a term derived from "memory" and "resistor," has recently become a crucial 

component in brain-inspired neuromorphic computing. Neuromorphic computing, which emulates 

the brain's highly interconnected and energy-efficient neural networks, has garnered significant 

interest as an innovative approach95. It offers not only traditional data processing and storage 

solutions but also enhances capabilities for advanced tasks such as cognition, inference, and 

learning. These devices can adjust their resistance across multiple states by remembering previous 

electrical inputs, allowing them to emulate the function of biological synapses within neural 

networks. This emerging technology, capable of massive parallel processing, is expected to 

overcome the fundamental limitations of current von Neumann computing architectures, where 

the separation of processing and memory units leads to inefficiencies in digital computation96. To 

harness the advantages of the human brain, particularly its ability to perform complex tasks with 

minimal energy, systems must be designed to mimic biological neural networks, which consist of 

neurons and synapses. Biological synapses, which enable time-dependent transmission of signals 

between neurons, are essential for spiking neural networks (SNNs) that facilitate parallel 

computing97. In this context, artificial synapses replicating event-driven synaptic behaviors have 

been developed using technologies such CMOS transistors, emerging transistors with ferroelectric 

or electrochemical gate coupling, and memristors based on non-volatile memory97. Among these, 

memristors are particularly promising for neuromorphic computing applications due to their 

intrinsic ability to store historical information from electrical signals, even within a single unit. 

Among various materials used for memristors such as metal oxides, organic compounds, and low-

dimensional nanomaterials, 2D layered materials have been extensively studied for their 

exceptional stability, electrical tunability, low power switching capabilities, and compatibility with 

existing fabrication processes. MoS₂ is one of the 2D materials being widely researched for  
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Figure 1.8: (a) A schematic representation of a WS2-based artificial synapse with and its characteristics as 

synapse; Adopted from Ref.101 (b) Memory and artificial synapse based on Nb-doped WS2; Adopted from 

Ref 107. 

neuromorphic computing applications using gate pulses or photo pulses95,98–100. The schematic 

representation along with synaptic characteristics of a WS2 FETs-based artificial synapse is 

displayed in Fig. 1.8(a)101. Most of the synaptic behaviors were explained by sulfur vacancies or 

ion migrations caused by defect sites. Qiu et al. were the first to demonstrate potential applications 

of 2D WS2 in non-volatile memory devices by stacking WS2 between highly conductive graphene 

and insulating hBN, achieving a memory window of 20 V102. Later, Wang et al. utilized the high 

trap charge density of multilayer WS2 to achieve a smaller memory window of 2.26 V under a gate 

bias of ±5 V103. However, these two-terminal memristors faced challenges with low sensitivity and 

reproducibility. To address this, an array of ZnO/WS2-based two-terminal devices was integrated, 

significantly improving reproducibility and neuromorphic computing capabilities104. The non-

uniform distribution of oxygen vacancies facilitates charge trapping and detrapping. In addition to 

the oxygen vacancy assisted memory, the generation of oxygen ions via plasma treatment in the 

WS2 enhances the synaptic characteristics105. The oxygen vacancy based memristor has higher 

operating voltage and higher power consumption, but the power consumption was reduced by 

many fold using sulfur or tungsten vacancy based synapses106. Mallik et al. used the migration of 

Na+ ions into WS2 films at high temperature for synaptic application, Since the ion induced 

memory devices have higher response and endurance101. By using the gate tuneability, the response 

of the ionotropic memory devices using WS2 demonstrate reverse hysteresis with memory 

windows exceeding 25 V and an extinction ratio greater than 106. The memristor exhibit stable 

retention and durability, enduring over 100 sweep cycles and 400 pulse cycles. Additionally, they 
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offer 6-bit pulse-programmable memory capabilities, spanning six orders of magnitude in current 

levels. In addition to ionic synapse, the doping of niobium (Nb) with WS2 which replaces tungsten 

atoms uniformly through the flake, also exhibits synaptic behavior. Interestingly the transistor 

switching ratio improved by 103
 times as compared to pristine WS2

107. The extraordinary PL 

emission of monolayer WS2 was first utilized as a complete optical synapse108. Recently, HSs 

based on 2D materials also gained much attention for their applications as artificial synapse109,110. 

The schematic representation along with synaptic characteristics of a WS2 FETs based artificial 

synapse is displayed in Fig. 1.8(b). This HS enhances the ion or charge migration faster increasing 

the device speed. There is a need for robust studies for real time applications of WS2 as artificial 

synapses to mimic the function of human synapses. The progress of WS2 based memristor and 

synapse is tabulated in Table 1.2:  

 

1.3.4 Other applications of WS2 

      In addition to the above-mentioned applications, WS2 and its HS are also being explored for 

many other applications such as hydrogen production111, energy storage14, gas sensors112, heavy 

metal ion sensing113 and so on. The rapid pace of human industrialization has led to significant 

challenges, including a global energy crisis and worsening global warming. Our excessive reliance 

on fossil fuels has also contributed to environmental pollution. Addressing the energy crisis 

requires urgent exploration of alternative energy sources, which has become a critical area of 

research. Among renewable energy options, hydrogen production is viewed as a clean and storable 

energy resource. In this context, WS2 has attracted considerable attention as a promising 

photocatalyst for efficient hydrogen production through water splitting114. In addition to energy 

production, storage of energy remains a bigger challenge. An ideal, efficient energy storage system 

should be capable of delivering energy over an extended period without compromising its 

efficiency. Devices with a longer cycle life reduce the need for frequent replacements, thereby 

lowering replacement costs and minimizing the need for recycling used batteries or 

supercapacitors. As a result, cycle life has become an increasingly critical factor in the 

development of efficient energy storage systems. Among the available options, supercapacitors 

are currently one of the best energy storage devices for applications demanding long cycle life. In 

this regards WS2 is one of the most suitable options for supercapacitor applications115,116. Thus, 
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WS2 holds great potential for numerous next-generation applications and requires further research 

to meet real-world demands. 

1.4. Challenges in the Fabrication of 2D WS2 and its Heterostructures and Their 

Applications 

Over the past decade, 2D WS2 has garnered significant attention, leading to extensive research into 

its synthesis, property tuning, and potential applications. Many researchers have explored these 

aspects, yet several challenges remain for large-scale practical device applications. First, achieving 

reproducible growth of uniform, large-area, high-quality monolayer WS2 on an industrial scale 

remains difficult. Additionally, the quality of WS2 produced through various synthesis techniques 

has yet to match that of mechanically exfoliated WS2 flakes. In chemical exfoliation methods, 

controlling layer number, flake size, purity, and phases of WS2 continues to pose a major 

challenge. Advancements in the effective synthesis of stable, defect-free WS2 and its alloys are 

still needed. Chemical doping, which can enhance charge transport and other properties, also 

remains difficult to control and requires further investigation. Second, integrating WS2 with other 

materials to form hybrid HSs has revealed unique properties that are promising for optoelectronic 

devices. However, while such devices have been successfully fabricated for scientific research and 

need further robust understanding for commercialization. Third, WS2-based HSs with other 2D 

materials have shown potential for various applications. In light-harvesting devices, however, poor 

interfacial contact often leads to low carrier mobility a significant drawback for electronic 

applications. A deeper understanding and optimization of these interfacial properties are necessary. 

Furthermore, band engineering in WS2-based HSs could lead to hybrid materials with superior 

electrical performance and tunable band structures, enriching the field of HS research. Lastly, a 

comprehensive understanding of charge carrier dynamics, which are crucial for numerous 

applications, remains an important area for both experimental and theoretical research.  

1.5. Focus of the Present Thesis 

Although WS2 has demonstrated considerable potential, several challenges still remain for the 

fabrication of well-controlled layer-dependent large-area WS2 and its HSs for a wide range of 

applications in nanotechnology. In the present thesis, we have made an effort to control the 
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fabrication of large-area monolayer and bilayer WS2 and their HSs with other semiconductors to 

achieve superior properties. The main objectives of the present thesis are as follows:  

 

• Synthesis of large-area high-quality 1L and 2L-WS2 by CVD method.  

• Study the growth mechanism of 2D WS2 by tuning the different growth parameters to 

obtain high-quality large-area controlled growth.  

• Asymmetric contact-induced selective doping of CVD-grown 2L-WS2 and its application 

in high-performance photodetection. 

• Bi2Se3 Contact-Based High-Performance Field Effect Transistor using Monolayer MoS2 

and its Application as Flexible Photodetector. 

• Controlled Synthesis of WS2-MoS2 Lateral HS Using CVD and Its Application in High-

Performance Field Effect Transistor. 

• Highly Sensitive and Selective Optical Detection of Staphylococcus aureus using Thiol 

Functionalized Monolayer WS2 Grown by Chemical Vapor Deposition. 

• Fast Detection of Staphylococcus aureus using thiol-functionalized WS2 Quantum Dots 

and Bi2O2Se Nanosheets Hybrid Through Photoluminescence Recovery Mechanism. 

 

1.6. Organization of the Thesis 

 The entire thesis is organized into eight chapters. Chapter 1 provides a concise overview of the 

reported research on key properties, various growth techniques, and the potential applications of 

WS2, ranging from healthcare sensing to optoelectronics. Chapter 2 details the controlled growth 

of high-quality, large-area monolayer, bilayer WS2 using CVD technique by optimizing growth 

parameters such as carrier gas, temperature, precursors, pressure, and duration. In Chapter 3, we 

examine the metal contact-induced asymmetric doping effect in CVD-grown monolayer and 

bilayer WS2 and its impact on improved photodetection performance. Chapter 4 focuses on 

enhancing the performance of monolayer MoS2 FETs and their application in flexible 

photodetection using non-metal Bi2Se3 contacts. Chapter 5 discusses the controlled single-step 

CVD growth of WS2-MoS2 lateral HSs and their application in high-performance FETs. Chapter 

6 explores the thiol functionalization of monolayer WS2 for highly sensitive detection of S. aureus 

through strong PL emission. Chapter 7 covers optical detection of S. aureus using highly 
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luminescent WS2 QDs and Bi2O2Se3 nanosheets. Finally, Chapter 8 summarizes the key findings, 

draws important conclusions from the research, and outlines the future scope of the work. 
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Chapter 2 

Controlled Growth of Monolayer and Bilayer WS2 by Chemical 
Vapour Deposition Method 
 

In this chapter, we discuss the optimization of large-area CVD growth for monolayer (1L) and 

bilayer (2L) WS2 by precise control of various growth parameters. Tungsten oxide and sulfur 

powders were used as precursors for the complete vapor-phase CVD growth of 2D WS2 on SiO2/Si 

substrate. Our findings highlight the critical role of growth temperature, carrier gas flow, growth 

pressure, and precursor quantities in achieving uniform layer control over the large-area growth of 

WS2. We observed multilayer, rod-like, defective WS2 growth at a growth temperature of 850°C 

and pressure of 10 mbar. Increasing the temperature to 1000°C, a notable enhancement in lateral 

growth occurred. Through careful adjustment of growth pressure and duration, we successfully 

achieved uniform 1L and 2L WS2 growth at 1000°C. Moreover, the addition of salt catalysts like 

NaCl significantly enhanced lateral growth, extending it to the millimeter scale. This work offers 

valuable insights into the controlled large-area growth of WS2 and its lateral heterostructures with 

MoS2, which is essential for exploring novel applications. 

 

2.1 Introduction 

The synthesis process of WS2 plays a crucial role in its applications for optoelectronic devices, 

sensing technologies, drug delivery systems, and so on1,2. Controlling this growth process not only 

influences the materials properties but also enhances its performance in various applications3. One 

can improve the functionality and quality of WS2 by precise tuning of synthesis parameters, 

making it a valuable material for advanced technology and healthcare applications4,5. As discussed 

in Chapter 1, the CVD technique offers the best quality WS2 for optoelectronic applications and 

offers excellent control over layer number. Generally, the precursor materials (WO3 and S for 

WS2) are vaporized within a quartz tube under a carrier gas environment, facilitating the reaction 

between individual elements under certain conditions to form the desired material (WS2 in this 

case)6,7. For the successful controlled growth of high-quality, large-area WS2, factors such as the 

temperature of individual precursors, substrate placement, the distance between precursors, carrier 

gas flow, growth pressure, as well as growth duration play crucial roles8. Considering the 

complexity of the CVD process, it is essential to identify the key relationships between growth 
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parameters and the physical factors that govern crystal evolution9. Among these variables, growth 

temperature plays a critical role in achieving optimal material quality. Within specific temperature 

combinations in the WO₃ and sulfur zones, uniform growth can be attained10. However, deviations 

from these conditions often lead to undesirable outcomes such as thick nucleation centers or 

amorphous growth with small oxide structures and sometimes no growth11. Generally, WS2 is 

grown at high temperatures, typically around 1000°C, but it is possible to lower the growth 

temperature by introducing a small fraction of reactive H2 gas alongside inert Argon gas12. The 

addition of H2 not only promotes low-temperature growth but also helps in controlling the layer 

number by inhibiting growth in the c-direction. This dual effect allows for greater precision in 

layer formation and improves the overall structural quality of the material13. The choice of the 

growth substrate is another critical factor in the CVD growth of 2D materials. Substantial efforts 

have been made in substrate engineering to optimize growth parameters, such as increasing domain 

sizes, accelerating growth rates, and achieving uniform, oriented growth of 2D compounds14,15. 

These advancements often depend on the careful selection of substrates that best complement the 

process16. The growth of WS2 is significantly influenced by the synergistic interaction and precise 

delivery of tungsten and sulfur precursors to the growth substrate at a controlled flux. The carrier 

gas plays a pivotal role in maintaining the optimal concentration of these precursors throughout 

the growth process10. However, the large disparity in vapor pressures between the precursors can 

make it challenging to maintain a stable vapor flux17. To mitigate this, the carrier gas flow rate 

must be carefully adjusted to ensure a steady and controlled precursor supply18. Additionally, even 

small amounts of growth catalysts such as NaCl and KCl, can enhance lateral growth dimensions 

and enable growth at lower temperatures19. For instance, a mixture of NaCl, WO3, and sulfur 

powder promotes reactions between the precursors, where NaCl reacts with WO3 to increase its 

mass flux by forming highly volatile tungsten oxyhalides and intermediate sodium compounds at 

reduced temperatures20–22.  

 

In this chapter, we discuss the systematic optimization of the CVD process for the layered 

controlled growth of 2D WS2 flakes. Our findings underscore the importance of growth 

temperatures and pressure for controlled growth of 2D WS2 using CVD. In addition to growth 

temperature, the NaCl as a catalyst significantly promotes lateral growth, helping to achieve larger 

lateral dimensions and uniform thickness of 1L and 2L-WS2 with lateral sizes in the range of 
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several hundred micrometers. This in-depth understanding of the growth mechanism will aid in 

synthesizing other 2D materials using the CVD technique. 

 

2.2 Experimental Details 

The WS2 nanostructures, from rod-like shape to 2D flakes, were directly synthesized on SiO2/Si 

substrates through a custom-built, two-zone, temperature-controlled CVD system. This setup 

enables precise control over the growth temperatures at each zone, resulting in the formation of 

diverse nanostructure morphologies. Commercially available WO3 (99.9% purity) and S powders, 

procured from Sigma-Aldrich, were used as precursors for the CVD process. The schematic repres- 

Figure 2.1: (a) Schematic representation of CVD set-up for the growth of 2D WS2 flakes; (b) Temperature 

profile of the high temperature zone with gas flow rate for the optimized condition.  
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-entation of the experimental set-up is illustrated in Fig. 2.1(a). The precursors, S and WO3, were 

separately loaded into two mini quartz boats with an inner diameter of approximately 10 mm. 

Initially, 10 mg of WO3 powder was placed at the center of the high-temperature heating zone of 

the furnace, with several cleaned bare SiO2/Si substrate pieces positioned just above the WO3 

powder, with their polished surfaces facing downward. Simultaneously, 200 mg of the S precursor 

was placed in the middle of the low-temperature heating zone in the second mini quartz boat. Both 

precursors were housed inside a one-end-closed quartz tube with a diameter of 20 mm, which 

enhances the concentration of precursor vapors near the substrate during growth. High-purity Ar 

was used as the carrier gas. This configuration ensured stable evaporation of the S and WO3 

sources at appropriate temperatures and minimized the risk of cross-contamination during WS2 

growth. 

To optimize the growth process, we tuned the growth temperature, pressure, and time to achieve 

large area, high-quality 2D WS2 flakes. The final optimized temperature and carrier gas flow 

profile over time is shown in Fig. 2.1(b). Initially, the quartz chamber was evacuated to a base 

pressure of 1.6×10-2 mbar before heating the system. The temperature of the high temperature zone 

was gradually raised to 150°C in 15 minutes. The high-purity Ar was then introduced with a flow 

rate of 200 sccm (standard cubic centimeters per minute) and maintained for 30 minutes, as shown 

in Fig. 2.1 (b). During this time, the Ar flow removed any residual moisture and contaminants. 

The temperature of the heating zone was then increased to 1000°C in 50 minutes with an Ar flow 

of 100 sccm. Simultaneously, the first zone was heated to 150°C. At this stage, the outlet valve 

was partially closed to achieve the required pressure. The system was allowed to stabilize at this 

temperature for 20 minutes with an Ar flow rate of 100 sccm (standard cubic centimeters per 

minute). After completion of the growth, the system was cooled naturally to room temperature. 

When the temperature dropped to 600°C, the outlet valve was opened, and the Ar flow was 

increased to 200 sccm. The system was finally shut down when the temperature reached 300°C. 

By controlling the growth pressure to 1.2 mbar and setting a duration of 15 minutes, we obtained 

a uniform 1L-WS2. Increasing the growth pressure to 2.0 mbar and extending the growth time to 

20 minutes resulted in maximum 2L-WS2 coverage. 
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2.3 Characterization Techniques 

The CVD-grown WS2 nanostructures were first observed with optical microscope coupled to a 

micro-Raman Spectrometer. Raman spectra and spatial Raman mapping of the samples were 

recorded using a high-resolution micro-Raman spectrometer (LabRam HR800, Jobin–Yvon) with 

excitation wavelength of 532 nm with a 100X objective having a laser spot size of ∼1 μm. The 

same spectrometer was utilized for photoluminescence (PL) spectra and spatial mapping 

measurements.  Atomic force microscopy (AFM) (Cypher, Oxford Instruments) images were 

acquired in non-contact mode to confirm the layer thickness of CVD-grown WS2. We have used 

three different transmission electron microscopy systems at different stages of our research work: 

(i) A Titan Themis 300 kV (FEI, now Thermo Fisher), (ii) JEOL-JEM 2010 ran at 200 kV, (iii) 

Jeol JEM-ARM200CF. The chemical composition and oxidation states of 2D WS2 were analyzed 

using three different X-ray photoelectron spectroscopy (XPS) systems (ULVAC, PHI), (AXIS 

165, AXIS ULTRA) and PREVAC. All electrical characterization in the present thesis was carried 

out using Keithley 4200 SCS source meter under an electromagnetic shielding environment.  

2.4 Results and Discussion 

2.4.1 CVD Growth of Rod-Like WS2 Structure at 850˚C 

Initially, we attempted to grow 1L-WS2 at 850°C, following the method reported by Li et al.13. 

However, instead of using a mixture of Ar/H₂ gases, we employed highly purified Ar gas. 

Interestingly, instead of obtaining 1L and multilayered WS2 flakes, we observed the formation of 

rod-like multilayer WS₂ structures, as shown in Fig. 2.2(a). The low magnification image in Fig. 

2.2(a) illustrates a multilayer unidirectional growth along one axis, accompanied by retraction 

along the perpendicular axis. This combined effect leads to the formation of a rod-shaped structure. 

A detailed magnified view of this rod-like structure is presented in Fig. 2.2(d), which reveals not 

only the non-uniform thickness of the rod but also suggests the possibility of lateral growth along 

its sides. To investigate the material characteristics, we conducted Raman spectroscopic analysis 

on the structure at two distinct locations, as indicated by two circles in Fig. 2.2(d). The Raman 

spectra corresponding to the red and blue circled spots are shown in Fig. 2.2(b) and Fig. 2.2(c), 

respectively. The Raman spectra from the red circles indicate two low-intensity Raman modes as  
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Figure 2.2: (a) Optical images of WS2 nanostructure grown by CVD technique at 850˚C; (b), (c) The Raman 

spectra of the WS2 nanostructure corresponding red and blue circle respectively of figure 2.2(d); (d) 

Magnified image of the CVD grown WS2 nanostructure; (e) Spatial intensity distribution of A1g Raman 

modes; (f) Spatial intensity distribution of 2LA summed with E2g Raman modes. 

displayed in Fig. 2.2(b). These modes correspond to the out-of-plane mode (A1g) and in-plane 

(E2g) mode combined with the phonon mode (2LA) as labeled23. In the case of WS2, when excited 

with 532 nm laser excitation, the Raman spectra consist of several other phonon modes along with 

the characteristic A1g and E2g modes, as labeled in Fig. 2.2(c)24. The presence of low-intensity 

Raman modes and diminishing E2g mode from the red circle region indicates the partial reduction 

of WO3 resulting in defective growth of WS2
24. There are several possible reasons for the partial 

reduction of WO₃, including inadequate sulfur vapor, a mismatch between the co-evaporation rates 

of the precursors, and insufficient transportation of sulfur vapor to the vicinity of WO₃. However, 

we repeated the process multiple times, ensuring the proper co-evaporation of precursors and 

supplying an excess of sulfur vapor to the reaction zone. This suggests that even in the presence 

of sufficient sulfur vapor, WO3 does not undergo complete reduction at 850˚C.  The Raman spectra 
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from the blue circle shows a high-intensity Raman spectrum as displayed in Fig. 2.2(c)24. The 

Raman spectrum was fitted using a Lorentz function to determine the contributions from each 

mode. From the fitted spectrum, we observe the A1g mode at 419.4 cm−1 and the E2g mode at 354.3 

cm−1, showing a separation of 65.1 cm−1 between these characteristic modes. The out-of-plane A1g 

mode is highly sensitive to the number of layers and external doping25. The separation between 

these fundamental modes indirectly indicates the number of layers. For a monolayer, the separation 

is approximately 62 cm−1, and it increases with the number of layers 24. A separation of 65.1 cm−1 

suggests multilayer WS₂, as expected from the optical image23. The Raman spectra obtained from 

two distinct locations show entirely different profiles, indicating the need for spatial mapping to 

analyze uniformity. Therefore, we performed Raman spatial mapping with a resolution of 1 µm. 

The spatial intensity mapping for the A1g mode, which corresponds to the nanostructure shown in 

Fig. 2.2(d), is presented in Fig. 2.2(e). The spatial intensity distribution mapping corresponding to 

the E2g mode combined with the 2LA phonon mode is shown in Fig. 2.2(f). From the spatial 

intensity distribution, it is evident that areas of high intensity correspond to planar growth rather 

than rod-like structures. This suggests that the rod-shaped growths result from the partial reduction 

of oxides, indicating the need for improved growth conditions to achieve more controlled and 

uniform growth of 2D WS2.  

2.4.2 CVD Growth of 2D WS2 at 900˚C 

As previously observed, the partial reduction of WO₃ by sulfur at 850°C resulted in a rod-like non-

uniform multilayered WS2. To further investigate the impact of growth temperature on the 

morphology and crystallinity, we increased the growth temperature to 900°C while keeping all 

other parameters constant. The results of the CVD growth of WS2 under these new conditions is 

presented in Fig. 2.3(a), which illustrates an island-type growth of multilayered WS2. The 

magnified image of WS2 nanostructure grown at 900˚C is presented in Fig. 2.3(d). In this image, 

rod-like WS₂ structures are observed alongside with enhanced 2D WS2. This clearly indicates that 

as the temperature increases, the reduction of WO3 by sulfur vapor becomes more pronounced. 

The elevated temperature significantly enhances the growth of 2D WS2, promoting the formation 

of a film-like structure. The WS2 nanostructures grown at this condition were qualitatively 

analyzed using Raman spectroscopy, which provided deeper insights into the characteristics of 2D 

materials like TMDs such as quality and uniformity. The Raman spectra recorded from two distinct 

positions are highlighted by red and blue circles in Fig. 2.3(d).  Fig. 2.3(b) and 2.3(c) display the  
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Figure 2.3: (a) Optical microscopic images of WS2 nanostructure grown by CVD technique at 900˚C; (b), 

(c) The Raman spectra of the WS2 nanostructure corresponding red and blue circle respectively of figure 

2.2(d); (d) Magnified image of the CVD grown WS2 nanostructure; (e) Spatial intensity distribution of A1g 

Raman modes; (f) Spatial intensity distribution of 2LA summed with E2g Raman modes. 

 

Raman spectra for the rod-like WS2 and 2D film-like WS₂ structures, respectively, corresponding 

to red and blue circles.  In the Raman spectra, we observe a layer-number dependency in the 

intensity of the A1g mode as we move from the rod-shaped structure to the film. This reduction in 

intensity can be attributed to the rods significantly greater thickness, which results in a higher 

number of layers, whereas the film, being much thinner, has fewer layers23. The reduced number 

of layers in the film leads to diminished electron-phonon coupling, which in turn lowers the 

intensity of the A1g mode as this mode is sensitive to charge. Interestingly, apart from the change 

in intensity, we also detect a splitting of the A1g mode26. Our analysis of the Raman spectra reveals  

that the separation between the characteristic modes increases to 66.5 cm⁻¹ for the rod-shaped 

structure, while the separation is slightly lower at 65.7 cm⁻¹ for the film. This higher value for the 

rod-shaped structure, which was grown at 850°C, can presumably be linked to the larger thickness 

of the WS₂ nanostructure and splitting of A1g mode. The Raman spectra from two distinct points 

revels similar characteristics with different intensity. Thus, need to analyses the spatial distribution 

of Raman mode intensity. Fig. 2.3(e) presents the spatial intensity mapping of the A1g mode, while 
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Fig.2.3(f) shows the combined E2g and 2LA modes, both of which reveal significant non-

uniformity across the sample. This non-uniformity is also evident in the magnified view provided 

in Fig. 2.3(d). These findings suggest that increasing the growth temperature from 850˚C to 900˚C 

promotes 2D WS2 growth, as supported by both the optical images and Raman analysis. However, 

further adjustments to the growth parameters are necessary to achieve uniform, high-crystallinity 

growth, which is crucial for enhancing the performance of optoelectronic and biosensing 

applications. 

 

2.4.3 CVD Growth of 2D WS2 at 950˚C 

Increasing the growth temperature promotes the lateral growth of 2D WS2 with improved quality. 

We further increased the growth temperature to 950˚C while keeping other parameters constant to 

observe the temperature effect on 2D WS2 growth. The 2D WS2 synthesized at 950˚C using the 

CVD is shown in Fig. 2.4(a), demonstrating significant improvement in growth quality via 

changing the growth temperature. The optical image reveals 2D triangular WS2 flakes growth, 

accompanied by a few rod-like structures, highlighting the critical role of growth temperature.  

 

Figure 2.4: (a) Optical image of WS2 nanostructure grown by CVD technique at 950˚C; (b), (c) and (d) The 

Raman spectra of the WS2 nanostructure corresponding thick region of WS2 flake, from the distinct 

triangular WS2 flake and from WS2 rod, respectively of figure 2.4(e); (d) Magnified image WS2 

nanostructure grown at 950°C; (f) Spatial intensity distribution of A1g Raman modes; (g) Spatial intensity 

distribution of 2LA summed with E2g Raman modes. 
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Table 2.1 Fitted peak parameters for the WS2 nanostructure grown at 950°C by CVD technique. 

 

Notably, there are substantial advancements in achieving high crystalline growth of 2D WS2 as 

compared to previous conditions. In the magnified image in Fig. 2.4(e), a well-defined triangular 

flake are observed, along with a WS2 rod surrounded by a 2D film. Raman spectroscopy and spatial 

Raman mapping were employed to assess the quality and spatial uniformity of the CVD-grown 

2D WS2. Raman spectra were collected from three distinct positions: at the WS2 flake connected 

to the rod, the distinct WS2 flake, the rod shaped WS2, and are shown in Fig. 2.4 (b), (c), and (d), 

respectively. The intensity of the A1g mode peak is lowest for the distinct flakes, increases for the 

thicker region, and reaches its maximum at the rod shape WS2. This trend of reduction in the 

intensity of A1g mode is expected as the electron-phonon coupling diminishes with decreasing 

electron density because of the lower WS2 layer numbers27. Furthermore, the separation between 

characteristic out-of-plane A1g and in-plane E2g modes follows a similar pattern across these three 

points, as this separation is also related to WS2 layer numbers. The Raman spectra from these three 

points were fitted with the Lorentz function for further understanding, and the peak properties are 

summarized in Table 2.1. The fitted spectra reveal systematic enhancements in the spectral 

intensity ratio between A1g to E2g mode underscoring the effect of thickness on A1g mode intensity. 

Finally, the spatial uniformity of the 2D WS₂ nanostructures grown at 950°C was analyzed using 

spatial intensity distribution of characteristics Raman modes as they strongly depend upon layer 

numbers. The spatial uniformity was analyzed corresponding to the region shown in Fig. 2.4(e). 

The spatial intensity distribution corresponding to the layer-sensitive out-of-plane A1g mode is 

presented in Fig. 2.4(f), while in-plane E2g mode summed with 2LA phonon modes intensity is 

Sample 

position 

A1g mode E2g mode Mode 

separation 

(cm-1) 

Mode intensity 

ratio (A1g/E2g) Position 

(cm-1) 

Intensity 

(a.u.) 

Position 

(cm-1) 

Intensity 

(a.u.) 

Distinct 

WS2 flake 

419.2 38930 353.9 116102 65.3 0.34 

Thick 

WS2 

419.5 52855 353.6 138466 65.9 0.38 

WS2 rod 420 83178 353.3 67524 66.7 1.23 
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presented in Fig. 2.4(g). Both the characteristics modes spatial intensity distribution mapping 

demonstrates uniform intensity for the region corresponding to the distinct triangular flake. While 

the intensity distribution for other regions associated with the rod-like WS2 is non-uniform, 

employing partial reductions causes the rod-like structure along with non-uniform growth. In Fig. 

2.4(f), which corresponds to the mapping of the A1g mode, the intensity is higher in regions with 

greater thickness and lower in thinner regions. The film experiences significant strain near the rod, 

leading to an increased intensity of the strain-dependent E2g mode, as illustrated in Fig. 2.4(g). 

Thus, the A1g mode exhibits a strong dependence on thickness and charge, and the E2g mode shows 

a strain dependence. Therefore, the triangular-shaped WS2 structure exhibits the highest spatial 

uniformity and crystallinity, requiring minimal further adjustments in temperature and other 

parameters for the growth of uniform triangular WS2 flakes. 

2.4.4 CVD Growth of 2D WS2 at 1000˚C 

Finally, we observed uniform triangular WS2 flakes without any rod-like structures by increasing 

the growth temperature to 1000°C. Low magnification image, shown in Fig. 2.5(a), clearly display 

triangular flakes uniformly distributed across the substrate. To further assess the uniformity within  

 

Figure 2.5: (a) Low magnification optical images of WS2 flakes grown by CVD technique at 1000˚C; (b), 

(c) and (d) The Raman spectra recorded from 3 different WS2 flakes; (e) Magnified image of the CVD 

grown WS2 flakes; (f) Spatial intensity distribution of A1g Raman modes; (g) Spatial intensity distribution 

of 2LA summed with E2g Raman modes.  
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different regions of flakes as well as among different flakes, we have used the highly sensitive 

Raman spectroscopy technique. Raman spectra from three distinct flakes are presented in Fig. 

2.5(b)–2.5(d). The Raman spectra clearly exhibit a low-intensity A1g mode for all the flakes, which 

is a clear signature of reduced thickness, unlike for rods like WS2, which gives a very high intense 

A1g mode. Additionally, we have fitted Raman spectra obtained from five different flakes. The 

mode parameters obtained from those fitted spectra are summarized in Table 2.2. The variations 

in peak parameters in Table 2.2 indicate that even though there are significant improvements in 

the growth quality and reduction in layer numbers, there is still poor control of the layer numbers 

of 2D WS2. Especially the variations in the peak positions and intensity ratio of the characteristic 

modes among the flakes underscores the non-uniformity. A highly magnified image of the CVD-

rown WS2 flakes is shown in Fig. 2.5(e), highlighting their lateral dimensions, which are on the 

order of tens of micrometers. For a better understanding of uniformity, we have carried  out the 

spatial Raman mapping over the magnified image in Fig. 2.5(e). The non-uniformity among the 

flakes is evident from the intensity variations in the Raman spatial mapping. Specifically, the A1g 

mode intensity varies significantly between the flakes, as shown in Fig. 2.5 (f), as it is highly 

sensitive to the number of layers. However, the in-plane mode summed with 2LA mode intensity 

indicates almost uniform intensity, as seen from Fig. 2.5 (g) with minute variation. This is because 

the in-plane mode is sensitive to induced strain but non-sensitive to layer number25. Interestingly, 

the intensity distribution is highly uniform within the distinct flakes. Thus, even though we 

successfully synthesized triangular WS2 flakes, further optimization of growth parameters such as 

pressure and time are required to achieve precise layer control and large area growth of WS2. 

Table 2.2: Fitted peak parameters for five different WS2 flakes grown at 1000°C by CVD technique. 

Flake 

number 

A1g mode E2g mode Mode 

separation 

(cm-1) 

Mode intensity 

ratio (A1g/E2g) Position 

(cm-1) 

Intensity 

(a.u.) 

Position 

(cm-1) 

Intensity 

(a.u.) 

1 419.1 55102 353.7 127283 65.4 0.43 

2 419.0 55917 353.6 119050 65.4 0.47 

3 419.4 69529 353.1 91411 66.3 0.76 

4 419.3 61892 353.4 117690 65.9 0.52 

5 419.5 62798 353.4 116828 66.1 0.53 
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2.4.5 Layer-Controlled CVD Growth of Large Area WS2.  

Since we achieved the best quality growth of WS2 at 1000˚C, we maintained this temperature while 

varying the growth pressure and time to achieve large-area controlled growth. Although the 

chemical reactions involved in the CVD growth process are highly complex, we assume that higher 

growth pressure and extended time will increase the precursor density near the substrate, thereby 

enhancing the probability of reactions. We have observed that higher pressure leads to vertical 

growth rather than lateral growth, resulting in smaller, multilayer WS2 flakes. To explore the 

dependence of growth pressure on morphologies, we conducted experiments under varying 

pressures of five, two, and one mbar with a growth time of 20 minutes. The optical images of the 

CVD-grown WS2 corresponding to each growth pressure are displayed in Fig. 2.6. From the 

optical images in Fig. 2.6(a), we observe that when the pressure was reduced from ten mbar to 

five mbar, the lateral size of the WS2 flakes increased significantly as compared to Fig. 2.5(a), 

even though the thickness remained non-uniform. Further reducing the growth pressure to two 

mbar increases uniformity throughout the substrate, as displayed in Fig. 2.6 (b), underscoring the  

 

Figure 2.6: Optical microscope images of the CVD-grown WS2 at 1000°C under growth pressure of (a) 5 

mbar, (b) 2 mbar, and (c) 1 mbar. The high-magnified optical image of the WS2 flakes grown at (d) 5 mbar, 

(e) 2 mbar, and (f) 1 mbar growth pressure. 
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importance of growth pressure. In addition to the uniform growth of 2D WS2 across the substrate 

area, the WS2 flake density has increased substantially under this condition. After further 

decreasing the growth pressure to 1 mbar, the thickness of WS2 flakes remain highly uniform, but 

the flake density decreases, as seen in Fig. 2.6(c). This is because the lower pressure leads to 

reduced precursor density near the substrate surface. The high-magnification images of different 

growth pressures are shown just below the corresponding low-magnification images. Thus, via 

systematic understanding of the importance of growth conditions we have synthesized large area 

WS2 in the order of few hundred micrometers with excellent uniformity by CVD but have still not  

 

Figure 2.7: (a) Optical image of the monolayer WS2 flakes on SiO2/Si wafer showing uniform large area 

coverage. (b) AFM image a monolayer WS2 flake with the thickness profile showing 1L-WS2 thickness of 

0.75 nm. (c) Optical image of bilayer WS2 flakes on SiO2/Si wafer showing uniform large area coverage. 

(d) AFM image a bilayer WS2 flake with the thickness profile showing 2L-WS2 thickness of 1.65 nm. 
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obtained 1L-WS2 and 2L-WS2 growth. Hence further tuning of growth conditions is needed. In 

this regard catalysts like NaCl can be useful as they have been used in the CVD technique to 

promote lateral growth while suppressing vertical growth, leading to controlled layer synthesis28. 

To investigate the impact of NaCl catalyst on our growth process, we mixed 1 mg of NaCl with 

10 mg of WO3 during CVD growth. The results demonstrate excellent control in synthesizing 1L-

WS2 and 2L-WS2, as illustrated in Fig. 2.7. The optical image in Fig. 2.7(a) shows the growth of 

uniform 1L-WS2 over large area at 1000°C, with a growth pressure of 1.2 mbar over 15 minutes. 

In the optical images in addition to the 1L-WS2 there are some flakes with higher thickness and 

bulk in nature, but that fraction is very low. The 1L-WS2 growth was confirmed via measuring the 

thickness of WS2 via atomic force microscopy. The AFM image of a 1L-WS2 with thickness profile 

in the inset is shown in Fig. 2.7(b). The thickness profile in the inset of Fig.2.7(b) indicates a 

thickness of 0.75 nm for 1L-WS2 consistent with previously reported values29. Furthermore, by 

increasing the growth pressure to 2 mbar and extending the time to 20 minutes, we achieved 

uniform synthesis of 2L-WS2, as shown in Fig. 2.7(c). The substrate was predominantly covered 

by 2L-WS2, with only a few regions of 1L-WS₂, as marked by red circles. The 2L-WS2 has a 

thickness of 1.65 nm as measured by AFM and is shown in Fig. 2.7(d). Through fine tuning of 

growth parameters, here we successfully optimized the controlled CVD growth of 1L-WS2 and 

2L-WS2. This systematic optimization and deeper understanding of the growth parameters will 

assist in the controlled synthesis of other 2D materials. 

2.4.6 Structural Characterization  

Finally, the chemical composition and stoichiometry of the WS2 flakes were analyzed through 

XPS spectra. The survey spectra shown in Fig. 2.8(a) reveal two characteristic peaks 

corresponding to tungsten 4f and sulfur 2p, confirming the successful synthesis of WS2 using WO3 

and sulfur precursors. All peak positions were calibrated against the carbon peak at 284.8 eV. The 

high resolution XPS spectra for C1s shows an additional signature C=O at 286.0 eV, as shown in 

Fig. 2.8(b). The high-resolution binding energy spectrum of S 2p, presented in Fig. 2.8(c), exhibits 

a doublet at 162.6 eV and 163.8 eV, which correspond to S 2p₃/₂ and S 2p₁/₂, respectively30. These  
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Figure 2.8: (a) XPS survey spectra for CVD grown 2D WS2; (b) High resolution fitted spectra for C1s; (c) 

High resolution fitted of W4f; (d) High resolution fitted of W4f. 

 

peaks indicate the S2- reduction state of sulfur, further validating the formation of WS₂. This 

observation highlights the excellent growth quality of WS2 achieved via CVD. The high-resolution 

XPS spectra of W 4f, as illustrated in Fig. 2.8(d), display two dominant peaks at 33.1 eV and 35.2 

eV, corresponding to W 4f₇/₂ and W 4f₅/₂, respectively, which are associated with the W4+ 

oxidation state. These findings confirm the presence of tungsten in the W4+ state, supporting the 

successful synthesis of the semiconducting 2H phase WS2
30. Additionally, one low-intensity peak 

at 38.5 eV associated with W 5p3/₂ also observed. This peak is characteristic of tungsten-containing 

materials. Hence WO3 is fully reduced under the experimental conditions as suggested by Raman 

spectra. The S-to-W ratio was determined through curve fitting of the XPS spectrum using the 
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formula: , 
𝑆

𝑊
=

𝐴𝑆3/2

𝑆𝑣(𝑆3/2)
+

𝐴𝑆1/2

𝑆𝑣(𝑆1/2)

𝐴𝑊7/2

𝑆𝑣(𝑊7/2)
+

𝐴𝑤5/2

𝑆𝑣(𝑤5/2)

, where Ax is the area under the fitted curve for x-orbital and Svx is 

the corresponding sensitivity factor34. This calculation yielded a ratio of 2.14, which aligns closely 

with the expected value of 2, providing further evidence for the accurate stoichiometry of the 

synthesized WS2. 

  2.5 Conclusion 

This chapter concludes the controlled growth of 2D WS2 flakes using the CVD technique, 

emphasizing the systematic optimization of growth conditions. It highlights the critical roles of 

growth temperature, pressure, and precursor co-evaporation in achieving desired material 

properties and uniformity. At a lower temperature of 850°C and a high pressure of 10 mbar, WO3 

undergoes partial reduction in the presence of excess sulfur, leading to the formation of rod-like 

structures due to unidirectional growth. As the temperature increases and the pressure decreases, 

this growth extends perpendicular to the initial axis, facilitating the structural evolution into 2D 

WS₂ flakes. At 1000°C, fully formed 2D WS2 flakes are achieved, albeit with limited control over 

thickness. To enhance thickness control, growth pressure and time were systematically varied, and 

a small fraction of the growth promoter NaCl was introduced. This approach enabled the uniform 

synthesis of 1L-WS2 and 2L WS2 flakes with excellent precision.  
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Chapter 3 

Asymmetric Contact-Induced Selective Doping of CVD-grown 

Bilayer WS2 and Its Application in High-Performance 

Photodetection  
 

 

In this chapter, we have explored metal contact-induced asymmetric doping in CVD-grown bilayer 

WS2 (2L-WS2) via contact engineering and its application toward high-performance 

photodetection. The 2D WS2 grown by the CVD technique is an excellent candidate for high-

performance optoelectronics due to its high carrier mobility, air stability, and strong optical 

absorption. However, photodetectors made with monolayer WS2 (1L-WS2) often exhibit high dark 

current with instability for a longer duration, and thus, there is scope for further improvement. 

Herein, we have developed a 2D 2L-WS2-based photodetector with asymmetric contacts that 

exhibits an exceptionally low dark current and high specific detectivity. Compared to conventional 

symmetric contact electrodes, utilizing metal electrodes with higher and lower work functions 

relative to 2L-WS2 aids in achieving asymmetric lateral doping in the WS2 flakes. This doping 

asymmetry was confirmed through photoluminescence spectral profile and Raman mapping 

analysis. With the asymmetric contacts on 2L-WS2, we find evidence of selective doping of 

electrons and holes near the Ti and Au contacts, respectively, while the WS2 region away from the 

contacts remains intrinsic. When compared to the symmetric contacts case, the WS2 photodetector 

with asymmetric (Au, Ti) contacts decreased the dark current by an order of magnitude under 

reverse bias and increased the photocurrent, resulting in an excellent on/off ratio of ~10⁵ and 

overall improved device performance under identical illumination conditions. We explain this 

improved performance based on the energy band alignment showing unidirectional charge flow 

under light illumination. Our results indicate that the planar device structure and compatibility with 

current nanofabrication technologies can facilitate its integration into advanced chips for futuristic 

low-power optoelectronic and nanophotonic applications. 

3.1 Introduction 

There is an ever-growing demand for advancements in the development of energy-efficient 

optoelectronic devices with low power consumption for diverse applications ranging from 
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optoelectronics to point-of-care usage1–3. 2D layered materials such as graphene, transition metal 

dichalcogenides (TMDs), and MXenes have attracted attention due to their capability to scale 

down electronic devices to the atomic level.4–6 Among all 2D materials, semiconducting TMDs, 

characterized by their tunable bandgap, planar structure, and high carrier mobility, have been 

explored for a diverse range of applications from photodetectors (PDs) and biosensors to energy 

storage devices.7–9 The formation of P-N junctions through heterostructures involving TMDs such 

as MoS2/WSe2
10

, WS2/WSe2
11

, WS2/MoS2
12

, and MoSe2/WS2
13

 has been explored for enhanced 

photovoltaics and electronic switching applications. There is a lack of direct and precisely 

adjustable doping methods in 2D TMD semiconductors when compared to silicon technology. As 

a result, alternative attempts have been made to create precise asymmetric control of doping in 2D 

TMDs. These methods encompass local electrostatic gating14, chemical doping15, carrier 

adjustment through plasma treatment16 and carrier injection using uneven metal contacts.17,18  

WS2 is a member of the TMD family and has been identified as an excellent candidate for 

optoelectronic applications due to its high stability, high carrier mobility, and potential for mass 

production.19,20 There have been reports on WS2-based photodetectors in the visible spectrum 

using monolayer, few layers, and multilayer WS2.
21–27 However, the performance of these devices 

is not up to the standard of typical commercial photodetectors. For instance, Perea-López et al. 

observed a low responsivity on the order of µA/W in multilayer WS2 photodetector within the 

visible range.21 By passivating the sulfur vacancy sites, the responsivity of few-layered WS2 was 

enhanced to few mA/W to 5.7 A/W; however, the on/off ratio dropped by a few orders. This 

decrease was caused by the increase in dark current due to the electron doping effect.22,28 Thus, 

one can enhance the WS2 photodetector performance by tuning the doping. The formation of 

Schottky junction with WS2 improves the performance in contrast to the Ohmic junctions29 by 

reducing the dark current and facilitating charge separation due to the built-in potential.17 

Interestingly, the carrier mobility in 2D WS2 is layer-dependent. Specifically, 2L-WS2 displays 

mobility that is twice that of the monolayer WS2, and it possesses enhanced photo-absorption due 

to higher thickness, underscoring the significance of using 2L-WS2 in photodetection 

applications.30 Chemical doping on the WS2 surface yields improved photodetection performance. 

However, indigenous asymmetric doping through an asymmetric contact-based photodetector 

using 2D WS2 has not been explored yet.  
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Herein, we report an asymmetric contact-based 2L-WS2 photodetector in planar configuration 

showing significant performance. We have synthesized uniform large-area high-quality monolayer 

and 2L-WS2 on SiO2/Si substrate by CVD. The WS2 flakes were transferred from the growth 

substrate to a dry SiO2/Si substrate using a polymethyl methacrylate (PMMA)-assisted wet transfer 

method, ensuring that the optoelectronic properties remained intact. We conducted comparative 

analyses between symmetric and asymmetric contacts to differentiate the impact of asymmetric 

contacts on photodetection performance. The asymmetric contacts lead to the creation of two 

lateral junctions in 2L-WS2, resulting in a p-n-n+ type junction. This configuration significantly 

reduces the dark current under reverse bias and enhances the on/off ratio by an order of magnitude 

with a peak responsivity of 1.2 A/W.  

3.2. Experimental Details 

3.2.1. Synthesis of Monolayer and Bilayer WS2 Flakes by CVD 

The WS2 flakes were synthesized through thermal CVD using a two-zone muffle furnace. A 

detailed schematic representation of the experimental setup, along with specific growth conditions, 

was provided in Chapter 2, specifically in sections 2.2 and 2.4.5. 

3.2.2 Transfer of WS2 Flakes and Device Fabrication 

The WS2 flakes grown via CVD were transferred from the growth substrate to a dry SiO2/Si 

substrate using a modified PMMA-assisted wet transfer process using two different methods31. 

The first method involved heating at 120°C for 5 minutes, while the second method omitted 

heating and allowed the sample to rest for 24 hours after PMMA coating, with all other steps 

remaining the same. The transfer method is schematically represented in Fig. 3.1. First, PMMA 

was coated on the substrate using a spin coater, as schematically shown in Fig. 3.1(b). Following 

this, the PMMA-coated wafer was immersed in a 1.0 M NaOH solution for 3 hours, resulting in 

the detachment of the PMMA film with the WS2 flakes from the substrate, as illustrated in Fig. 

3.1(c) and Fig. 3.1(d). Then the film was washed multiple times in DI water to remove additional 

impurities and ions. The film was subsequently transferred onto a dry SiO2/Si wafer, as illustrated 

in Fig. 3.1(e). Finally, the top PMMA layer was eliminated by immersing it in acetone overnight, 

as shown in Fig.3.1(f). After transferring the flakes, we observed them under an optical 

microscope. The magnified optical image of transferred WS2 flakes involving heat treatment, is  
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Figure 3.1: Schematic representation for the transfer process of WS2 flakes (a) CVD grown 2D WS2 flakes 

on SiO2/Si substrate; (b) Spin coating of PMMA of the substrate; (c) The PMMA coated substrate is dipped 

in 1 M NaOH solution; (d) Detachment of the PMMA film with the WS2 flakes and washing it with DI 

water multiple times; (e) Transferring the PMMA film to the device substrate; (f) WS2 flakes on the device 

substrate after removing the top PMMA layer using acetone; (g) Optical image of the heat-assisted transfer 

process; (h) Optical image of the WS2 flakes transferred without involving any heat treatments; (i) Low 

magnification optical image of the transferred WS2 flakes 

 displayed in Fig. 3.1 (g), and of the flakes involving heat treatment is displayed in Fig. 3.1 (h). 

There is mechanical damage on the substrate involving heating as shown in Fig. 3.1(g) but Fig. 

3.1(h) displays no mechanical damage to the flake transferred without any heating, suggesting that 

the flakes undergo mechanical deformation due to thermal heating in the presence of PMMA. The 

low-magnification image of the transferred flakes on the SiO2/Si substrate is shown in Fig. 3.1(i), 

which reveals that almost all the flakes remain intact during this transfer process. Thus, the process 

without any heat treatment was employed to transfer WS2 flakes on TEM grids for FETEM 

characterization and device fabrication.  
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3.3 Results and Discussion 

3.3.1 Optical, Chemical, and Structural Analysis 

The optical image corresponding to the large area uniform synthesis of 1L-Ws2 and 2L-WS2, along 

with the AFM height profile, is displayed in Fig. 2.7 of Chapter 2. When excited with a 532 nm 

laser, the Raman spectrum of WS2 flake shows several phonon modes in addition to two 

characteristic modes as displayed in Fig. 3.2(a).  The two characteristics Raman modes, A1g and 

E2g, corresponding to out-of-plane and in-plane vibrations of W and S atoms, are observed at 418.8  

 

Figure 3.2: (a) Deconvoluted Raman spectra of 2L-WS2 under 532 nm laser excitation. (b) XPS survey 

spectra of CVD-grown WS2. (c) The high-resolution core binding energy for S2p. (d) The high-resolution 

core binding energy of W4f. 
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cm-1 and 355.1 cm-1, respectively for 2L-WS2. Other observed optical phonon modes are labeled 

in the deconvoluted spectra in Fig. 3.2(a).33 Charge doping and layer numbers immensely 

influence the out-of-plane A1g mode, and the in-plane mode E2g is sensitive to the induced strain.34 

The separation between these two modes is characteristic of layer thickness, providing an indirect 

way to know layer numbers.35 The chemical composition and stoichiometry of the as-grown 2L-

WS2 flakes were analyzed using XPS. The presence of two characteristic peaks of tungsten and 

sulfur in the survey spectra of Fig. 3.2(b) confirms the synthesis of WS2 using transition metal 

oxide and chalcogen precursors. All the peak positions were measured with respect to the carbon 

peak at 284.8 eV. The high-resolution binding energy spectrum of S 2p in Fig. 3.2(c) shows a 

doublet at 162.9 eV and 164.1 eV, corresponding to S 2p3/2 and S 2p1/2, respectively.39 These two 

peaks correspond to the S2- reduction state of sulfur, confirming WS2 synthesis. Furthermore, we 

noticed a minor peak at 163.3 eV (with a spectral weight of 3.0%), corresponding to sulfur vacancy 

defect.40,41 This observation underscores the excellent growth quality of WS2 achieved through the 

CVD method. In the high-resolution XPS spectra of W 4f, we observed two prominent peaks 

centered at 33.3 eV and 35.4 eV in Fig. 3.2(d), corresponding to the W 4f7/2 and W 4f5/2, 

respectively, associated with W4+ oxidation states. These findings confirm the presence of tungsten 

in the W4+ oxidation state, providing evidence for the successful synthesis of the semiconducting 

2H WS2 phase.39 The additional low-intensity peak is associated with W 5p3/2. The curve fitting of 

the XPS spectrum was employed to determine the S to W ratio. The S to W ratio was calculated 

using the formula, 
𝑆

𝑊
=

𝐴𝑆3/2

𝑆𝑣(𝑆3/2)
+

𝐴𝑆1/2

𝑆𝑣(𝑆1/2)

𝐴𝑊7/2

𝑆𝑣(𝑊7/2)
+

𝐴𝑤5/2

𝑆𝑣(𝑤5/2)

, where Ax is the area under the fitted curve for x-orbital 

and Svx is the corresponding sensitivity factor43, yielding a value of 2.04, which closely 

corresponds to the anticipated value of 2.  
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Figure 3.3: (a) Raman spectra of 1L-WS2 before and after transfer; (b) The Raman spectra of 2L-WS2 before 

and after transfer; (c) Raman spectra of 1L and 2L-WS2 using 488 nm laser excitation.  

Since the transferred WS2 was to be used for photodetector fabrication, the quality of transferred 

WS2 flakes was analyzed with the help of Raman spectroscopy. The fitted Raman spectra of 1L-

WS2 and 2L-WS2 before and after transfer are shown in Fig. 3.3. The distinct Raman modes after 

transfer indicate seamless transfer to the device substrate without compromising its quality36. The 

E2g mode experiences a blue shift of 1.1 cm-1 after the transfer of WS2, which is consistent with 

the anticipated reduction in strain following the transfer process.36,37 The lattice mismatch and 

difference in thermal expansion coefficients between SiO2 and WS2 cause significant strain in the 

high-temperature CVD-grown WS2 flakes, which are subsequently reduced due to the transfer 

process.38 The 532 nm laser excites various phonon modes, and the peak fitting can notoriously be 

error-prone. Hence, the Raman spectra obtained by the 532 nm laser are not ideal for finding the 

characteristic mode separation. When excited with a 488 nm laser, only intense in-plane and out-

of-plane characteristics Raman modes are observed along with low-intensity 2LA mode, as shown 

in Fig. 3.3(c). Hence, the separation of the A1g and E2g modes was measured using 488 nm laser 

excitation. The 1L-WS2 exhibits a separation of ~61.4 cm-1, which increases to ~62.8 cm-1 for 2L-

WS2
35.  

The FETEM images of the CVD-grown WS2 flakes are displayed in Fig. 3.4. Fig. 3.4(a) shows a 

single free-standing monolayer WS2. The flake underwent folding during the transfer from the 

growth substrate to the TEM grid. Fig. 3.4(b) illustrates the presence of hexagonal bright spots in  
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Figure 3.4: TEM images of transferred WS2 flakes. (a) Freestanding 1L-WS2 flake, folded during the 

transfer process; (b) Hexagonal diffraction pattern (SAED) on 1L-WS2; (c) HRTEM image with lattice 

planes; the inset shows an interplanar spacing of 0.26 nm. (d) WS2 flake for EDS elemental mapping. (e), 

(f) Elemental mapping of tungsten and sulfur, respectively. 

the reciprocal space when performing Selected Area Electron Diffraction (SAED) on a monolayer 

of WS2. The diffraction spots were labeled, and the lattice parameter was observed to be around 

0.295 nm from the SAED pattern, which aligns with previous reports.44,45 Fig. 3.4(c) displays the 

high-resolution TEM (HRTEM) image of a monolayer of WS2, revealing an interplanar spacing 

of 0.26 nm associated with the <100> crystallographic plane of hexagonal WS2.
46 The composition 

was additionally determined through EDS elemental mapping using TEM. The EDS analysis 

reveals the existence of 40.0% tungsten and 60.0% sulfur, resulting in a sulfur-to-tungsten ratio of 

1.5, suggesting the presence of sulfur vacancies. The XPS analysis determined a sulfur-to-tungsten  
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ratio of 2.04, suggesting the creation of additional vacancy sites due to the high-energy electron 

beam during the prolonged EDS examination in FETEM.47 

The UV-Vis absorption spectrum in Fig. 3.5(a) shows two strong excitonic absorption peaks.48 

The A and B excitonic absorption peaks that arise from direct bandgap transition at K points are 

found to be at 622 nm and 514 nm, respectively 1L-WS2.
49 The spin-orbit coupling-induced 

splitting in the valence band at K point gives rise to an energy gap of approximately 0.42 eV  

 

Figure 3.5: (a) UV-Vis absorption spectrum of 1L and 2L-WS2 flakes; (b) PL emission spectra of 1L and 

2L-WS2 under 532 nm laser excitation. The inset shows the bar diagram of relative PL intensity for 1L and 

2L-WS2; (c) Deconvoluted PL emission spectrum for 1L-WS2; (d) Excitation wavelength-dependent photo 

I-V characteristics of WS2 PD for symmetric Au contacts.  
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between those peaks. There is a redshift in the absorption peaks for the 2L-WS2, which are found 

at 628 nm and 518 nm, corresponding to A and B excitonic absorption, respectively. Besides the 

redshift, there is a substantial rise in absorption intensity that can be attributed to the increased 

thickness in 2L-WS2, implying higher absorption. Moreover, two faint absorption peaks exist at 

453 nm and 415 nm, denoted as C and D in the absorption spectrum. These peaks result from 

optical transitions between the peaks of the density of states in the valence and conduction 

bands.49,50 Figure 3.5(b) compares the PL emission spectra for 1L and 2L-WS2. When the 

thickness of 2D WS2 is reduced to 1L, there is a transition from an indirect to a direct bandgap, 

resulting in a significantly enhanced PL emission.51 The low-dimensional 1L-WS2 exhibits high 

exciton binding energy at room temperature, aiding the strong PL emission.52 This heightened PL 

at room temperature is a distinguishing characteristic that sets 1L-WS2 apart from other 

morphologies.53 When excited by a 532 nm laser, the 2L-WS2 PL exhibits an almost 99% reduction 

in intensity compared to monolayer WS2, accompanied by a shift towards longer wavelengths from 

630 nm to 638 nm. The bar diagram in the inset of Fig. 3.5(b) compares the intensity of PL 

emission of 1L and 2L-WS2. The laser excitation also generates trions and defect-bound excitons, 

which can be attributed to excess carrier generation and defects induced by local heating.54,55 PL 

spectrum of monolayer WS2 was deconvoluted to find contributions from neutral exciton (Aº), 

trion (A¯), and defect-bound excitons (Xd), as shown in Fig. 3.5(c). 1L-WS2 has high trion binding 

energy in the range of 30-40 meV at room temperature, leading to strong trion emission at room 

temperature.56 We observed a neutral exciton (Aº) peak at 630.0 nm along with a trion (A¯) peak 

at 641.0 nm and a defect-bound exciton (Xd) peak at 656.0 nm. The low spectral weight of defect-

bound excitons indicates high-quality growth of WS2 by CVD, as revealed by Raman, XPS and 

FETEM analyses. 

A suitable energy photon can modulate the carrier concentration in the semiconducting 2H phase 

WS2, hence the conductivity by photoinduced carrier generation. Fig. 3.5(d) displays the I-V 

characteristics under dark and light (various wavelength laser excitations) conditions. There is a 

minimal change in current with respect to dark conditions when exposed to 808 nm laser 

illumination, while the current increases by several orders of magnitude under 640 nm, 533 nm, 

450 nm and 405 nm laser illuminations. The bandgap of monolayer and 2L-WS2 is approximately 

2.0 eV. However, the energy of the 808 nm laser excitation is only 1.5 eV, significantly lower than 

the bandgap of 2L-WS2. Consequently, the 808 nm laser excitation cannot generate excess 
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electron-hole pairs in 2L-WS2, resulting in no change in current upon excitation by 808 nm laser. 

The excitation energy for lasers with wavelengths other than 808 nm approaches or exceeds the 

bandgap of 2L-WS2, which leads to the generation of excess electron-hole pairs, thus increasing 

the current. This aligns with the UV-Vis absorption data, which shows no absorption beyond 700 

nm but significant absorption below 650 nm. These observations confirm that the current 

enhancement results from carrier generation in the 2L-WS2 after suitable wavelength laser 

illumination, enabling it to function as a Photodetector. 

3.3.2. Device Fabrication and Electrical Performance 

UV lithography was used for device fabrication, and the metal contacts were deposited via an e-

beam evaporations system. First, the photoresist (PR) S1813 (MICROPOSIT™) was coated by a 

spin coater. For the symmetric contact-based device, both metal pads were patterned 

simultaneously by a direct UV laser writing process on a single flake, followed by metal deposition 

and lift-off. The detailed fabrication process for asymmetric contact-based PDs is presented in Fig. 

3.6(a). First, one contact was patterned on one side of a flake by selective opening via UV 

lithography followed by 45 nm of Ti deposition and lift-off. The second electrode was patterned 

after fine adjustments of the previously deposited Ti contact followed by Au deposition and lift-

off. Finally, the devices were heated at 90ºC for 10 minutes to remove the residual solvents. Metal-

induced lateral electronic charge doping in WS2 was examined using line Raman mapping and PL 

spectrum of the monolayer WS2. As mentioned previously, the monolayer WS2 exhibits 

remarkable PL emission at room temperature when exposed to 532 nm laser excitation. External 

charge doping significantly affects its PL emission, leading to significant changes in neutral and 

trion contribution58. Following the formation of asymmetric contacts, the PL emission spectra after 

contact deposition on transferred WS2 at various locations are depicted in Fig. 3.6(b). The inset 

shows the relative change in the ratio of the intensities of the trion peak to the neutral exciton peak 

for three different locations. The PL spectra show a low trion contribution near the Au contact, 

dropping from 32.1% to 19.5%. This decrease in the trion formation can be attributed to the 

electron transfer from the WS2 monolayer to Au due to band alignments, which is analogous to p-

doping in WS2. The electron transfer from WS2 to Au decreases the electron concentration in WS2, 

resulting in reduced trion formation compared to the transferred monolayer WS2. We observed an 

increase in the trion contribution in the vicinity of the Ti contact from 32.1% to 38.8%. This 

indicates an increase in electron density due to electron transfer from Ti to WS2 which is analogous 
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Figure 3.6: (a) Schematic representation of fabrication process for asymmetric contacts based WS2 PD. (b) 

PL spectra of monolayer WS2 at different locations after the fabrication of asymmetric contacts based WS2 

PD on transferred monolayer WS2. The inset shows bar chat of the variation of trion to neutral exciton 

rations in the corresponding points. (c) Raman mapping of A1g mode of WS2 at different locations after 

fabricating symmetric Ti contact-based PD; The inset shows the optical image of the symmetric Ti contact 

PD with mapping points (dots). (d) Raman mapping of A1g mode of WS2 at different locations after 

fabricating asymmetric contacts-based PD; The inset shows the optical image of the asymmetric contacts 

PD with mapping points (dots).    
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 to n-type doping in WS2 by Ti electrode. Thus, we can selectively introduce electron and hole 

doping near the Au and Ti contacts, respectively, while the central region of the WS2 flake remains 

intrinsic. Hence, a p-n-n+ type junction is formed with WS2 due to the asymmetric metal contacts. 

For further validation, we conducted Raman line mapping of WS2 flakes after forming Ti-Ti and 

Ti-Au asymmetric contacts, as shown in Fig. 3.6(c) and (d), respectively. As the A1g Raman mode 

is responsive to charge density, the doping effect is expected to be reflected in the A1g mode spatial 

profile. Fig. 3.6(c) illustrates the Raman mapping of the A1g mode following symmetric Ti-Ti 

contacts. The inset displays an optical image of the device, highlighting the measurement points. 

Examining the spectra reveals a more pronounced A1g mode near the contacts, contrasted with a 

weaker signal at the central region. The electron doping near the Ti contact gives rise to stronger 

electron-phonon coupling and hence stronger A1g mode, whereas the effect of doping from the Ti 

electrode at the center is minimum and hence weak vibration, thus confirming the n-type doping 

by the Ti electrode. The A1g Raman mode mapping after the formation of asymmetric contacts is 

displayed in Fig. 3.6(d). The inset displays an optical image of the device, highlighting the 

measurement points. The mapping shows that the A1g mode intensity increases toward the Ti 

contacts, verifying the enhanced electron-phonon coupling. No Raman signal is detected at the 

point above the metal contacts, indicating that the metal pads fully absorb the laser light. The A1g 

mode intensity is supposed to decrease near the Au metal pads as the electron density decreases, 

but the plasmonic effect of gold, when excited by a 532 nm laser, increases the Raman intensity59, 

and hence a significant reduction in intensity is not observed. Thus, mapping the A1g mode also 

confirms the asymmetric doping in WS2, forming a p-n-n+ type junction.  

 

The current-voltage (I-V) characteristics under dark and light with different intensities (405 nm 

laser) are shown in Fig. 3.7.  The Ti pad was grounded, and the Au contact pad was biased with 

voltage sweep from -5V to +5V during the I-V measurements of asymmetric contact WS2 PD. The 

illumination intensity-dependent I-V characteristics with symmetric Ti-Ti and Au-Au contacts are 

shown in Fig. 3.7(a) and 3.7(b), respectively. The monolayer and 2L-WS2 have a work function 

of 4.9 eV and are generally an n-type semiconducting material.40 Since Ti has a work function of 

4.3 eV, there is no potential barrier between the Ti-WS2 junction, resulting in a symmetric I-V 

characteristic, as shown in Fig. 3.7(a). In contrast, the Au has a higher work function of 5.1 eV 
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than the n-type WS2, forming a Schottky junction giving asymmetric I-V characteristics.60 Fig. 

3.7(c) displays the I-V characteristics of the WS2 PD with asymmetric Ti-Au contacts, revealing a 

significant reduction in dark current by an order of magnitude. The formation of a p-n-n+ junction 

along the WS2 flakes creates two depletion regions, allowing the unidirectional flow of carriers 

(electrons), resulting in lower dark current under reverse bias conditions. Excess electron-hole 

pairs are generated under 405 nm laser illumination, and hence, there is an increase in current. The  

 

Figure 3.7: Dark and photo I-V characteristics of WS2 photodetector with different intensity levels of 405 

nm laser illumination corresponding to (a) symmetric Ti; (b) symmetric Au; (c) asymmetric (Au, Ti) 

contact; (d) A comparison of the dark current for symmetric Au-Au contacts and asymmetric Ti-Au 

contacts; the inset shows optical images of PDs with symmetric (left) and asymmetric (right) contacts.  
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on/off ratios of the devices at a low laser intensity of 0.23 mW/cm² under 5 V reverse bias were 

~35, ~42, and ~180 for Ti-Ti, Au-Au, and Ti-Au (asymmetric) contacts, respectively. Thus, 

asymmetric contacts help to obtain a higher current on/off ratio. The formation of two distinct 

inhomogeneous junctions contributes to reduced dark current and improved separation of 

photocarriers under illumination. Note that the WS2 PD with symmetric Ti contacts exhibits an 

on/off ratio of 4.5×10³ under 405 nm laser illumination at 65 mW.cm-2. This ratio is enhanced to 

1.83×10⁴ when using symmetric Au contacts, a result attributed to the built-in potential created 

through charge transfer. The on/off ratio increases further to 1.38×105 with the Ti-Au asymmetric 

configuration due to an order reduction of dark current under reverse bias. We have compared the 

dark current of symmetric Au-Au contacts and asymmetric Ti-Au contacts based WS2 PD in Fig. 

3.7(d). It is evident that the dark current for the asymmetric contact under reverse bias is very low 

when compared to the Au-Au contacts. The selective doping assisted by asymmetric metal contacts 

acts as a Schottky /p-n junction type diode, enabling the directional flow of carriers as understood 

by the band alignments and I-V characteristics. The I-V characteristics of asymmetric Ti-Au 

contacts under dark conditions, displayed in Fig. 3.7(d), clearly reveal the rectifying behavior of 

the asymmetric junction and, thus, a directional flow of carriers. The inset of Fig. 3.7(d) shows 

the optical microscopy images with symmetric Ti-Ti and asymmetric Ti-Au contacts on the actual 

device fabricated on a WS2 flake through lithography. 

Next, we investigated the power-dependent photoresponse of the WS2 PD using a 405 nm pulse 

laser. The photoresponse was measured over the 0.23 to 65 mW/cm2 intensity range under 5 V 

reverse bias. The photo response for the device utilizing symmetric Ti contacts is depicted in Fig. 

3.8(a). A minimal dark current of 31 pA was observed without laser illumination, progressively 

increasing to 230 nA with laser illumination at an intensity of 65 mW/cm² for symmetric Ti 

contacts. The inset of Fig. 3.8(a) displays the photo response under low illumination intensity. The 

calibration curve was constructed to correlate the laser intensity with power using Iph =APθ, where 

Iph signifies the photocurrent under a laser intensity of P, A is a proportionality constant, and θ 

denotes the exponential constant, which has an ideal value of 1, signifying linear response of the 

photodetector. The slope of the logarithmic plot determines the θ value, which is measured to be 

0.73 for the photodetector with Ti contacts, as shown in Fig. 3.9(b). The deviation from the ideal 

θ value of 1 signifies a reduced photocurrent than anticipated, which can be ascribed to Auger re- 
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Figure 3.8: Pulse light response of 2L-WS2 photodetector with symmetric (a) Ti-Ti contacts; (b) symmetric 

Au-Au contacts. 

combination and trapping of photoelectrons by defects and trap sites at the interface.61–63 The 

photoresponse under identical illumination conditions for the WS2 photodetector with Au contact 

is depicted in Fig. 3.8(b). The built-in potential established by the Schottky junction at the Au-

WS2 interface reduces the dark current threefold to 11 pA and elevates the photocurrent to 316 nA, 

thereby contributing to the enhancement of the on/off ratio. The calibration curve in Fig. 3.9(b) 

demonstrates a θ value of 1.04, suggesting that the built-in potential aids in charge separation, 

contributing to an elevated photocurrent by minimizing the carrier recombination.64 Turning our 

attention to the asymmetric configuration, the photoresponse of the asymmetric contact-based 2L-

WS2 PD is shown in Fig. 3.9(a). Two junctions along WS2 behave like a p-n-n+ configuration due 

to asymmetric doping. This configuration confines the carrier flow along one direction and 

diminishes the dark current by order of magnitude, reducing it from 31 pm to 3 pA under 5 V 

reverse bias. Simultaneously, the photocurrent is increased to 415 nA under an illumination of 65 

mW.cm-2, leading to a significant on/off ratio of 1.38×105. The θ value remains nearly at unity 

while the photocurrent exhibits an enhancement. This reduction in dark current, coupled with the 

amplification in photocurrent, is ascribed to the built-in potential at the p-n-n+ junction, facilitating 

more efficient charge separation.18 The performance improvement achieved with asymmetric 

contacts can be understood by carefully examining the band alignment..  
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The band diagram of WS2 with three different contact configurations under illumination conditions 

at zero bias is shown in Fig. 3.9(c-e). WS2 is an n-type semiconducting material with a bandgap 

of ~2.0 eV, and its Fermi level is at 4.9 eV with reference to the vacuum9. The energy band 

positions of different layers and the band diagram of each metal/WS2 junction under zero bias at 

dark condition are shown in Fig. 3.10. The work functions of Au and Ti are 5.1 eV and 4.3 eV, 

respectively. In contrast, the generation of excess carriers by 405 nm laser excitation moves the 

Fermi level of WS2 upward via photoinduced carrier doping.65 This leads to a change in its work 

function. The band alignment for the symmetric Au-Au contacts with WS2 is shown in Fig. 3.9(c).  

 

Figure 3.9: (a) Pulsed photocurrent response to 405 nm laser illumination at different intensities by WS2 

based photodetector with asymmetric contacts; (b) The photoresponse calibration curve as a function of 

illumination intensity for three different configurations of the photodetectors; Band diagrams of the WS2 

based photodetectors under illumination condition at zero bias for; (c) symmetric Au-Au contacts, (d) 

symmetric Ti-Ti contacts, and (e) Asymmetric Au-Ti contacts with WS2. 
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Figure 3.10: Energy band diagram of WS2 with Au and Ti metal contacts: (a) energy band position of WS2 

and metals before contact. (b) Energy band diagram at Au/WS2 interface after contact formation under zero 

bias at dark conditions. (c) Energy band diagram at Ti/WS2 interface after contact formation under zero 

bias at dark conditions. (d) Energy band diagram under illumination at reverse bias after the formation of 

asymmetric Au/WS2/Ti junctions. (e) Energy band diagram for the asymmetric contact-induced doping in 

WS2.   
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The junction between Au and WS2 under dark conditions creates a potential barrier of 0.2 eV (Vbi 

= Φm - EF) due to electron transfer from WS2 to Au, thereby limiting electron movement through 

this junction. One of the two WS2-Au junctions is always forward-biased during the voltage sweep 

from -5 V to +5 V, thus allowing the carriers to flow. The junction at the WS2-Ti interface allows 

electron movement without any potential barrier because Ti work function is lower than that of n-

type WS2, as shown in Fig. 3.9(d). Now, referring to the asymmetric contacts with WS2, a potential 

barrier is present only at the Au/WS2 junction but no barrier at the Ti/WS2 configuration, hence 

blocking the carrier flow under reverse bias only. Beyond this metal-semiconductor junction, there 

are two other semiconductor-semiconductor (homo) junctions along the WS2 due to asymmetric 

contact-induced inhomogeneous doping. The proximity of Au results in an effect equivalent to p-

type doping in WS2 near the Au contact, while the WS2 away from the Au contact remains intrinsic. 

This leads to creating a p-n junction in the WS2 region near the Au contact. Similarly, electrons 

are transferred from Ti to WS2 near the Ti contact due to band alignments, increasing the electron 

concentration close to the Ti contact and forming an n-n+ junction. These two junctions further 

restrict the movement of carriers, leading to an order of magnitude decrease in dark current from 

31 pA to 3.0 pA under 5 V reverse bias. There are opposite doping types only near the metal 

contacts, while WS2 remains intrinsic in the region away from the junction. Therefore, these two 

junctions are equivalent to a p-n-n+ configuration. The energy band diagram of WS2 after the 

formation of p-n-n+ after asymmetric contact is shown in Fig. 3.10. In dark conditions, there are 

electron carriers in WS2 as it is an n-type semiconductor nature. Asymmetric contact based WS2 

photodetector facilitates directional carrier flow, evident from band alignments, akin to a single p-

n junction diode. During reverse bias in dark conditions, the barrier height at the Au/WS2 junction 

increases, reducing electron flow and consequently lowering dark current. Conversely, the barrier 

height decreases under forward bias, promoting smoother electron flow and resulting in higher 

current. The applied reverse bias not only reduces the carrier flow in dark condition but also 

facilitates faster separation of photo-generated carriers in the depletion regions due to the high 

electric field across the junction. Electrons are collected at the Ti contacts, while holes are collected 

at the Au contacts. This enhances the photocurrent and consequently, the improved on/off ratio. 

The photodetector performance parameters are characterized by the following quantities: 

responsivity (R), specific detectivity (D*), and external quantum efficiency (EQE). Responsivity 

pertains to the generation of photocurrent under unit power illumination, while specific detectivity 
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indicates the minimum light intensity that a photodetector can discern. The formulae below were 

used to compute these metrics:66 𝑅 =
𝐼𝑝ℎ

𝑃×𝐴∗
 ; 𝐷∗ =

𝑅

√(2𝑒𝑗𝑑)
  and 𝐸𝑄𝐸 = 𝑅 ×

1240

𝜆
× 100 % .Here, 

Iph represents the photocurrent, P is the intensity of the incident laser and A* denotes the effective 

device area, specifically the area of the WS2 flake situated between the contact pads. e is the 

electronic charge, jd dark current density, and λ is the wavelength of light used for the 

photoresponse measurements. The variation of the responsivity with incident laser intensity is 

shown in Fig. 3.11(a). A maximum responsivity of 0.3 A/W is seen at low light intensity for the  

 

Figure 3.11: (a) A comparison of the responsivity for WS2 photodetector based on different metal 

electrodes. (b) A comparison of the detectivity for 2L-WS2 photodetector based on different metal 

electrodes. (c), (d) and (e) Temporal response and time are constant for symmetric Ti-Ti, Au-Au, and 

asymmetric Ti-Au contact-based WS2 photodetector. 
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symmetric Ti contact. However, recombination causes a reduction in photocurrent at more intense 

levels, which subsequently decreases the responsivity, reaching 0.05 A/W at 65 mW.cm-2, as 

shown in Fig. 3.11(a). The responsivity spans from 0.5 to 1.2 A/W across the spectrum for the 

remaining two configurations. The symmetric Au contact exhibits superior responsivity at 

intensities below 1 mW/cm2. The asymmetric contact-based PD, however, displays an increased 

responsivity with a peak value of 1.2 A/W for intensities exceeding this 1.0 mW/cm2. This is due 

to the fact that the photocurrent for the PDs with asymmetric contacts increases at higher power 

compared to the two devices with symmetric contacts. The detectivity is influenced by both the 

responsivity and the dark current density. Fig. 3.11(b) illustrates the changes in detectivity with 

variation of incident intensity. The detectivity in the case of asymmetric contact sees an 

enhancement factor of 5 compared to the other two devices with symmetric contacts due to dark  

current reduced by an order. The photodetector with asymmetric contacts boasts the highest 

detectivity, registering at 2.3×10¹² Jones. In contrast, the other two have detectivities of 1.2×10¹¹ 

and 4.6×10¹¹ Jones, respectively. The EQE at 65 mW/cm2 intensity of 405 nm laser illumination 

was 162%, 287 %, and 345 %, corresponding to Ti-Ti, Au-Au, and Ti-Au asymmetric contacts. 

The response time of the WS2 PDs with three different configurations is displayed in Fig. 3.11(c-

e). The time response was measured by the Keithley 4200 SCS source meter which has a slow 

response in the low current (10-12A) range. The dark current here is very low (few pA) with the 

photocurrent in the order of nA. Using the exponential fitting function, we have fitted one response 

peak by 10 mW.cm-2 intensity of 405 nm laser. The response and decay times of the devices, which 

are limited by the measuring instrument response time, are tabulated in Table 4.1. The response 

time decreases when moving from symmetric Ti contacts to asymmetric contact-based WS2 PDs. 

which is attributed to the faster charge separation aided by the built-in potential at the p-n-n+  

Table 4.1. Device parameters such as on/off ratio, response time, and external quantum efficiency (EQE) 

under 405 nm laser pulse excitation. 

 

Device configuration On/off ratio Response time (ms) Decay time (ms) EQE (%) 

Symmetric Ti contacts  4.5×103 590 72 162 

Symmetric Au contacts  1.83×104 420 19 287 

Asymmetric contacts  1.38×105 350 15 345 
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junction. These values are faster with respect to earlier reports on PDs with monolayer WS2
67 as 

shown in Table 1.2 in section 1.3.2 of chapter 1 and the observed on/off ratio of 1.38×105 is the 

highest for two-terminal WS2 photodetectors though higher values are possible with FET 

configurations.23  

3.4 Conclusion 

We have successfully synthesized large-area monolayer and 2L-WS2 flakes via CVD. We were 

able to achieve selective lateral electron/hole doping by employing metal-semiconductor-metal 

junctions using two different metal electrodes with different work functions, leading to the 

establishment of a p-n-n+ type configuration on the 2L-WS2 flakes. The formation of a p-n-n+ 

junction for the asymmetric contact-based devices enables the directional flow of carriers. The low 

work function metal, Ti, facilitates the seamless movement of carriers without any potential 

barrier, resulting in mirror-symmetric I-V characteristics and an on/off ratio of 103
 under 405 nm 

laser illumination. In contrast, the high work function metal, Au, establishes a potential barrier at 

the WS2-Au junction, hindering the free movement of carriers and resulting in rectifying I-V 

characteristics. The built-in potential aids in the enhanced separation of photo-generated carriers, 

thereby increasing the on/off ratio to 104 under the same illumination conditions. On the other 

hand, utilizing asymmetric metal contacts on WS2 flakes results in a significant increase in the 

rectification ratio and an on/off ratio of 1.38×105 under identical conditions. The detectivity in the 

case of asymmetric contacts also improves by an order of magnitude by reducing the dark current, 

rising from 1011 to 1012 Jones. These results are significant for the future development of high-

performance planar photodetectors using ultrathin 2D materials.  
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Chapter 4 

Non-Metal Contact Engineering on Monolayer MoS2 for High-

Performance Field Effect Transistor and Flexible Photodetector  
 

In this chapter, we investigated the potential application of Bi2Se3 as a contact material for 

monolayer (1L-MoS2) in the development of high-performance field-effect transistors and flexible 

photodetectors. The metal-semiconductor interface is crucial in determining the performance of 

optoelectronic devices. Deposition of conventional metal contacts on ultrathin layer often 

introduce defects in the semiconductor due to the high mass and kinetic energy of the metals, 

adversely affecting device performance. Using topologically insulating Bi2Se3 as a contact 

material for 1L-MoS2 results in a better Bi2Se3-MoS2 interface, which improves electron mobility 

and field control. Enhanced field control leads to a reduction in off-state current and an increase 

in on-state current, resulting in an improved on-off current ratio of approximately 10⁷. The 

application of Bi2Se3 contacts also significantly reduces subthreshold swing compared to 

conventional Cr/Au contacts, indicating fewer interface defects. Furthermore, the Bi2Se3-contacted 

1L-MoS2 was explored as a flexible photodetector, achieving an impressive current on-off ratio of 

~103, which is double that of devices with traditional Cr/Au metal contacts. The key performance 

metrics for the Bi2Se3-contacted 1L-MoS2 flexible photodetector show significant improvement. 

This combination of 2D TMDs along with the highly stable and cost-effective Bi2Se3 contact 

material, demonstrates its great potential for future flexible electronics. 

4.1 Introduction 

Since the invention of transistors in 1947, silicon-based semiconductor technology has 

revolutionized the information age, driving continuous device miniaturization1. However, as 

transistors approach channel scales below 10 nm, short-channel effects present significant 

challenges to achieving high integration levels and low power consumption2–4. Novel materials 

and device structures are urgently needed to extend Moore's Law and improve device 

performance5. Two-dimensional (2D) materials, with their atomically thin layers, offer promising 

solutions for next-generation nanoelectronics, as they mitigate the short-channel effects prevalent 

in silicon-based complementary metal-oxide-semiconductor (CMOS) devices6–8. These 2D 

TH-3630_196153001



C h a p t e r  4                                                                                                                                             | 84 

   

 

materials, such as graphene9, transition metal dichalcogenides (TMDs) like MoS2
10 and WS2

11, 

and hexagonal boron nitride (h-BN)12, exhibit extraordinary electronic and optical properties, 

making them ideal candidates for applications in FETs, photodetectors, spintronics, and more13,14. 

In parallel, three-dimensional integration presents another promising avenue for enhancing 

transistor density and computational power15. This three-dimensional integration has shown great 

promise for 3D heterogeneous integration, which combines the benefits of both 'More Moore' and 

'More than Moore' approaches16. These advancements are pushing the limits of semiconductor 

technology, as industries explore hybrid solutions that blend 2D semiconductors and traditional 

silicon for future very large-scale integration (VLSI) circuits and processors17,18. Despite the 

extensive investigation into 2D material-based devices, several challenges remain, particularly in 

forming efficient contacts between semiconductors and metal electrodes19. The Schottky barrier 

(SB) and contact resistance at the 2D/metal interface significantly impact device performance20,21. 

Unlike silicon, 2D materials are free from surface dangling bonds, allowing for better ohmic 

contact formation22,23. However, the delicate nature of 2D materials makes them susceptible to 

damage during standard fabrication processes involving electron beam lithography and metal 

deposition, which introduce defects and interfacial states at the 2D/metal contacts24. The 

applications of nonmetal graphene contacts reduce the interface defects and improve the device 

performance significantly25,26. However, aligning graphene with 2D materials like MoS2 presents 

significant challenges and remains an obstacle to large-scale device fabrication. 

Herein, we present a simple contact engineering approach for reducing defects at the 1L-MoS2 and 

contact interface. We have utilized the highly conductive semi-metal multilayer Bi2Se3 as contact 

material for 1L-MoS2. The Bi2Se3 was deposited using the well-established thermal evaporation 

technique following patterning, which effectively eliminates alignment issues typically 

encountered with graphene contacts. This study investigates the vacuum annealing of the Bi2Se3 

films deposited using the thermal evaporation technique, revealing improved conductivity and 

stability. A comparison of the performance of twenty 1L-MoS2 devices, using Bi2Se3 contacts 

instead of conventional Cr/Au, demonstrated enhanced device performance. Furthermore, the high 

flexibility of Bi2Se3 films opens potential applications for flexible devices.     
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4.2. CVD growth of uniform Monolayer MoS2 

Herein we employed the same CVD technique as described in Chapter 2 to achieve uniform, 

large-area growth of 1L-MoS2, with modifications to the growth temperature and pressure. 

Considering the lower evaporation temperature and higher chemical reactivity of MoO3
27 

compared to WO3, the growth temperature was significantly reduced to 800°C, with a controlled 

ramping rate of 15°C per minute, and the pressure was adjusted to 1 mbar. 

4.3. Result and discussions 

4.3.1 Optical, Structural, and Chemical Analysis 

The optical images of millimeter-scale large-area 1L-MoS2 grown via thermal CVD are shown in 

Fig. 4.1(a). An intentional scratch was made on the substrate in order to distinguish between 1L-

MoS2 and SiO2/Si substrate, which indicated uniform contrast throughout the film. The magnified 

optical microscopy image of the 1L-MoS2 from the labeled area is displayed in the inset of Fig. 

4.1(a). The crystallinity and layer number were analyzed via Raman spectroscopy, a powerful tool 

for analyzing 2D materials and are commonly used for determining layer number28,29. The Raman 

spectra of as grown 1L-MoS2 as well as after transferring to Al2O3 and the plastic substrate is 

shown in Fig. 4.1(b). The Raman spectra from CVD grown MoS2 shows two high intensity peaks 

at 386.5 cm-1 and 405.1 cm-1 corresponding to in-plane mode (E2g) and out of the plane (A1g) at 

386.5 cm-1 and 405.1 cm-1 corresponding to in-plane mode (E2g) and out-of-plane mode (A1g) 

respectively30. The separation between these two characteristic modes is a function of layer 

number31. For our case the separation of these two modes is 18.6 cm-1 which is equivalent to 1L-

MoS2 and it reduces to 17.9 cm-1 after transferring to Al2O3 substrate resulting from anticipated 

strain reduction. The strain reduction resulted in blueshift of the E2g modes to 387.4 cm-1 as this 

mode is highly influenced by strain32. Raman intensity for 1L-MoS2 reduces significantly for the 

plastic substrate as the Raman intensity depends on substrate33. Hence, we need to use higher 

intensity of laser to observe Raman signal for plastic substrate. For the plastic substrate, the Raman 

mode separation increases to 18.7 cm-1 caused by redshift of E2g made. This shift was attributed to 

the high-power laser induced local heating and strain. We have also measured the PL emission 

spectra from 1L-MoS2 under those three different conditions as shown in Fig.4.1(c). 1L-MoS2 has 

a strong PL emission in the visible region with a peak maxima at 676 nm arising from the band to  
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Figure 4.1: (a) Optical image of large area CVD growth of 1L-MoS2, Inset shows the magnified optical 

image corresponds to the marked area; (b) Raman spectra of 1L-MoS2 at three different conditions, CVD-

grown, after transferred to Al2O3 and plastic substrate; (c) PL spectra of 1L-MoS2, CVD grown, after 

transferred to Al2O3 and plastic substrate; (d) Raman spectra of thermally deposited Bi2Se3 after Ar 

annealing. 

band transition34 which subsequently shifted to 661 nm after transferring to the Al2O3 substrate. 

This shift is caused by strain reduction after the transfer process, as evident from the Raman 

analysis. The PL spectra of 1L-MoS2 from the plastic substrate have shown intense PL emission 

after transferring, indicating there is no degradation after PMMA-assisted transfer of MoS2. We 

have used Bi2Se3 as a contact material on 1L-MoS2 and the Raman spectra of Bi2Se3 deposited by 

thermal evaporation is displayed in Fig.4.1(d). The Raman spectra shows three prominent peaks 

at 70.5, 129.5 and 172.1 cm-1 and these are associated with A1
1g, E

2
g and A2

1g modes, respectively, 

as reported previously35,36. To evaluate the spatial uniformity across the flakes, we performed 

Raman and PL mapping on the as-grown 1L-MoS₂, after transfer, and following device fabrication 

with Bi2Se3 contacts. The results are shown in Fig. 4.2. The Raman mapping for the as-grown 1L-

MoS₂ corresponds to the intensity distribution of the out-of-plane A1g mode and the in-plane E2g 

mode, depicted in Fig. 4.2(b) and Fig. 4.2(c), respectively, while Fig. 4.2(a) represents the optical 

image over which the mapping was performed. For the mapping, an area was chosen where a small 

region of the substrate was not covered by 1L-MoS₂, allowing a clear distinction between the  
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Figure 4.2: (a) Optical image for large area growth of 1L-MoS2 on SiO2 substrate corresponding to Raman 

and PL mapping before transfer. (b) The Spatial Raman mapping corresponding doping and layer number 

sensitive A1g mode of MoS2 with the spatial resolution of 1 m. (c) The Spatial Raman mapping 

corresponding strain sensitive E2g mode of MoS2 with the spatial resolution of 1 m. (d) PL emission spatial 

mapping of 1L-MoS2 under 532 nm laser excitation. (e) Optical image of transferred 1L-MoS2 on Al2O3 

substrate corresponding to Raman and PL mapping. (f) The Spatial Raman mapping corresponding to A1g 

mode after transfer with the spatial resolution of 1 m. (g) The Spatial Raman mapping corresponding to 

E2g mode after transfer with the spatial resolution of 1 m. (h) PL emission spectrum of 1L-MoS2 after 

transfer. (i) Optical image of 1L-MoS2 device with Bi2Se3 contacts corresponding to spatial Raman 

mapping. (j) Spatial Raman mapping of A1g mode of 1L-MoS2 after complete devices fabrication with 

Bi2Se3 contacts. (k) Spatial Raman mapping of E2g mode of 1L-MoS2 after complete devices fabrication 

with Bi2Se3 contacts. (l) Spatial Raman mapping corresponding to A1g mode of Bi2Se3 contacts. 

substrate and 1L-MoS2. The uniform color contrast in the Raman mapping indicates excellent 

uniformity over the entire 70×50 µm2 area. Additionally, PL spatial mapping was conducted over 

the same region, as shown in Fig. 4.2(d). This mapping reveals some non-uniformity, with 

boundary lines of higher intensity. These lines represent the boundaries where individual 1L flakes 

have merged to form a continuous MoS2 film. The PL emissions of MoS2 is highly sensitive to 
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external doping and defect sites, the enhanced intensity likely originating from interfacial defects 

or sulfur vacancy sites. The spatial uniformity after the transfer of 1L-MoS2 was also examined 

using Raman and PL mapping, as shown in Fig. 4.2(e-h). The results confirm that uniformity is 

preserved after transferring the 1L to the Al2O3 substrate. The spatial resolution corresponding to 

the intensity of the out-of-plane A1g mode increases in areas where the film folds at top right corner, 

as this mode is highly sensitive to the number of layers, as shown in Fig. 4.2(f). However, no 

significant changes are observed in the strain-sensitive E2g mode intensity, as seen in Fig. 4.2(g). 

Notably, the PL emission after transfer exhibits excellent spatial uniformity, indicating that the 

crystalline quality of the 1L-MoS₂ remains intact following the chemical-assisted transfer, as 

illustrated in Fig. 4.2(h). Fig.4.2(i) displays the optical images of 1L-MoS2 with Bi2Se3 contacts 

over which the Raman mapping was performed. Fig. 4.2(l) represents Raman mapping for Bi2Se3 

corresponding to A1
1g mode confirming the 1L-MoS2 contact with Bi2Se3.  

4.3.2 Structural and Chemical Analysis  

The structural information was acquired from the atomic resolution high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM). From the HAADF-STEM image 

shown in Fig. 4.3(a), we have observed hexagonal arrangements of sulfur and tungsten atoms 

without any defect sites confirming CVD growth of highly crystalline 1L-MoS2. Fig. 4.3(b) shows 

the SAED pattern for the 1L-MoS2, which also reveals the hexagonal 2H phase. The interplanar 

spacing calculated from the SAED pattern is approximately 0.275 nm, which matches well with 

previous reports37. The larger area HAADF-STEM image also did not reveal any defect sites as 

shown in Fig. 4.3(c). The oxidation state and stoichiometry was analyzed from the XPS spectra. 

The XPS survey spectrum shows the S2p and Mo3d peaks, as illustrated in Fig. 4.3(d). The high-

resolution binding energy spectrum for S 2p displays a prominent doublet, with peaks at 162.2 eV 

and 163.4 eV, corresponding to S 2p3/2 and S 2p1/2, respectively. These peaks are indicative of the 

sulfur in the S-2 reduction state38. In addition, we have observed a very low intensity peak at 161.3 

eV with spectral weight of 3.7% and it corresponds to sulfur vacancies39. For molybdenum, the 

two high-intensity peaks at 229.4 eV and 232.5 are corresponding to Mo 3d5/2 and Mo 3d3/2, 

respectively, and these are associated with Mo4+ oxidation state40. This further confirms the 

synthesis of the semiconducting 2H-phase of MoS2. Besides these two peaks, there are two low-

intensity peaks, a  
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Figure 4.3: (a) The atomic resolution HAADF-STEM image of 1L-MoS2; (b) The hexagonal bright spots 

correspond to the SAED pattern of 1L-MoS2; (c) Log magnification HAADF-STEM image of 1L-MoS2; 

(d) XPS survey spectrum for 1L-MoS2; (e) High resolution core binding energy for sulfur 2p. (f) High-

resolution core binding energy corresponding to molybdenum 3d. 

low energy peak at 226.8 eV corresponding to S 2s and a high energy peak at 235.1 eV associated 

with the Mo6+ oxidation state41. Interestingly, there was no indication of MoO3 in the Raman 

spectra as well as Raman mapping. Therefore, the presence of the Mo6+ oxidation state probably 

originates from a small fraction of unreacted MoO3 that remained adsorbed on the substrate, as the 

substrate was positioned just above the MoO3 powder.   

 

4.3.3 Device Fabrication and Electrical Performance 
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To investigate the electrical performance of CVD-grown 1L-MoS2 and its impact on the junction 

interface, we fabricated back-gated 1L-MoS2 FETs on an Al2O3/TiN/P++-Si substrate. The gate 

dielectric, a 50 nm layer of Al2O3, was deposited on top of a 20 nm TiN layer using an ALD 

system. Since the Bi2Se3 was utilized as a contact electrode to measure electrical performance  

 

Figure 4.4: Electrical characterization via voltage sweeping of 50 nm Bi2Se3 film. 

of 1L-MoS₂ devices, we first examined the electrical properties of 50 nm Bi2Se3 films. The I–V 

characteristics for a voltage sweep over ±2.0 V are presented in Fig. 4.5. The current reaches the 

compliance limit within 1.5 V, indicating the highly conductive nature of the Bi2Se3 film. To 

quantify its electrical properties, we measured the resistivity using a four-probe system, obtaining 

a value of 2.8×10-8 Ω·cm, which is comparable to that of gold (Au). The device configuration, 

along with an optical image of the 1L-MoS2 FET with Bi2Se3 contact, is shown in Fig. 4.5(a) and 

Fig. 4.5(b), respectively. The transfer characteristics of the 1L-MoS2 FETs with Cr/Au and Bi2Se3 
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contacts are presented in Fig. 4.5(c) and Fig. 4.5(d), demonstrating the n-type semiconducting 

nature of MoS2, as the channel turns on at positive gate biases due to electron accumulation. The 

transfer characteristics indicate that the average off-state current is of the order of 10-11 A for 1L-

MoS2 with Cr/Au contacts, which has decreased significantly by two orders of magnitude to 10-13 

A for the Bi2Se3 contact configuration. whereas the on-state current remains almost the same (~10-

5 A), thus resulting in two orders of magnitude enhancement in the on-off ratio by changing the 

contact configurations. The output characteristics of 1L-MoS2 with Cr/Au and Bi2Se3 contact 

configurations are displayed in Fig. 4.5(e) and Fig. 4.5(f), respectively, which show the 

enhancements of drain current with increasing gate voltage as anticipated. For further comparison, 

we have calculated the on-off ratio, threshold voltage (Vth), electron mobility, and sub-threshold 

Figure 4.5: (a) Schematic representation of 1L-MoS2 FETs on Al2O3 substrate using Bi2Se3 contacts; (b) 

Optical image of 1L-MoS2 FET with Bi2Se3 contacts; The transfer characteristics of back gated 1L-MoS2 

FETs with (c) Cr/Au contacts and (d) Bi2Se3 contacts; The output characteristics for (e) Cr/Au and (f) Bi2Se3 

contacts.     

swings (SS) for both contact configurations for 20 devices, as illustrated in Fig. 4.6. Careful 

analysis of these device parameters indicates a significant improvement in device performance for 

1L-MoS2 with Bi2Se3 contacts in comparison to Cr/Au contacts. 

4.3.4 Statistical distribution of performance parameters 

On-off ratio:  

The transfer characteristics for 20 numbers of 1L-MoS2 FETs with Cr/Au contacts, measured at 

drain voltages of 0.2 V, 0.3 V, and 0.4 V, are presented in Fig. 4.6(a), Fig. 4.6(b), and Fig. 4.6(c), 

respectively. Similarly, the transfer characteristics for Bi2Se3 contact configurations at the same 

drain voltages are depicted in Fig. 4.6(d), Fig. 4.6(e), and Fig. 4.6(f). The on-off ratio was 

calculated using the average off-state current over 20 data points and the maximum on-state current 

at a gate bias of 10 V. The statistical distribution of the on-off ratio for 1L-MoS2 FETs with Cr/Au 

and Bi2Se3 contacts is displayed in Fig. 4.6(g), and Fig. 4.6(k), respectively. From the distribution, 

it is evident that the on-off ratio for the devices with Cr/Au contact varies from 4.2 105 to 8.7 106 

with an average value of 2.8×106, but for devices with Bi2Se3 contact varies from 9×106 to 1×108 

with an average value of 3.38×107. Thus, on an average, the on-off ratio is enhanced by an order 
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of magnitude by replacing Cr/Au contact with non-metal Bi2Se3. This confirms that the 

performance enhancements via contact engineering is a clear sign of reduced defect densities at 

the contact interface for Bi2Se3 and favorable band alignments for smoother carrier flow. 

Threshold voltage: 

 The threshold voltage of the devices was determined using two different methods: linear 

extrapolation (Vt, lin) and the tangent at the peak of transconductance (Vt, gm). For Vt, lin, the 

threshold voltage was obtained by calculating the intercept on the x-axis, corresponding to the 

linear extrapolation of the transfer characteristics. In contrast, Vt, gm was derived from the tangent 

to the transfer characteristics at the point where the transconductance reached its maximum 

value42. The statistical variation of threshold voltage with Cr/Au and Bi2Se3 contact-based 1L-

MoS2 FET is displayed in Fig. 4.6(h) and Fig.4.6(l), respectively. From the distribution, we 

observe a wide distribution of Vt from -1.1 to 2.2 V, having a median value of 0.86 ± 1.76 V for 

1L-MoS2 FET with Cr/Au contacts, but with Bi2Se3 contact, the same has increased to 2.95 ± 1.02 

V with distribution range between 0.35 V to 5.72 V. The threshold voltage strongly depends upon 

the work function of the contact material and the intrinsic doping of the 1L-MoS2 channel.42 Since 

semiconducting channel 1L-MoS2 is identical for both contact configurations, this shift in Vt is 

because of the contact material work function only. MoS2 is an intrinsically n-type semiconductor, 
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and the shifting of Vt toward higher positive voltage is equivalent to lower intrinsic n-doping in 

Figure 4.6: Statistical variation of the figure of merits over 20 1L-MoS2 FETs with Cr/Au and Bi2Se3 

contacts each. (a), (b), (c) The transfer characteristics of 1L-MoS2 FETs with Cr/Au contacts with drain 

voltage of 0.2, 0.3 and 0.4V, respectively; (d), (e), (f) The transfer characteristics of 1L-MoS2 FETs with 

Bi2Se3 contacts with drain voltage of 0.2, 0.3 and 0.4V respectively: Statistical variation of the device 

parameters corresponds to Cr/Au electrode at drain voltage of 0.3 V; (g) on-off; (h) threshold voltage; (i) 

electron mobility; (j) subthreshold swing: Statistical variation of the device parameters corresponds to 

Bi2Se3 electrode at drain voltage of 0.3 V;  (k) on-off; (l) threshold voltage; (m) electron mobility; (m) 

subthreshold swing. 

1L-MoS2, which arises from the effect of the contact material Bi2Se3 only. Instead of Vt, the 

variation in Vt (σVt) is a more appropriate benchmark for evaluating emerging devices made with 
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new materials. It is essential to understand that the median Vt is influenced by the work function 

of the gate metal and any unintentional or intrinsic doping of the 2D material, but Vt and σVt are 

affected by the thickness of the gate oxide. Thus, to better understand the effect of Bi2Se3 contact 

we have compared the projected threshold voltage variation (SσVt) at scale effective oxide 

thickness (SEOT) using the equation below43. 

 𝑆𝜎𝑉𝑡
= 𝜎𝑉𝑡

𝑆𝐸𝑂𝑇

𝐸𝑂𝑇
 

Using this above equation, the obtained SσVt for 1L-MoS2 FETs with Cr/Au contacts is 72 meV 

and it significantly decreased to 42 meV for Bi2Se3 contacts, assuming SEOT = 0.9 nm. This lower 

value SσVt for Bi2Se3 contact-based 1L-MoS2 FETs can be attributed to the reduced defect densities 

at the contact interface. Hence, 1L-MoS2 with Bi2Se3 contacts exhibits better electrical 

performance as compared with Cr/Au contacts.   

Field effect mobility: 

 The field effect mobility is one of the most crucial parameters for FET-based devices and it 

measures how easily the carriers can move through the material in the presence of an external 

electric field. Mobility is an intrinsic material property and is highly influenced by gate dielectric, 

contact resistance, and contact materials. We have calculated the mobility by using the peak 

transconductance value using the formula44. 𝜇 =
𝑑𝐼𝑑𝑠

𝑑𝑉𝑔𝑠
×

𝐿

𝑊×𝐶𝑖×𝑉𝑑𝑠
, where L is the channel length, 

W is the channel width, and Ci is the gate capacitance per unit area. The variations of electron 

mobility for 1L-MoS2 FET with Cr/Au and Bi2Se3 contacts are shown in Fig. 4.6(i) and Fig . 

4.6(m), respectively. For 1L-MoS2 FETs with Cr/Au contacts, field mobility varies from 0.5 to 

16.2 cm2/(V.s) with a mean value of 5.8 ± 4.8 cm2/(V.s), indicating a large variation in mobility. 

In contrast, for the Bi2Se3 contact field, mobility enhanced almost two-fold to 10.2 ± 3.46 

cm2/(V.s). However, there are still large variations in the mobility from 5.6 to 18.7 cm2/(V.s). 

These two-fold enhancements in the mobility further confirm the reductions of interface defect 

densities in the 1L-MoS2-Bi2Se3 contact interface.  

Subthreshold swing: 
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Subthreshold swing (SS) is the measure of gate voltage over which the drain current changes by 

an order of magnitude and is mathematically defined by the formula42. 

 𝑠𝑠 = ln(10) ×
𝑑𝑉𝑔

𝑑(ln(𝐼𝑑))
  

      = ln(10) ×
𝑚𝑘𝐵𝑇

𝑞
 ; 𝑚 = (1 +

𝐶𝑠

𝐶𝑜𝑥
+

𝐶𝑇

𝐶𝑜𝑥
) ; 𝐶𝑇 = 𝑞𝐷𝑇  

Here, kB is the Boltzmann constant, T is the temperature, q is the electronic charge, m is the body 

factor, CS is the semiconductor capacitance, CIT is the interface trap capacitance, COX is the oxide 

capacitance, and DIT is the interface trap density. The variation of SS for 1L-MoS2 FETs with 

Cr/Au and Bi2Se3 contacts are displayed in Fig. 4.6(j) and Fig. 4.4(n), respectively. The 1L-MoS2 

FETs with Cr/Au contact configuration have a median SS value of 263 ± 102 mV/dec, which 

significantly decreased to 173 ± 97 mV/dec. Now, for fully ultrathin body FETs such as 1L-MoS2 

FETs, CS = 0 with a clean oxide-semiconductor and contact-semiconductor interface, CT ≪ Cox, 

ensuring that m ~ 1 and hence SS = 60 mV/dec. Clearly, in our 1L-MoS2 FETs, the SS values are 

many folds higher than the ideal value of 60 mV/dec indicating the presence of interface traps at 

the 1L-MoS2-dielectric and 1L-MoS2-contact interface. We have calculated the defect density (DT) 

using the above formula, assuming CS = 0, thus  

𝐷𝑇 =
𝐶𝑜𝑥

𝑞
× (

𝑆𝑆 × 𝑞

𝑘𝐵𝑇 × ln (10)
− 1) 

Using the above formula, we have calculated the interface trap/defect densities for 1L-MoS2 and 

its variations with contact materials. The mean values for the trap/defect densities were found be 

3.88×1012 /(eV.cm2) for the devices with Cr/Au contacts and 1.88×1012 /(eV.cm2) for the devices 

with Bi2Se3 contacts. Now for each contact configuration, the dielectric surface and channel 

material are the same and hence the observed change in the trap/defect densities is contributed by 

the 1L-MoS2-contact interface. Thus, we can conclude that the non-metal contact of Bi2Se3 on 1L-

MoS2 provides smoother interface resulting overall device performance enhancement. The 

variation of output characteristics for 20 1L-MoS2 FETs devices with Cr/Au and Bi2Se3 contacts 

are displayed in Fig. 4.7 and Fig. 4.8, respectively.    

TH-3630_196153001



C h a p t e r  4                                                                                                                                             | 96 

   

 

 

Figure 4.7: Output characteristics of 20 1L-MoS2 FETs with Bi2Se3 contacts. 
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Figure 4.8: Output characteristics of 20 1L-MoS2 FETs with Cr/Au contacts. 

4.4 Application of monolayer MoS2 with Bi2Se3 contact as flexible PD 

As reveled from the electrical characterization, 1L-MoS2 has higher mobility and lower interface 

defects with Bi2Se3 contacts leading to improved device performance parameters. As a proof of 

concept, we have fabricated a flexible PD based on 1L-MoS2 with Cr/Au and Bi2Se3 contacts for 
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comparative analysis. The optical image of the flexible PD under 532 nm laser illumination, along 

with the schematic diagram, is displayed in Fig. 4.9(a). The 1L-MoS2 is a finite bandgap 

semiconducting material and has high absorption in the visible range. We studied photo I-V with 

excitation wavelength ranging from 405 to 808 nm, as shown in Fig. 4.9(b). From the wavelength-

dependent I-V measurements, there is negligible change in the photocurrent under 808 nm laser 

illuminations. This is because the incident photon energy (1.53 eV) is lower than that of the 

bandgap of 1L-MoS2 (1.8 eV), unable to generate excess electron-hole pairs. For the other 

wavelengths, 640 nm, 532 nm, and 405 nm illumination, the current increases a few orders of 

magnitude. This is because the higher energies of those wavelengths create excess electron-hole 

pairs and change the effective carrier density, resulting in high photocurrent. Hence, 1L-MoS2 can 

be used as a photodetector as its photocurrent can be modulated by incident photons. The highest 

change in photocurrent is observed using 532 nm wavelength illumination, and hence this 

wavelength was used for further measurements. Here, our main aim is to study the 1L-MoS2 based 

photodetectors performance via contact modulations. The I-V sweeping of 1L-MoS2 in the 

presence of different intensity 532 nm laser illuminations are shown in Fig. 4.9(c) and Fig. 4.9(d), 

corresponding to Bi2Se3 and Cr/Au contacts, respectively. It shows progressively increased 

currents with increasing light intensity and has a much higher current in the case of Bi2Se3 contacts. 

For Cr/Au contact on 1L-MoS2, dark current under 5 V reverse bias is 62.7 pA, which increases 

to 5.5 nA with a low intensity of 1.0 mW/cm2, thus giving an on-off ratio of 87, while for Bi2Se3 

contact, the current increases from 67.5 pA to 6.9 nA, hence an on-off ratio of 100 under the same 

illumination conditions. As the intensity increases to 65 mW/cm2, the photoinduced current 

increases to 33.5 nA and 86.3 nA for Cr/Au and Bi2Se3 contacts, respectively. Thus, under identical 

experimental conditions, by only changing the contact from metal Cr/Au to non-metal Bi2Se3, the 

photocurrent increased by more than two times. This is attributed to the efficient separation of 

carriers resulting from low interface defects and higher carrier mobility, as confirmed by 

previously measured FETs characteristics. Hence, enhanced performance is observed by contact 

engineering.  

Further, we have investigated the intensity-dependent pulse photoresponse of 1L-MoS2 

photodetector with a 532 nm laser pulse. The pulse photoresponse for 1L-MoS2 with Bi2Se3 contact 

under 5 V reverse is displayed in Fig. 4.9(e). Before the laser illumination, there was a dark current 

of 67.5 pA, which progressively increased with the pulse intensity to a maximum value of 86.9 nA 
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for the intensity of 65 mW/cm2. The calibration curve correlating the photocurrent with intensity 

was plotted using the formula Iph=APθ, where Iph represents the photocurrent corresponding to the 

illumination intensity of P, and θ is the exponent (constant) with an ideal value of 1, signifying the 

linear dependency of photocurrent with intensity. The θ values were calculated by logarithmic plot 

Figure 4.9: (a) Optical image and schematic representation of 1L-MoS2 photodetector on plastic substrate 

using Bi2Se3 contacts; (b) Wavelength-dependent photoresponse of 1L-MoS2 photodetector with Bi2Se3 

contacts; (c), (d) Power dependent variation of photoresponse for 1L-MoS2 with Bi2Se3 and Cr/Au contacts, 

respectively; (e) Power dependent pulse response for 1L-MoS2 under 5V reverse bias with Bi2Se3 contacts, 

inset shows the corresponding calibration curve; (f) Power dependent pulse response for 1L-MoS2 at self-

bias with Bi2Se3 contacts, inset shows the corresponding calibration curve; (g) Strain dependent I-V 
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characteristics of 1L-MoS2 with Bi2Se3 contacts; (h) Strain dependent responsivity of 1L-MoS2 with Bi2Se3 

contacts.    

between photocurrent and illumination intensity. For Bi2Se3 contact configuration, θ value is 

observed to 0.62 (as shown in the inset of Fig. 4.9(e)), which is lower than the ideal value of 1.  

This low value of θ is attributed to the defect sites at the MoS2-Bi2Se3 contact interface and the 

trap state between the dielectric surface and MoS2
45,46. The pulse response of 1L-MoS2 based 

flexible photodetector with Cr/Au contacts is displayed in Fig. 4.8(a), with inset presenting the 

calibration curve. From the fitting of the calibration curve, we obtained θ = 0.57 for the Cr/Au 

contact configuration, and the deviation of θ value from the ideal value of 1 indicates 

recombination to photo-excited carriers at intra band traps at the defect sites. Since the contact 

interface defect densities is higher for the Cr/Au contacts, the exponent contact reduces further to 

0.57, as shown in Fig. 4.10(a). Interestingly, the θ value increases for self-bias mode, each reaching 

toward unity for Bi2Se3 contact, but the photocurrent is significantly low, as shown in Fig 4.9(f). 

Furthermore, we have also analyzed the effect of mechanical stress on the performance of the PD 

under dark and illumination conditions at different bending angles, as displayed in Fig. 4.9(g). 

Interestingly, photocurrent increases significantly with bending angles in comparison to dark 

conditions, which is attributed to enhanced electron mobility in MoS2 under stressed conditions44,47 

and generation of excess carries under illuminations. The increased photocurrent will enhance the 

photodetector performance in terms of responsivity with strain, as shown in Fig. 4.9(h).  

Finally, we have compared the figures of merit for the 1L-MoS2 photodetector, such as 

responsivity (R), specific detectivity (D*), and external quantum efficiency (EQE) with two 

different contact materials, and the results are displayed in Fig. 4.10. The formulae below were 

used to compute these metrics48: 𝑅 =
𝐼𝑝ℎ

𝑃×𝐴∗ ; 𝐷
∗ =

𝑅

√(2𝑒𝑗𝑑)
  and 𝐸𝑄𝐸 = 𝑅 ×

1240

𝜆
× 100 %. Here, 

Iph represents the photocurrent, P is the intensity of the incident laser and A* denotes the effective 

device area, specifically the area of the MoS2 flake situated between the contact pads. e is the 

electronic charge, jd dark current density and λ is the wavelength of light used for the 

photoresponse measurements. The responsivity is the measure of photocurrent generation per unit 

power illumination. The responsivity at different wavelengths for the 1L-MoS2 with Bi2Se3 

contacts is displayed in Fig. 4.9(c), showing the highest responsivity corresponding to 532 nm 

laser excitation. This is because 1L-MoS2 has higher absorbance at that wavelength. The power 

TH-3630_196153001



101 |                     Contact Engineering on MoS2 for FETs and Flexible Photodetector  

   

 

dependent responsivity for the 1L-MoS2 with both contact configurations is shown in Fig. 4.10(d). 

For the Cr/Au contacts-based 1L-MoS2 photodetector, the resistivity has the highest value of 0.08 

 

Figure 4.10: (a) Power dependent pulse response for 1L-MoS2 under 5V reverse bias with Cr/Au contacts, 

inset shows the corresponding calibration curve; (b) Power dependent pulse response for 1L-MoS2 at self-

bias with Cr/Au contacts, inset shows the corresponding calibration curve; (c) Wavelength dependent 

responsivity for 1L-MoS2 photodetector with Bi2Se3 contacts; Comparison of power dependent variation of 

(d) responsivity, (e) detectivity and (f) external quantum efficiency for both contact configurations. 

A/W for low power and decreases with increasing power to 0.02 A/W at 65 mW/cm2. Interestingly, 

the responsivity is increased significantly by about three times to 0.25 A/W at low power and 0.05 

A/W at 65 mW/cm2
 for 1L-MoS2 with Bi2Se3 contacts, as shown in Fig. 4.10(d). This three-fold 

enhancement in the responsivity with Bi2Se3 is because of higher photocurrent and is attributed to 

the lower interface defects. In addition to responsivity, there is an order of magnitude increase in 

specific detectivity and a four-fold increase in EQE, as shown in Fig. 4.10(e) and Fig. 4.10(f), 

respectively. Hence the photodetector performance can be improved for 1L-MoS2 via contact 

engineering.      
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4.5 Conclusions 

In this work, we have introduced a novel approach by using non-metallic topological insulator 

Bi2Se3 as a contact material on 1L-MoS2, which significantly enhances its optoelectronic 

performance. Incorporating Bi2Se3 contacts with 1L-MoS2 effectively reduces the off-state current 

under negative gate voltage, while maintaining a nearly unchanged on-state current, thereby 

improving the on/off current ratio. Beyond the improved on/off ratio, there has also been a notable 

reduction in subthreshold swing through contact engineering alone. The lower subthreshold swing 

values indicate fewer interface defects, which in turn results in higher electron mobility. 

Furthermore, the optoelectronic performance of the 1L-MoS2 photodetector shows marked 

improvement due to similar contact engineering. The use of low-cost plastic substrates and the 

straightforward thermal evaporation process for Bi2Se3 simplifies the device fabrication, reducing 

both complexity and cost. Thus, we demonstrate a novel, cost-effective method for enhancing 

device performance by employing non-metal contacts. 
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Chapter 5 

Single-Step Controlled CVD Growth of WS2-MoS2 Lateral 

Heterostructure and Its Application in Field Effect Transistor 

 

In this chapter, we report a single-step in-situ chemical vapor deposition growth of bilayer WS2-

MoS2 lateral HS, which ensures a clean diffused interface between WS2 and MoS2, enabling an 

efficient charge transport. The spatial Raman, photoluminescent (PL), and Auger mapping of in-

situ WS2-MoS2 lateral HS shows a clear transition from pure WS2 to pure MoS2 region through a 

graded WS(1-x)MoxS2 alloy interface. The composition and the width of the alloy interface could 

be tuned by careful choice of the proportion of precursor materials. Spatially resolved PL spectra 

and PL mapping reveal a strongly enhanced (more than one order of magnitude) PL intensity in 

the HS interface attributed to the strain-induced bandstructure modification in the alloyed 

interface. Interestingly, the alloyed interface in the lateral HS also dramatically improves the 

electronic properties, resulting in an on-off ratio of 108 in the fabricated field effect transistor, 

which is two orders of magnitude higher than their individual counterpart. These results on lateral 

HS are significant, and they pave the way to synthesize other different HSs for future electronic 

devices and integrated circuits. 

5.1 Introduction 

The 2D semiconducting TMDs, such as MoS2, WS2, MoSe2, and WSe2, have garnered 

considerable attention from the scientific community due to their exceptional electrical and optical 

properties1–5. However, progress in their growth of HSs for optoelectronic applications has been 

limited, especially the in situ lateral HS6–8. By integrating different TMDs, the HSs offer new 

functionalities that are crucial for high-speed optoelectronics applications9–11. The 2D TMD HSs, 

with their versatile properties and advanced fabrication methods, are opening new avenues for 

research in optoelectronics, photonics, and semiconductor technology12–14. The development of 

vertical and lateral HSs in atomically thin TMD-based devices enables the exploration of novel 

electronic and photonic behaviors, paving the way for advanced applications in future electronic 

and optoelectronic devices15–17. Although methods like CVD have achieved notable success in 

synthesizing highly crystalline 2D TMDs18,19, they still face challenges in in-situ growth of 
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controlled HS. Traditionally, transferring one 2D material to another one or epitaxial two step 

growth methods are used for creating HS20,21. However, those methods are cumbersome and often 

result in lower performance because of lattice mismatch between different 2D 

materials and interfacial contamination. The in-situ growth of the HS can overcome those 

limitations, especially may offer an ultraclean interface22. In this regard, the two-step CVD method 

has advantages in synthesizing high-quality lateral HSs23. In this approach, one material is 

synthesized in the first step on a substrate, and the same substrate is then used to synthesize the 

second material, forming the HS8,24. This method reduces alloy formation and improves interface 

clarity, offering superior control over electronic properties. Nevertheless, this two-step process is 

time consuming and makes it a complex process. Recently, solution process assisted single-step 

CVD showed the synthesis of in situ WS2-MoS2 lateral HS25. This advanced synthesis process has 

enabled lateral HSs with atomically sharp interfaces, making them promising candidates for next-

generation nanoelectronics13. This sharp interface between the HS enables the fabrication of PN 

junction diodes with a high rectification ratio26,27. Interestingly, a new approach of periodic change 

of carrier gases enables a large periodic synthesis of 2D material HS28. But in that case, the 

precursor materials were the 2D materials themselves instead of conventionally the oxides and 

chalcogens. In addition to the above-mentioned achievements recently, there has been reports in 

modulation of electronic properties via selective doping in single step lateral HS leading to 

advance properties29,30. This in-situ doping ability in the lateral HS via CVD method further 

enhanced the performance of these materials. There are still many challenges in controlling the 

shape, scale, and quality of HSs, and further improvements in growth strategies are required for 

more robust and well-controlled methods. As fabrication techniques advance, these materials are 

expected to revolutionize future electronic devices and integrated circuits. 

In this work, we present a novel approach for the single-step controlled CVD growth in-situ WS2-

MoS2 lateral HSs. By fine-tuning the relative precursors amounts and positions, we successfully 

achieved the controlled in-situ growth of WS2-MoS2 lateral HSs via single-step CVD technique. 

Controlling the weight percentages of WO3 and MoO3 enabled the synthesis of intrinsic WS2, 

intrinsic MoS2, and WS2-MoS2 lateral HSs with varying relative area, as confirmed by Raman, PL 

and Auger mapping. The in-situ formation of the lateral HS leads to a remarkable enhancement in 

PL near the interface, primarily due to local strain or 1L-WS2. When applied as FET channel, the 

WS2-MoS2 lateral HS demonstrated electron inversions in the off-state current, resulting in an 
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ultralow off-current and a significant improvement in the on-off ratio. Additionally, other device 

parameters also enhance significantly, indicating that the performance of our synthesized in-situ 

HS surpasses that of previously reported methods.       

5.2. In-situ CVD-growth of WS2-MoS2 Lateral Heterostructure 

As discussed in Section 2.4.6 of Chapter 2, we optimized the CVD growth parameters to achieve 

layer-controlled growth of WS2. Building on this, we further modified the CVD process to enable 

the controlled growth of in-situ WS2-MoS2 lateral HSs. The co-evaporation of the oxide precursors  

 

Figure 5.1: Schematic representation for the in-situ CVD growth of WS2-MoS2 lateral HS with the 

temperature profile of the heating zone with argon carrier gas flow.  
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(WO3 and MoO3) posed a challenge due to their different evaporation temperatures. To address 

this, MoO3 powder was ball-milled at 450 rpm for 5 hours to produce finer particles, facilitating 

co-evaporations and better mixing with WO3 at lower weight fractions. For intrinsic WS2 and 

MoS2 growth, we used 12 mg of oxide precursors and 200 mg of sulfur, maintaining growth 

temperatures of 1000°C and 850°C, respectively. In the case of in-situ WS2-MoS2 lateral HSs, we 

varied the weight fractions of WO3 and MoO3, ensuring the total oxide weight remained constant 

at 12 mg. For the in-situ lateral HS, we have used 4 different weight fractions (WO3:MoO3), 11:1, 

10:2, 9:3, and 8:4. As the MoO3 fraction increased, the high-temperature zone was adjusted from 

1000°C to 850°C, while the sulfur zone temperature was consistently set to reach 250°C during 

the growth process. Fig. 5.1 provides a schematic representation of the single-step in-situ growth 

of WS2-MoS2 lateral HSs, illustrating the carrier gas flow and the temperature profile in the high-

temperature zone. While the detailed CVD process is outlined in Section 2.4.6 of Chapter 2, here 

we focused on varying the weight fractions and temperature profiles to precisely control HS 

growth. Under optimal growth conditions, we achieved controlled variation in the relative areas of 

WS₂ and MoS₂ within a single flake by adjusting the oxide precursor ratios and growth 

temperatures. This novel single-step technique eliminates the need for the conventional two-step 

growth and transfer processes typically used to create HSs. By avoiding polymer-assisted transfer, 

this method ensures a cleaner WS2-MoS2 interface, free from contamination, thereby enhancing 

device performance.  

5.3. Results and discussions 

5.3.1 Optical and Structural Analysis 

The CVD-grown 2D flakes grown at different conditions were first observed under an optical 

microscope which confirmed the large area uniform growth. The synthesized intrinsic WS2, MoS2, 

and in-situ WS2-MoS2 lateral HS were analyzed with Raman spectroscopy as it is one of the most 

efficient tools for analyzing 2D materials31. The Raman spectra for intrinsic WS2, MoS2, and in-

situ WS2-MoS2 lateral HS under 532 nm laser excitation are shown in Fig. 5.2. The fitted Raman 

spectra in Fig. 5.2(a) display the Raman spectra for intrinsic WS2 as reported by our group18. From 
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Figure 5.2: (a) Raman spectra from intrinsic 2L-WS2; (b) Raman spectra from intrinsic 2L-MoS2; (c) Raman 

spectra from the outer region of the HS flake as marked by the red circle in the inset optical image; (d) 

Raman spectra from the central region of the HS flake as marked by the green circle in the inset optical 

image of Fig. 5.2(c). 

the Raman spectra, we have observed the charge and layer number sensitive out-of-plane A1g mode 

at 419.1 cm-1, whereas the strain-sensitive in-plane E2g mode was observed at 353.6 cm-1. The A1g 

mode of WS2 is highly sensitive to layer number, and the position of 419.1 cm-1 indicates the WS2 

flake is bilayer18. In addition to those characteristics, other phonon modes are also observed when 

excited with 532 nm laser excitations as labeled in the deconvoluted spectrum31 shown in Fig. 

5.2(a). The Raman of CVD-grown MoS2 is displayed in Fig. 5.2(b), which has a signature of two 

strong Raman modes at 383.8 cm-1 and 404.6 cm-1 corresponding to in-plane E2g mode and out-of-

plane A1g mode respectively. The separation of these two modes also strongly depends upon the 

layer number, and the 20.4 cm-1 separation of these two fundamental modes indicates bilayer 

MoS2
19. For the in-situ CVD-grown WS2-MoS2 HSs, Raman spectra were analyzed from two 

specific points: the edge and the center of the flakes, indicated by red and green circles, 

respectively, as shown in the inset of Fig. 5.2(c). The Raman spectra from those two positions 

indicate that the edge contains WS2 layer, whereas the middle part contains MoS2 layers as shown 
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in Fig. 5.2(c) and Fig. 5.2(d), respectively. From the Raman spectra at the edge, we observed two 

additional Raman modes, which are labeled by 1 and 2. Those modes are observed only in the 

heterostructure and are not reported earlier. It may be due to some interaction between the two 

materials and requires more investigation. From the middle part, we observed Raman spectra 

corresponding to MoS2 without any additional modes, unlike the edge part. Thus, the middle part 

is intrinsically MoS2. From the Raman spectra, it is quite clear that there may be a boundary 

between WS2 and MoS2, which can be identified via spatial Raman mapping. The optical images 

for the controlled HS growth via CVD and spatial Raman mapping are displayed in Fig. 5.3. From 

the images, we can observe a continuous flake without any distinct boundary, indicating a smooth 

interface between WS2 and MoS2. The spatial Raman mapping of the triangular flakes 

corresponding to out-of-plane A1g mode and in-plane E2g modes is displayed in red and green 

colors, respectively. As expected, from the spatial Raman mapping corresponding to intrinsic WS2, 

we can see uniform intensity distribution across the flake for A1g and E2g modes. When we 

introduce MoO3 precursors during CVD growth, the HS formation started, and the same has been  

 

Figure 5.3: Spatial Raman mapping of the CVD-grown WS2, MoS2 and WS2-MoS2 lateral HS; The top row 

represents the optical image of intrinsic WS2 (leftmost), lateral HS (middle region), intrinsic MoS2 

(rightmost); The middle row represents the spatial Raman mapping corresponding to out of plane A1g 

Raman modes; the bottom row is corresponding to in-plane E2g Raman mode. 

TH-3630_196153001



113 |                              WS2-MoS2 lateral heterostructure and its application  

reflected in the spatial Raman mapping as the red and green areas corresponding to A1g and E2g 

modes of WS2, which started disappearing from the center region of the flakes. Thus, the middle 

part for the CVD-grown flake is not WS2 but is MoS2, as seen from the Raman spectra from the 

green circle in Fig.5.2. In order to have control over the HS growth, we have varied the relative 

oxide precursors fraction as discussed in the experimental section. From the growth of different 

fractions of oxide precursors, we have observed excellent control over the relative area between 

WS2 and MoS2 within a single flake. For the HS, the better chemically reactive MoO3 than the 

WO3 resulted in the growth of MoS2 in the central region and surrounded by WS2
25. Finally, we 

have synthesized intrinsic MoS2 by using only MoO3 and sulfur precursors, and it has an uniform 

Raman intensity distribution throughout the flake. Hence, we have achieved the optimum growth  

 

Figure. 5.4: The PL line mapping spectra of WS2-MoS2 lateral HS with a spatial gap of 1 m; (a) PL line 

mapping of the lateral HS from edge toward center (from bottom to top) corresponding to the flake shown 

in the inset Fig. 5.3(b); (b) The PL emission from the lateral HS corresponding to the points of left square 

mark as shown in the inset; (c) The PL emission from the lateral HS corresponding to the points of right 

square mark as shown in the inset of Fig. 5.3(b); (d) PL line mapping of the lateral HS from center toward 

edge (from top to bottom) corresponding to the flake shown in the inset Fig. 5.3(b). 
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conditions for control growth of in-situ WS2-MoS2 lateral HS using the single- step CVD 

technique. Additionally, the lateral HS formation was confirmed via PL emission analysis. 2D 

WS2 and MoS2 are both luminescent under 532 nm laser excitations. 1L-WS2 exhibits strong 

luminescence with a peak maximum of around 630 nm, corresponding to a direct transition from 

the conduction band to the valence band32. In contrast, the PL emission diminishes in bilayer WS2, 

with the peak maximum shifting to 650 nm as its band structure changes from direct to indirect18. 

Whereas the bilayer MoS2 has a strong PL emission with the peak maxima at 675 nm33. Thus, for 

the HS, we expect a PL emission peak around 675 nm from the central region and around 650 nm 

from the edges corresponding to MoS2 and WS2, respectively. The PL emission spectrum from the 

HS is displayed in Fig. 5.4. The PL emissions were measured along a line from left to right with a 

step size (special separation) of 1 m through a HS flake, as shown in the inset of Fig. 5.4(b). The 

PL emission corresponding to the points in the left and right rectangle is displayed in Fig. 5.4(a) 

and Fig. 5.4(d), respectively. There is weak PL emission from the edge with the maxima at 653 

nm corresponding to 2L-WS2, and as we move towards the central region PL emission peak 

remains at 653 nm up to 3 m, but at the next position, a broader PL emission is observed 

containing the WS2 signature at 653 nm as well as MoS2 signature at 675 nm, as indicated by 

the blue curve in Fig. 5.4(a). Further moving towards the central region, we observed the PL 

emissions corresponding to MoS2. Similar characteristics were observed from another opposite 

edge, as marked in the inset of Fig. 5.4(b) and are displayed in Fig. 5.4(d). This linear mapping of 

PL also confirms the formation of lateral HS via the single-step CVD technique. Interestingly, a 

thorough investigation of the PL emission intensity for the HS indicates an anomalous PL 

enhancement in the interface, as displayed in Fig. 5.4(b) and Fig. 5.4(c). This strong enhancement 

in the PL intensity in the bilayer region is an indication of transformation to the direct band 

structure from the indirect band structure in 2L-WS2. There are two possible explanations for this 

anomalous PL enhancement near the interface: the growth of WS2 from the edges of MoS2 induces 

strain near the interface resulting in the PL enhancement as induced strain enhances the PL 

emissions34. The lattice mismatch and diffuse interface let the formation in strain in the interface 

region. The enhanced PL emission peak ~ at 650 nm indicates 2L-WS2 , Since 1L-WS2 has a PL 

emission peak at ~ 630 nm32. Thus, the lattice strain at the interface, may be responsible for the 

anomalous enhancement in PL intensity, which will further aid in efficient carrier flow and 

eventually lead to enhanced device performance. In addition to the linear PL mapping, we further 
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analyzed the spatial PL mapping of the intrinsic WS2, MoS2, and their in-situ lateral HS, as shown 

in Fig. 5.5. In the linear mapping of the intrinsic WS2 and MoS2, both the intensity and central 

maxima remain consistent across the entire flake as seen at the middle row of Fig. 5.5. For the HS, 

the PL emission peak initially remains constant at 650 nm, corresponding to WS2. At the interface, 

the PL emission exhibits two peaks, associated with both WS2 and MoS2. Beyond the interface, 

the emission peak shifts to 675 nm, attributed to MoS2, and persists until the second interface, 

where it finally returns to 650 nm, associated again with WS2, as shown in Fig. 5.5. This periodic 

shift of the PL emission peak associated with WS2 and MoS2 certainly confirms the in-situ CVD  

 

Figure 5.5: Spatial and linear PL mapping for intrinsic WS2, intrinsic MoS2, and spectra of WS2-MoS2 

lateral HS with a spatial gap of 1 m; The top row represents the optical images corresponding to intrinsic 

WS2, WS2-MoS2 lateral HS and intrinsic MoS2 (from left to right). The middle row represents the linear PL 

mapping corresponding to the line shown in the first row. The bottom row corresponds to the spatial PL 

mapping of intrinsic WS2, in-situ WS2-MoS2 lateral HS, and intrinsic MoS2 (from left to right).  

TH-3630_196153001



C h a p t e r  5                                                                                                                          | 116 

growth WS2-MoS2 lateral HS. In addition to the shift in the PL emission peak the intensity also 

changes across the interface being highest near the interfaces. Finally, the spatial PL mappings are 

displayed in the bottom row of Fig. 5.5. which also shows uniform intensity distribution 

throughout the flakes for intrinsic WS2 and MoS2 and the HS, the intensity being highest at the 

interfaces. This observation clearly confirms the formation of a lateral HS between MoS2 and WS2 

during the single-step CVD growth. Additionally, Auger Electron Spectroscopy (AES), a highly 

effective, surface-sensitive technique, is utilized for quantitative elemental analysis and the in-situ  

 

Figure 5.6: Auger Electron Spectroscopy analysis of the in-situ lateral HS (a) SEM image of a lateral HS 

flake; (b) First derivative of the Auger spectra from three different spots; (c) SEM image for linear Auger 

mapping; (d) Linear Auger spectral mapping across the lateral HS flake; (e) SEM image of HS flakes grown 

with 11:1 oxide ratio; (f) Spatial Auger mapping of tungsten; (g) Spatial Auger mapping of molybdenum; 

(h) Spatial Auger mapping of sulfur; (i) Spatial Auger mapping of oxygen; (j) SEM image of HS flakes 

grown with 9:3 oxide ratio; (k) Spatial Auger mapping of tungsten; (l) Spatial Auger mapping of 

molybdenum; (m) Spatial Auger mapping of sulfur; (n) Spatial Auger mapping of oxygen. 
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growth of lateral HSs35. AES leverages the Auger effect, where radiation-free transitions occur 

after ionizing an atoms inner electron levels, leading to the emission of Auger electrons36. By 

analyzing these emitted electrons, AES enables high-resolution mapping of elemental distributions 

within the top few atomic layers,  offering exceptional chemical and spatial sensitivity at the 

surface37. The Auger spectra were analyzed in three ways: from distinct points, along a linear line 

across a heterostructure flake, and spatial surface mapping. Fig. 5.6(a) is the SEM image of a 

lateral heterostructure flake over which the Auger spectra were analyzed at three distinct points, 

as illustrated in the SEM image. The first derivative of the Auger spectra for these points is shown 

in Fig. 5.6(b), clearly revealing the presence of molybdenum at the center of the flake (point 1) 

and tungsten at its edge (point 2) and oxygen outside the flake region (point3). The point analysis 

confirms the presence of tungsten at the edges, molybdenum at the center, and sulfur across the 

two points. This indicates that the edge region contains WS2, and the middle part contain MoS2, 

and there will be an interface among them, thus confirming the synthesis of WS2-MoS2 lateral 

heterostructure. Fig. 5.5(d) illustrates the linear Auger spectral intensity distribution along the line 

across the flakes indicated by the SEM image in Fig. 5.6(c). This highlights that tungsten intensity 

is highest at two edges, tapering to zero within a few m, as expected. Conversely, the 

molybdenum signal peaks near the central region, as shown in the inset of Fig. 5.6(d) hence 

confirming two interfaces along a line through the HS consistent with the linear PL intensity 

distribution in Fig. 5.5. It is clear from the Aguer line scan that the interface is not sharp in nature 

but alloy diffusive interface. The spatial Auger mapping for two HSs flakes with varying 

WO3:MoO3 ratio (11:1 in Fig. 5.6(e) and 9:3 in Fig. 5.6 (j)) are displayed in Fig. 5.6 (e-n). The 

mapping shows tungsten concentrated at the outer boundary, molybdenum in the central region, 

and sulfur distributed uniformly across the entire flake. For the low concentration of MoO3 (1 mg 

out of 12 mg of total oxides), a higher proportion of flakes contain tungsten, as shown in Fig. 5.6(f). 

Consequently, a lower concentration of molybdenum is observed at the center, as illustrated in 

Fig. 5.6(g), with sulfur distributed uniformly throughout the flake, as expected and displayed in 

Fig. 5.6(h). However, with the increasing fraction of the MoO3 (3 mg out of 12 mg of total oxides), 

we can see a clear, distinct boundary between WS2 and MoS2 with increased MoS2 fraction. Fig. 

5.6(k) presents the spatial Auger mapping for tungsten, revealing its presence only in the outer 

regions of the flakes, corresponding to the FESEM image in Fig. 5.6(j). Molybdenum, on the other 

hand, is detected solely in the central area, as shown in Fig 5.6(l). Finally, sulfur was present 
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uniformly across the flake, and oxygen was absent only from the flake region, as displayed in Fig. 

5.6(m) and Fig. 5.6(n), respectively. This clearly confirms the successful synthesis of the WS2-

MoS2 lateral HS through a single-step CVD process via adjusting the growth parameters. The same 

AES was used to estimate the thickness of the layer with the help of the O-KLL Auger peak. Since 

O is coming from the SiO2/Si substrate beneath the grains, its signal is attenuated by the deposited 

layer. For the calculation, we use exponential approximation, and the thickness t can be represented 

mathematically via the equation 𝑡 = 𝜆 cos(𝜑) ln (
𝐼

𝐼0
), where λ is the effective attenuation length 

for O-KLL electrons, φ is the emission angle (the angle between sample normal and analyzer axis), 

I is the intensity  

Figure 5.7: XPS survey spectrum for the intrinsic WS2, MoS2, and in-situ WS2-MoS2 lateral HS grown by 

CVD technique.  
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of attenuated O-KLL peak measured on the layer, and I0 is the intensity of O-KLL peak on 

the uncovered substrate. We assume that O contribution from the adsorbed species on the surface 

of the grains is negligible and that they are rather covered with hydrocarbons showing up C-KLL 

peak. The calculated thickness using O-KLL suggests a bilayer of WS2-MoS2 HS with a thickness 

of 1.65 nm, matching well with the Raman analysis18. 

We further performed the XPS analysis to investigate the chemical composition and oxidation 

states of CVD-grown flakes. The survey spectra for the three samples are shown in Fig. 5.7. The 

WS₂ survey spectrum reveals the presence of W 4f and S 2p peaks, indicating the W4+ oxidation 

state of tungsten and the S2- reduction state of sulfur, confirming the synthesis of WS₂ from WO₃ 

and sulfur precursors18. Similarly, the survey spectrum for intrinsic MoS2 shows Mo 3d and S 2p 

peaks, which are characteristic of MoS2 synthesis19. In the HS, both W4f and Mo3d peaks appear 

alongside the S 2p peak, signifying the formation of a WS₂-MoS₂ HS from the combined oxide 

precursors in the presence of sulfur. For further analysis, we examined the high-resolution XPS 

spectra of the main elements in each configuration, shown in Fig. 5.8, with all high-resolution 

peaks referenced to the C1s peak at 284.8 eV. The S 2p spectra for each material, shown in Fig. 

5.8(a), display a prominent doublet with peaks at 164.1 eV and 162.9 eV, separated by 1.2 eV,  

Figure 5.8: High-resolution XPS spectra for (a) S 2p; (b) W 4f; (c) Mo 3d. 

TH-3630_196153001



C h a p t e r  5                                                                                                                          | 120 

corresponding to S 2p3/2 and S 2p1/2, respectively18. Additionally, there is a low-intensity peak at 

162.1 eV, which is associated with defects and sulfur vacancies. The XPS spectra for S 2p match 

well with 2L-WS2, as discussed in section 3.3.1 of chapter 3. Notably, in the HS, the S2p spectra 

exhibit a redshift of 0.4 eV, attributed to a shift of the Fermi energy by 0.4 eV toward the valence 

band. The high-resolution spectra for W 4f show two strong peaks at 33.5 and 35.6 eV separated 

by 2.1 eV, as displayed in Fig. 5.8(b) associated with W4+ oxidation state of tungsten 

corresponding to W 4f7/2 and 4f5/2 respectively38 as discussed previously in section 3.3.1 of 

chapter 3. For molybdenum, the two characteristic high-intensity peaks at 229.5 eV and 232.6 

correspond to Mo 3d5/2 and Mo 3d3/2, respectively, and are associated with the Mo4+ oxidation 

state39. This further confirms the synthesis of the semiconducting 2H-phase of MoS2. Other than 

these two peaks, there are two low-intensity peaks. The low energy peak at 226.8 eV corresponds 

to S 2s, and the high energy peak at 235.7 eV is associated with Mo6+ oxidation state40 as discussed 

in section 4.3.2 of chapter 4. For the HS, we have observed all the characteristics XPS peaks 

associated with the W4+ and Mo4+ oxidation states along with the S2- reduction state. Hence, the 

XPS analysis confirmed the synthesis of the semiconducting 2H phase of WS2-MoS2 lateral HS.    

Furthermore, high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images for the CVD grown 2L-WS2 and 1-2L MoS2 are displayed in Fig. 5.9. The 

HAADF-STEM image for 2L-WS2 shown in Fig. 5.9(a) shows an array of atomic columns in a 

hexagonal pattern of equal intensity (AA’ stacking) within this scale thus confirming the excellent 

crystalline quality of the samples without any vacancy or defects sites. Similarly, for MoS2, we 

have a very good crystalline quality, as can be seen from the HAADF-STEM image shown in Fig. 

5.9(b). Nonetheless, according to the corresponding line profile (Fig. 6(d)), the second layer is not 

fully developed within the inspected area, and the samples might be characterized as 1-2L MoS2 

with AA order stacking. However, we were not able to observe any distinct boundary between 

WS2 and   MoS2 in the HAADF-STEM image of the HS region, as displayed in Fig. 5.9(c). This 

is due to the diffused interface between 2L-WS2 and 2L-MoS2 over a region larger than the much 

smaller region imaged in STEM. This is consistent with the AES line scan which showed a gradual 

change in the intensity distribution for W and Mo at the interface region, as displayed in Fig. 

5.6(d). Thus, we have a diffused interface at the junction of WS2-MoS2 grown lateral HS. To detect 

the W-Mo alloyed HS structure, we plotted the atomic intensity distribution profile along the 

metallic columns, see the dashed cyan rectangle in Fig. 5.9(c) and the corresponding HS line  
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Figure 5.9: Atomic resolution HAADF-STEM images of (a) pure WS2, (b) pure MoS2, (c) WS2-MoS2 lateral 

HS. All images are ABSF filtered. (d) Corresponding atomic intensity profiles. 

profle in Fig. 5.9(d). Here the intensity drop clearly suggests Mo alloying within 2L-WS2 (marked 

as black arrows).  Therefore, the interface region contains W(1-x)MoxS2 alloy. In addition, the 

pattern of the atomic columns confirms a two-layer 3R phase structure of the alloy in the HS. 
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5.3.2 Device Fabrication and Electrical Performance Comparison  

We fabricated backgated FETs using CVD-grown intrinsic WS2, MoS2, and their lateral HS to 

analyze the electrical performance. For the FETs we have used the ALD deposited Al2O3 as gate 

dielectric as described in section 4.2.1 of chapter 4. The selection of a thin, high-k gate dielectric 

with an effective oxide thickness (EOT) of 22 nm, in contrast to the conventionally used 300 nm 

SiO2, was made to enhance gate electrostatics. Additionally, the Pt/TiN/p++-Si stack serves as the 

gate electrode for the devices. A schematic diagram and optical image of WS2-MoS2 HS-based  

 

Figure 5.10: (a) Schematic representation of device configuration; (b) Optical image of the lateral HS 

device: transfer characteristics of the FETs devices with (c) intrinsic WS2; (d) intrinsic MoS2; (e) in-situ 

WS2-MoS2 laterals HS: output characteristics of the FET devices with (f) intrinsic WS2; (g) intrinsic MoS2; 

(h) in-situ WS2-MoS2 laterals HS. 
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FET are shown in Fig. 5.10(a) and Fig. 5.10(b), respectively. The transfer and output 

characteristics of intrinsic WS2, MoS2, and their lateral HSs are displayed in Fig. 5.10. From the 

transfer characteristics in Fig. 5.10(c-e) it is quite clear that all the channel materials have n-type 

nature as the channel remains off under negative gate bias voltage and turns on at positive gate 

bias voltages due to the electron accumulation in the semiconducting channel under positive gate 

voltage and electron depletion at negative gate voltage. These indicate that the average off-state 

current for WS2 and MoS2 are in the order of around 10-11 A, whereas the HS channel is completely  

 

Figure 5.11: Transfer characteristics for ten different FETs under various drain bias conditions: under 0.2V 

drain bias: (a) intrinsic WS2; (b) intrinsic MoS2; (c) WS2-MoS2 laterals HS: under 0.3V drain bias: (d) 

intrinsic WS2; (e) intrinsic MoS2; (f) in-situ WS2-MoS2 laterals HS: under 0.4V drain bias: (g) intrinsic 

WS2; (h) intrinsic MoS2; (i) WS2-MoS2 laterals HS.    
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blocked and current flows in opposite directions, leading to missing points in the log plot, in the 

absolute scale it is reduced by two orders of magnitude to around 10-13 A. whereas the on-state 

currents remain almost in the same order for all three configurations of around 10-5 A. Thus, for 

the heterostructure device it results in orders of magnitude increment in the on-off ratio as 

compared to the individuals. The output characteristics of these devices are displayed in Fig. 

5.10(f-h), which shows the devices are in depletion modes under negative gate bias and active 

modes in positive gate bias. The drain current with increasing gate voltage toward a saturation 

value as anticipated. Interestingly, the drain saturation voltage for the HS reduces significantly, 

thus signify its applications for low-power devices. Further, we have calculated the on-off ratio, 

threshold voltage (Vth), electron mobility, and sub-threshold swings (SS) for intrinsic WS2, MoS2, 

and WS2-MoS2 lateral HS configurations over ten devices as illustrated in Fig. 5.11. Careful 

analysis of these device parameters indicates a significant improvement in the device performance 

for lateral HSs in comparison to intrinsic WS2 and MoS2-based FETs. 

On-off ratio:  

 

The on-off ratio in FETs is an important parameter that indicates the range of current levels 

between the on-state and the off-state. A high on-off current ratio is effective for fast switching 

and low power consumption in electrical devices. This is mathematically defined as  
𝐼𝑜𝑛

𝐼𝑜𝑓𝑓
 ; Where 

Ion is the on-stage current and Ioff is the current corresponding to off-stage. The transfer 

characteristics for intrinsic WS2, MoS2, and WS2-MoS2 lateral HS-based FETs (10 devices each) 

with Cr/Au contacts, with varying drain voltage, are presented in Fig. 5.11. The on-off ratio was 

determined using the average off-state current over 20 data points and the maximum on-state  

Table 5.1: The average value of the on-off ratio with drain bias voltage and channel materials. 

2D materials  On-off Ratio 

Vds = 0.2 V Vds = 0.3 V Vds = 0.4 V 

WS2 (1.3±0.4) × 106 (1.4±0.4) ×106 (1.5±0.6) × 106 

MoS2 (5.5±1) × 105 (7.6±1.5) × 105 (1.2±0.5) × 106 

WS2-MoS2 (1.5±0.5) × 107 (5.6±0.5) × 107 (6.5±0.6) ×107 
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Figure 5.12: Statistical variation of device parameters for intrinsic WS2 (black), intrinsic MoS2(green), in-

situ WS2-MoS2 lateral HS (blue): (a) Device on-off ratio; (b) Threshold voltage; (c) electron mobility; (d) 

sub-threshold swing 

current at a gate bias of 10V. The detailed calculation shows the on-off ratio remains in the order 

.of 106 for the intrinsic WS2 and MoS2 devices with slight variations in the drain bias voltage. In 

contrast for the HS, the on-off ratio increases by an order of magnitude. This enhanced on-off ratio 

originated from the lower off-state current in the HS case with minimal reduction in the on-state 

current. The variation of the on-off ratio over ten devices for the three device configurations is 

displayed in Fig. 5.12(a), which clearly shows the higher on-off ratio for the HS.  
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Threshold voltage: 

The threshold voltage is the minimum voltage required to turn on the semiconducting channel of 

a FET. Generally, there are mainly two different methods to measure threshold voltages: one is 

linear extrapolation (Vt, lin), and the other one is tangent at the peak of transconductance (Vt, gm). 

For Vt, lin, the threshold voltage is obtained by calculating the intercept on the x-axis, corresponding 

to the linear extrapolation of the transfer characteristics. In contrast, Vt, gm is derived from the 

tangent to the transfer characteristics when the transconductance reaches its maximum value. The 

drain bias voltage strongly modulates the threshold voltage. The variation of threshold voltages 

for intrinsic WS2, MoS2, and WS2-MoS2 lateral HS-based FETs are displayed in Fig. 5.12(b). The 

average values for the threshold voltage under the three different drain bias voltages are tabulated 

in Table 5.2. 

The threshold voltage strongly depends upon the work function of the contact material, properties 

of the gate dielectric and the intrinsic doping of the semiconducting channel material4. Since the 

gate dielectric material is identical for all three devices, the variation of threshold voltage will be  

intrinsic material property. The threshold voltage of WS2 FETs was observed to be more positive 

compared to MoS2 FETs, likely due to the higher intrinsic n-type doping in MoS2, which may 

result from the specific impurities or nature of MoS2. For the HS, the threshold voltage is much 

materials.more positive compared to individual counterparts, meaning it has n-type properties. As 

discussed in section 4.3.3 of chapter 4, the variation in threshold voltage (𝜎𝑉𝑡) serves as a more 

reliable benchmark for assessing emerging devices fabricated using new materials. While the mean 

threshold voltage is primarily determined by factors such as the gate metals work function and any 

unintentional or intrinsic doping in the 2D material, both 𝑉𝑡 and 𝜎𝑉𝑡 are also influenced by the 

thickness of the gate oxide. The variation of threshold voltage was calculated using  𝑆𝜎𝑉𝑡 =

Table 5.2: The average value of the threshold voltage with drain bias voltage and channel  

2D materials Vds = 0.2 V Vds = 0.3 V Vds = 0.4 V 

Vt (V) 𝜎𝑉𝑡 (V) Vt (V) 𝑆𝜎𝑉𝑡
(mV) Vt (V) 𝑆𝜎𝑉𝑡

(mV) 

WS2 -0.3±0.2 6.4 -0.4±0.3 9.6 -0.5±0.4 12.8 

MoS2 0.5±0.6 19 0.5±0.8 26 -0.05±1.0 31 

WS2-MoS2 3.9±0.5 16 4.0±0.5 16 4.0±0.7 22 
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𝜎𝑉𝑡 ×
𝑆𝐸𝑂𝑇

𝐸𝑂𝑇
; where SEOT is the scale effective oxide thickness and EOT is the effective oxide 

thickness41. For our case the high-k Al2O3 gate dielectric with an effective oxide thickness (EOT) 

of 22 nm, in contrast to the conventionally used 300 nm SiO2, was made to enhance gate 

electrostatics. The variation of 𝑆𝜎𝑉𝑡
for all three configurations is tabulated in Table 5.2. We have 

obtained the 𝑆𝜎𝑉𝑡 for WS2 in the range of 6.4 mV to 12.8 mV and for MoS2, which increases to 

19-38 mV, and finally, for the HS, it ranges in between the individual material of 16-22 mV, 

assuming SEOT = 0.9 nm.  

Electric field effect mobility:  

One of the most important parameters for FET-based devices is mobility, which measures how 

easily the carriers can move through the material in the presence of an external electric field. 

Mobility is an intrinsic property of a material that is highly influenced by the gate dielectric, 

contact resistance, contact materials, channel thickness, confinement, HS formation, and material 

interfaces.  We have calculated the mobility by using the peak transconductance value using the 

formula4. 

               𝜇 =
𝑑𝐼𝑑𝑠

𝑑𝑉𝑔𝑠
×

𝐿

𝑊×𝐶𝑖×𝑉𝑑𝑠
                             (1) 

where L is the channel length, W is the channel width, and Ci is the gate capacitance per unit area. 

The variations of electron mobility for intrinsic WS2, MoS2, and the lateral HS-based FETs are 

shown in Fig. 5.12(c). There is not much variation in the electron mobility with the channel 

materials. We have calculated the electron mobility corresponding to 0.3V drain bias voltage, 

which reveals similar values for these three channel materials. The electron mobility for intrinsic 

WS2 and MoS2 was found to be 34.8 ± 7.6 cm2/(V.s) and 38.1 ± 9.8 cm2/(V.s) respectively. For 

the in-situ lateral HS, the electron mobility slightly improves to 39.1 ± 9.4 cm2/(V.s) but remains 

in the same order. 

Subthreshold Swings: 

The subthreshold swing (SS) is one of the essential parameters in FETs that measure how the 

transistor switches from the off-state to the on-state. It indicates how much gate voltage is required 

to increase the drain current by one order of magnitude when the transistor operates in the 
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subthreshold region. A smaller SS implies better-switching characteristics, which plays a crucial 

role for low-power and high-speed devices and is mathematically defined by the formula4 

 𝑠𝑠 = ln(10) ×
𝑑𝑉𝑔

𝑑(ln(𝐼𝑑))
  

      = ln(10) ×
𝑚𝑘𝐵𝑇

𝑞
 ; 𝑚 = (1 +

𝐶𝑠

𝐶𝑜𝑥
+

𝐶𝑇

𝐶𝑜𝑥
) ; 𝐶𝑇 = 𝑞𝐷𝑇                                              (2) 

Here, kB is the Boltzmann constant, T is the temperature, q is the electronic charge, m is the body 

factor, CS is the semiconductor capacitance, CIT is the interface trap capacitance, COX is the oxide 

capacitance, and DIT is the interface trap density. The variation of SS for intrinsic WS2, MoS2 and 

the in-situ lateral HS FETs is displayed in Fig. 5.12(d). The WS2 and MoS2 FETs have median SS 

values of 299 ± 74 mV/dec and 234 ± 86 meV, respectively. For the in-situ lateral HS, it remains 

in the similar range of 284 ± 80 meV. The SS is directly related to the semiconducting channel 

capacitance and defect capacitance as observed from the above equations, but for fully ultrathin 

body FETs, CS = 0. Thus, for an ultraclean interface and defect free surface contact-semiconductor 

interface, CT ≪ Cox, ensuring that m ~ 1 and hence SS = 60 mV/dec. Clearly, in our FETs, the SS 

values are manyfold higher than the ideal value of 60 mV/dec, indicating the presence of interface 

traps at the channel material with dielectric and contact interface. We have calculated the defect 

density using the above formula assuming CS = 0, thus  

𝐷𝑇 =
𝐶𝑜𝑥

𝑞
× (

𝑆𝑆 × 𝑞

𝑘𝐵𝑇 × ln (10)
− 1) 

Using the above formula, we have calculated the interface trap/defect densities for 1L-MoS2 and 

its variations with contact materials. The median values for the trap/defect densities were found be 

in the order of 1012 /(eV.cm2).  

Output variations:  

We have plotted the output characteristics for all the device configurations with nine devices each. 

The statistical output variation with devices for intrinsic WS2, MoS2, and in-situ WS2-MoS2 lateral 

HS are displayed in Fig. 5.13, 5.14, and 5.15, respectively. The output plot clearly shows that the 

drain saturation voltage was reduced significantly for the HS. Thus, the lateral HS shows much 

better device characteristics for optoelectronic applications.     
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Figure 5.13: Statistical variation of device output characteristics for intrinsic WS2. 
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                      Figure 5.14: Statistical variation of device output characteristics for intrinsic MoS2. 
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           Figure 5.15: Statistical variation of device output characteristics for in-situ WS2-MoS2 lateral HS. 

                    

5.4 Conclusions  

This chapter presents a novel single-step in-situ method for the growth of WS2-MoS2 lateral HSs 

using a CVD process. The proposed approach offers exceptional control over the growth process 

by fine-tuning the growth parameters. Characterization techniques such as spatial Raman and 

Auger mapping confirm the successful in-situ growth of the HS. Notably, the interface exhibits 

remarkable PL enhancement properties. Atomic-resolution HAADF-STEM imaging reveals a 

defect-free, high-quality growth achieved through the CVD technique. The in-situ synthesis results 

in an ultra-clean interface, enabling outstanding optoelectronic performance in FET applications. 

The lateral HS significantly reduces the off-state current by about two orders of magnitude while 
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maintaining nearly the same on-state current, leading to a tenfold improvement in the on/off 

current ratio. Furthermore, the HS exhibits a marked reduction in drain saturation voltage, making 

it a promising candidate for next-generation low-power electronic applications. These findings 

demonstrate an efficient, reduced-step synthesis of TMD HSs with enhanced optoelectronic 

properties, positioning them as suitable candidates for advanced optoelectronic and electronic 

applications. 
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Chapter 6 

Highly Sensitive and Selective Optical Detection of Staphylococcus 

aureus using Thiol Functionalized Monolayer Tungsten Disulfide 

Grown by Chemical Vapor Deposition 

 

This chapter explores the potential application of CVD-grown 1L-WS2 as biosensors using its 

excellent PL emission at room temperature. The extraordinary PL emission at room temperature 

from CVD-grown 1L-WS2 was utilized for the first time here as a recognition tool for detecting S. 

aureus bacteria with high sensitivity and selectivity. The 1L-WS2 possesses sulfur vacancy and is 

utilized for ssDNA aptamer immobilization to the sulfur vacancy sites of 1L-WS2 via the thiol 

functional group. The small-sized, highly selective ssDNA aptamers identify and selectively 

interact with targeted S. aureus, enabling selective detection. Interestingly, the PL emission of 1L-

WS2 is strongly influenced by external charge doping. The shape of the PL emission peak for 1L-

WS2 undergoes significant changes in the presence of targeted S. aureus as a result of charge 

transfer originating from selective interactions of the ssDNA aptamer with S. aureus, while it 

remains unaffected for non-targeted Escherichia coli. The ratio of the integrated intensities of trion 

to neutral exciton peak was used as a calibration parameter for the quantification of S. aureus 

concentrations. The PL analysis of 1L-WS2 with increasing concentration of S. aureus exhibits a 

linear response over 102 CFU/mL to 107 CFU/ml with a lower detection limit of 2.0 CFU/mL. The 

proposed sensing system can identify an unknown concentration of S. aureus in human urine with 

78% accuracy at a concentration of 105 CFU/mL. These results demonstrate the potential future 

application of monolayer transition metal dichalcogenides in the optical biosensing of pathogenic 

species using suitable receptors. 

6.1. Introduction 

For decades, pathogenic bacterial infection has remained a significant threat to public health, 

persisting as the foremost cause of disease and mortality in many developing and underdeveloped 

countries.1 Identifying and quantifying pathogenic bacteria species in the early stage of infections 

can prevent the outbreak of pathogenic diseases. Among those pathogenic bacterial species, 

Staphylococcus aureus (S. aureus) is one the most common gram-positive pathogens in the human 
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body. It is responsible for various diseases such as gastroenteritis, meningitis, toxic shock 

syndrome, osteomyelitis, skin and soft tissue infections, and many more.2 During the pre-antibiotic 

era, diseases associated with S. aureus had the highest mortality rates3, even surpassing the 

combined number of deaths caused by AIDS, tuberculosis, and viral hepatitis.4 Currently, the 

increasing antibiotic resistance of S. aureus is a significant concern5, and the scientific community 

fears a return to the pre-antibiotic era where antibiotics will no longer be effective in treating 

bacterial infections.6 The excess usage of non-targeted antibiotics is one of the major causes of 

antibiotic resistance among pathogenic bacteria.7 Therefore, selective and sensitive detection of S. 

aureus is crucial for the targeted use of antibiotics and as well as preventing a global outbreak.    

Polymerase chain reaction (PCR), culture methods, and enzyme-linked immunosorbent assay 

(ELISA) are the gold standard for detecting S. aureus, but they require a significant amount of 

time and specialized trained personnel, limiting their applications in remote areas.8–11 In addition 

to PCR, other detection mechanisms such as electrochemical12,13, optical fiber14, colorimetric15, 

and photoluminescence (PL)16–18 are also used for faster detection of S. aureus at low 

concentrations. However, these methods require hours for detection and hence there is an 

increasing demand for real-time detection of S. aureus. Among all sensing mechanisms, optical 

biosensors based on PL are capable of detecting analytes with high sensitivity in real-time.19 

Recently, ultrathin 2D transition metal dichalcogenides (TMDs) have gained significant interest 

in biosensing applications owing to their excellent optoelectronic properties.20,21 2D tungsten 

diselenide (WS2), a member of the TMD family, is a promising material for next-generation 

optoelectronic and sensing applications. It features an ultrathin planar structure with a finite 

bandgap, high on-off ratio, interesting light emissions, absorption properties, and good stability in 

ambient environments.22–25 The transition from indirect to direct band structure in monolayer WS2 

(1L-WS2) gives rise to strong PL emission at room temperature.26 There are very few reports of 

WS2 in biosensing, and available reports are primarily based on Forster resonance energy transfer 

(FRET) methods, which are synthesized by chemical routes used for DNA detection.27–29 To the 

best of our knowledge, there is no report of using 1L-WS2-based optical biosensors. For the first 

time, we have explored the potential applications of CVD-grown 1L-WS2 in PL-based optical 

biosensors for the detection of S. aureus with high sensitivity and selectivity. 
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The receptors play a crucial role in enhancing the specificity of any biosensor in detecting specific 

analytes in complex environments30. Conventionally, proteins and antibodies have been utilized 

as receptors in biosensing. However, recently, small-sized ssDNA aptamers are emerging as 

alternative receptors in biosensing13,31. The affordable cost, remarkable thermal stability, ease of 

modification with exceptional specificity, and compact size make aptamers suitable as 

bioreceptors32.    

Herein, we have taken advantage of the excellent PL emission of 1L-WS2 at room temperature in 

developing an optical biosensor for the ultrasensitive detection of S. aureus. The high-temperature 

CVD technique was utilized to synthesize a uniform, large-area 1L-WS2 on SiO2/Si substrate. The 

as-synthesized 1L-WS2 possesses inherent sulfur vacancy sites, and those have strong covalent 

interaction with thiol functional groups.33,34 To utilize this strong interaction, the thiol functional 

group was added to the 5' terminal of the ssDNA aptamer probe, enabling the covalent 

functionalization of the 1L-WS2 with the ssDNA aptamer via sulfur vacancy. The PL emission 

spectra show distinct features in the presence of targeted S. aureus and non-targeted E. coli, which 

enables selectivity in sensing. It is shown that the increasing concentration of S. aureus 

systematically alters the PL emission spectrum by shifting the neutral exciton peak due to 

increasing trion populations as compared to the neutral excitons. The enhanced trion contributions 

with increasing bacteria concentrations are attributed to the charge transfer from S. aureus to 1L-

WS2, which enables a quantitative assessment of the bacteria sensing.  

6.2 Experimental Details 

6.2.1 Synthesis of Monolayer WS2 Flakes 

The 1L-WS2 flakes were synthesized using CVD employing a two-zone horizontal tubular furnace 

and WO3 and sulfur powders as precursors. Detailed information regarding the synthesis process 

can be found in section 2.1 of chapter 2. Briefly, 10 mg of WO3 powder was placed at the center 

of a high-temperature heating zone. At the same time, a few pieces of SiO2/Si substrates were kept 

just above the WO3 powder, with their polished surfaces facing downward. Simultaneously, 200 

mg of the S precursor was placed in the middle of the low-temperature heating zone within a mini 

quartz boat. The temperature of the first zone was adjusted to reach 150°C simultaneously with 

the high-temperature zone reaching 940°C. The system was then allowed to stabilize at this 

temperature for 15 minutes with Ar flowing at a rate of 100 sccm as carrier gas. Once the growth 
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process is complete, the system naturally cools down to ambient temperature. This resulted in the 

growth of uniform 1L-WS2 flakes on the SiO2/Si substrate. 

6.2.2 The ssDNA Aptamer Selection 

The ssDNA Aptamer specifically identifying and binding to S. aureus was developed by using the 

Cell-SELEX (Systematic Evolution of Ligands by EXponential enrichment) technology. Briefly, 

1.5μM ssDNA aptamer library was incubated with 108 CFU/mL (Colony Formation Unit/mL) of 

S. aureus suspended in 1-X phosphate-buffered saline (PBS) at room temperature. After 45 min, 

cells were centrifuged for 5 min at 8000 rpm, and the unbound ssDNA aptamers in the aqueous 

phase were discarded, and the cell-bound aptamers were re-suspended in 250 μl nuclease-free 

deionized water. The cell-bound selected aptamers were recovered by heating the suspension at 

95ºC for 10 min followed by centrifugation at 12,000 rpm for 15 min. The selected aptamer pool 

was enriched by Polymerase Chain reaction (PCR) being carried out for 10 cycles using 0.15 μM 

of Forward primer [5’-GGCTGGATGGGGCGTGT-3’] and 0.15 μM 5’-Biotin-labeled reverse 

primer [5’-CGCTGTCCGCACCGTTG-3’]. The PCR program used was: pre-denaturation at 

95ºC, 5 min followed by cycling step; 95ºC for 20s, annealing at 55ºC for 5s and extension at 72ºC 

for 10s. Amplified 2 μg of dsDNA pool was immobilized on activated streptavidin magnetic beads 

(NEB) in 200 μl of binding buffer (10mM Tris-HCl pH8.0, 1mM EDTA pH8.0, 2M NaCl). The 

selected ssDNA aptamer strand was separated from biotinylated strand by alkaline denaturation 

using 500 μl of 10 mM NaOH followed by purification by NAP-5 (Cytiva) desalting column 

according to manufactures’ instructions. Before using the purified ssDNA for the next round, the 

ssDNA pool was concentrated to the volume of ~150μl. The SELEX was carried out for 10 rounds. 

For specificity to target S. aureus, after SELEX rounds 4, 6 and 8, negative selection was carried 

out using non-target bacterial: E. coli, E.faecalis, K. pneumoniae, Pseudomonas sp. and Proteus 

sp. During negative selection rounds, bound ssDNA aptamer pool was incubated with non-target 

bacteria pool for 30 min and unbound ssDNA pool was recovered by centrifugation and 

immediately incubated with target S. aureus. After the last round of selection, the ssDNA aptamer 

pool was PCR amplified using unlabeled forward and reverse primers, purified and cloned into the 

TA-cloning vector using pGEM-T easy vector systems (Promega), transformed in JM109 

competent cells and plated on IPTG-Xgal-Amp-LB Agar plates. Positive bacterial colonies (white 

colonies) were inoculated in 5 ml of Luria Bertani (LB) media and grown overnight at 37ºC at 220 
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rpm. Plasmids were isolated and individual cloned DNA aptamers were DNA sequenced using 

Sangers dideoxy chain termination method (1st Base, Axil Scientific, Singapore facility). The 20 

selected DNA Aptamers that were sequenced, 3 of them were repeated and thus these 3 Aptamers 

were individually synthesized commercially with FAM label at 5’-end (IDT DNA Technologies, 

USA). Flow cytometry was used to assess the binding of the individual aptamer to target S. aureus 

and determination of dissociation constants (Kd) of individual selected aptamers with target S. 

aureus. The aptamer used in the present work exhibited highest specificity to the target S. aureus 

with Kd value of 40.96nM. The evaluated S. aureus Aptamer was commercially synthesized (IDT 

DNA Technologies, USA) with thiol group modification at the 5’-end of the DNA molecule; 5´-

ThioMC6-D-GGC TGG ATG GGG CGT GTT GAT TCG AGT CGG AGA CGG CAT CCT GCA 

CAA ATG CCA ACG GTG CGG ACA GCG-3´. 

6.2.3 ssDNA Aptamer Reduction and Functionalization with 1L-WS2. 

The thiol-modified ssDNA aptamers (IDT Technologies, USA) were reduced to have covalent 

bonding with sulfur vacancy site in 1L-WS2. For reduction, 10 mM of tris-HCl buffer solution at 

pH 8 was prepared in NF water, and subsequently, 10 mM TECP solution was prepared using that 

same Tris-HCl buffer. Finally, 50 M of ssDNA aptamers was added to 10 mM TECP solution by 

equal volume and kept it at room temperature for 3.0 hours as per protocol by IDT. This solution 

was drop cast on 1L-WS2 and kept at 4ºC overnight in order to achieve the covalent bonding with 

the sulfur vacancy sites. The functionalized WS2 was ultimately rinsed with the same Tris-HCl 

buffer to eliminate any unbound aptamers from the surface, ensuring that only strongly bound 

aptamers remained with the WS2 surface. Finally, for the PL emission measurements, 5.0 µL 

solutions of S. aureus with different concentrations were drop cast on the ssDNA functionalized 

1L-WS2, washed in PBS solution after 30 minutes, and dried in nitrogen gas. 

6.3. Results and Discussion 

6.3.1 Optical, Raman and PL Analysis 

The 1L-WS2 grown via CVD exhibit a range of flake sizes, varying from tens to a few hundred 

micrometers, with an average size of approximately 100 m, as shown in Fig. 2.7 in section 2.4.5 

of Chapter 2. Raman spectroscopy is one of the most powerful techniques for characterizing 2D 
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materials35 like WS2 and was used to assess the uniformity within individual flakes as well as 

among multiple flakes. The uniformity of  optical properties across the flakes was estimated via 

spatial Raman mapping as displayed in Fig.6.1. The Fig.6.1(a) shows optical image of a set of two 

1L-WS2 flakes across which spatial Raman mapping was performed to understand the spatial 

uniformity. The spatial Raman mapping was performed with a spatial resolution of 1 μm. The 

color mapping of the out-of-plane A1g (red) mode and the strong 2LA mode summed with in plane 

E2g (green) mode of 1L-WS2 is presented in Fig.6.1 (b) and 6.1(c), respectively. The excellent 

uniform color contrast for both flakes confirms the outstanding uniformity of the CVD-grown 1L-

WS2. The fitted Raman spectra of a CVD-grown and ssDNA aptamer functionalized single 1L- 

 

Figure. 6.1: (a) Optical image of two CVD grown 1L-WS2 corresponding to spatial Raman mapping (b) 

Spatial color profile corresponding to intensity profile of the out of plane A1g mode. (c) Spatial colour 

mapping corresponding to the intensity of 2LA+ E2g Raman mode. (d) Deconvoluted Raman spectra of 

monolayer WS2 before functionalization. (e) Deconvoluted Raman spectrum after functionalization with 

ssDNA. 
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Figure 6.2:  Raman mapping screen recorded spectrum for the 1L-WS2 flakes with magnified Raman 

spectrum  

WS2 flake are shown in Fig. 6.1(d) and 6.1(e) respectively. The Raman spectrum was fitted with  

the Lorentz function for further understanding the effect of functionalization. The characteristic,  

A1g and E2g Raman modes corresponding to out-of-plane and in-plane vibrations of S and W atoms, 

were observed at 417.6 and 455.2 cm-1, respectively. When excited with a 532 nm laser, in addition 

to characteristic phonon modes, other modes are also observed26, as labeled in Fig.6.1(d). For the 

Raman mapping, the complete spectrum record is shown in Fig.6.2 which displays uniform 

spectrum intensity across all points for both flakes of 1L-WS2. To further understand the 

uniformity among different flakes, we plotted the Raman spectra of 1L-WS2 across ten different 

flakes, as depicted in Fig. 6.3(a). The spectra exhibit good uniformity across all ten flakes, with 

minor variations in intensity. This small variation in intensity across the flakes is attributed to flake 

size distribution and focusing during measurements. Any surface treatment of 2D WS2 flake, such 

as biofunctionalization, plasma exposure, or external doping, will affect the out-of-plane A1g 

mode, as it strongly depends on the charge density36, while  E2g modes change with strain.37 The 

fundamental Raman mode intensity ratio and full width at half maximum (FWHM) are sensitive 

to electron density, as they strongly affect the electron-phonon coupling.38 The variation of A1g 

modes FWHM and the spectral weight ratio of A1g to E2g mode over the ten flakes is displayed in 

Fig. 6.3(c). The graph indicates that the FWHM value remains almost constant for all ten flakes 

with a mean value of 5.07±0.2 cm-1, while the ratio of area under the A1g to E2g peak is 0.45 ±0.01, 

indicating excellent uniformity across different flakes. The Raman spectra across ten different  
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Figure 6.3: (a) Raman spectra of ten different 1L-WS2 flakes. (b) Raman spectra of ssDNA aptamer 

functionalized 1L-WS2 for ten different flakes. The variation of A1g mode FWHM and integral spectral 

weight ratio between A1g and E2g of 1L-WS2 (c) before ssDNA functionalization, and (d) after ssDNA 

functionalization. 

flakes after ssDNA aptamer functionalization are displayed in Fig. 6.3(b). The excellent Raman 

intensity and uniformity indicate that the quality of the WS2 flakes remains intact after 

functionalization. The peak parameters before and after functionalization across ten flakes are 

tabulated in Table (6.1). The variation of A1g mode FWHM with different flakes, along with the 

spectral weight ratio of A1g and E2g modes after functionalization, is displayed in Fig. 6.3(d). The 

FWHM of the A1g mode decreases significantly after functionalization, while there is no 

significant change in the FWHM of the E2g mode. The decrease in FWHM of the A1g mode implies  
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Table 6.1: Fitted Raman peak parameters of 1L-WS2 before and after functionalization with ssDNA. 

Flake 

number 

Before functionalization After functionalization 

FWHM 

(A1g:cm-1) 

FWHM 

(E2g:cm-1) 

Area ratio 

(A1g/E2g) 

FWHM 

(A1g:cm-1) 

FWHM 

(E2g:cm-1) 

Area ratio 

(A1g/E2g) 

1 5.08 3.85 0.46 3.52 3.81 0.29 

2 5.17 3.78 0.44 4.08 3.81 0.33 

3 5.26 3.84 0.46 4.27 3.69 0.35 

4 5.23 3.91 0.47 3.63 3.84 0.34 

5 5.26 3.93 0.45 3.76 3.81 0.32 

6 4.65 3.8 0.45 3.73 3.75 0.33 

7 5.07 3.8 0.43 4.01 3.73 0.35 

8 4.84 3.99 0.45 3.71 3.93 0.31 

9 4.84 3.84 0.43 3.97 3.85 0.33 

10 5.02 3.63 0.44 4.61 3.71 0.34 

 

reduced electron-phonon coupling resulting from lowered electron density after 

functionalization.36,38 The average FWHM value of the A1g mode decreases by 24%, from 5.07 

cm-1 to 3.85 cm-1, due to the reduced electron density aligned by the ratio of A1g to E2g mode 

spectral weight, which also decreased from 0.45 to 0.33. The inherent sulfur vacancy sites in 1L-

WS2 act as electron donor site39 and this decrease in electron density in the functionalized WS2 

can be attributed to the passivation of sulfur vacancy sites by the thiol functional group present in 

ssDNA aptamers.34,40 The extraordinarily strong PL emission is an intrinsic characteristic of 1L-

WS2, as the PL emission is nearly quenched by 99% for bilayers and diminishes further for higher-

layered WS2 flakes.26,41 The PL emission of 1L-WS2 is strongly affected by charge doping. To 

understand the spatial charge uniformity, we have performed PL mapping on a 1L-WS2 with a 

spatial resolution of 1 μm, which is displayed in Fig. 6.4. Fig. 6.4(b) shows the color PL spatial 

mapping corresponding to PL emission intensity of a 1L-WS2, and Fig. 6.4(a) shows the 

corresponding optical image of that 1L-WS2. The spatial PL intensity distribution indicates 

uniform intensity except for the edges which arises from defect sites.42 A thorough examination of 

the PL spectrum reveals deviations from Gaussian symmetry, indicating the presence of multiple 

contributions. The fitted PL spectra of 1L-WS2 are depicted in Fig.6.4(c), revealing the presence 

of three Gaussian peaks contributing to the PL emission: neutral excitons (A0), negatively charged 

trions (A-), and defect-bound excitons (Xd).43 The PL spectra for 1L-WS2 is mainly dominated by 

neutral excitons with a spectral weight of approximately 80%. In the presence of external charge 

doping, the charged excitons, i.e., trion contribution is highly influenced44, and hence, the ratio of 

the integrated intensities of trion to neutral excitons is an important parameter. The deconvoluted  
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Figure 6.4: (a) Optical image of a 1L-WS2 corresponding to spatial PL emission mapping. (b) The spatial 

PL color mapping of a 1L-WS2 PL emission spectrum of monolayer WS2 (c) Deconvoluted PL emission 

spectrum of 1L-WS2. (d) Deconvoluted PL emission spectrum after ssDNA functionalization of 1L-WS2. 

 

PL emission spectrum of the thiol-modified ssDNA aptamer functionalized 1L-WS2 is shown in 

Fig. 6.4(d). The PL emission of aptamer functionalized 1L-WS2 exhibits an average 80% 

enhancement when compared to non-functionalized WS2. This enhancement originated from the 

interaction between the thiol-modified ssDNA aptamers and 1L-WS2. To further confirm the 

uniformity of PL emission across various flakes, we conducted PL emission measurements on ten 

different 1L-WS2 flakes before and after ssDNA functionalization. The PL emission spectra of ten  
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Figure 6.5: The PL emission spectra of 1L-WS2 over ten different flakes. (a) Before ssDNA aptamer 

functionalization and (b) After ssDNA aptamer functionalization.  

different 1L- WS2 flakes before and after functionalization are displayed in Fig. 6.5. From the PL 

emission spectra, we observed a slight variation in intensity similar to Raman spectra, while the  

 position of maximum intensity remains unchanged, further confirming the uniformity among 

different flakes, consistent with Raman analysis. For the 1L-WS2, the ratio of the integrated 

intensities of trion to neutral excitons of the ten flakes is plotted (after fitting) in Fig.6.10 (c). This 

shows an almost constant intensity ratio of trion to neutral exciton with a mean value of 0.19 ±0.02. 

To investigate the impact of electron-hole pair generation in PL emission of 1L-WS2, we have 

studied the power dependent PL emission from the monolayer WS2 as displayed in Fig. 6.6. The 

emission spectrum did not reveal any defect-bound excitons at low powers (sub-μW), suggesting 

that the formation of defect-bound excitons is induced by high-power laser heating. Interestingly, 

the intensity of the trion peak increases with excitation power, but the ratio of trions to neutral 

excitons remains almost constant, as shown in Fig. 6.7. Thus, the intensity ratio of trion to neutral 

exciton peaks provides a more significant means of identifying external doping. To understand the 

effect of thiol modified ssDNA aptamer interaction with the 1L-WS2, we have plotted the ratio of 

the integrated intensities of trions to neutral excitons for the ssDNA functionalized 1L-WS2 in Fig. 

6.10(c), where it decreases from 0.19 to 0.13 for the functionalized 1L-WS2 indicating reduced 

electron density after functionalization and is consistent with the Raman spectral analyses, which 

resulted from the passivation of sulfur vacancy sites in 1L-WS2 by thiol functional group in ssDNA  
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Figure 6.6: Power dependent PL emission of 1L-WS2 under 532 nm laser excitation: (a) 0.4 W, (b) 1.2 

W, (c) 4.5 W, (d) 140 W.  

aptamer.
33,45 The decrease in electron density within the functionalized 1L-WS2 is also reflected in 

the integral trion spectral weight, which decreases by 31% from 15.5 to 10.6 as the lower electron 

density will form a smaller fraction of trions. Thus, the sulfur vacancy sites are passivated via the 

thiol functional group present in the ssDNA aptamer.   
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Figure 6.7: (a) Excitation power-dependence of the integrated intensity of trions in 1L-WS2. (b) Excitation 

power-dependence of ratio of trion to neutral exciton intensity (integrated). 

 

6.3.2 Chemical Analysis 

The chemical characteristics of the 1L-WS2 before and after ssDNA functionalization were 

examined using XPS. All XPS peak positions were referenced to the C-C peak at 284.7 eV. The 

XPS survey spectra of 1L-WS2 before and after functionalization are presented in Fig. 6.8, and the 

high-resolution XPS spectra corresponding to individual elements are depicted in Fig. 6.9. The 

high-resolution C1s spectra reveal a predominant C-C peak at 284.7 eV (accounting for 84.7% of  

 

Figure 6.8: XPS survey spectrum of monolayer WS2 before and after ssDNA aptamer functionalization. 
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Figure 6.9: High-resolution XPS core binding energy spectra of (a) Carbon C1s, (b) Sulfur S2p, (c) Tungsten 

W4f, (d) Nitrogen N1S, and (e) Phosphorus P1s. 
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spectral weight) and a shoulder hump at 286.2 eV (representing 15.3% of spectral weight), 

indicative of C-O binding energy.46 For the ssDNA aptamer functionalized 1L-WS2, the prominent 

C-C peak spectral weight decreased to 53.2%, with an increase in the spectral intensity of the 286.2 

eV peak from 15.3% to 30.5%. Additionally, a new broad peak emerges at 287.7 eV with a spectral 

weight of 16.3%, as illustrated in Fig. 6.9(a). This is because of oxygen and nitrogen being 

inherently present in ssDNA aptamers. Consequently, the bonding of ssDNA with sulfur vacancy 

sites leads to an increase in oxygen species, resulting in a heightened spectral weight of the C-O 

peak and the emergence of an additional peak corresponding to the energy of the O=C−N bond.19 

Therefore, the high-resolution C1s binding energy spectrum confirms the functionalization of 1L-

WS2 with thiol-modified ssDNA aptamers. The high-resolution core binding energy levels of 

sulfur 2p are shown in Fig. 6.9(b). The high-resolution deconvoluted sulfur 2p binding energy 

spectra reveal a prominent doublet with a 1.2 eV separation, appearing at 162.7 eV and 163.9 eV, 

attributed to S 2p3/2 and S 2p1/2, respectively.47 These peaks are associated with the S2- reduction 

state, confirming the formation of hexagonal 2H phase WS2. The presence of inherent sulfur 

vacancies on the WS2 surface is linked to an additional lower energy peak at 161.6 eV, accounting 

for 3.2% of the spectral weight, which reduced to 1.8% for the thiol-modified ssDNA aptamer  

functionalized WS2
48,49. Employing the passivation of sulfur vacancy sites using thiol functional 

groups results in a 0.2 eV red shift in the sulfur 2p doublet, as depicted in Fig. 6.9(b). This is 

equivalent to a shift in the Fermi energy position by 0.2 eV towards the valence band due to the 

decrease in electron density through sulfur vacancy passivation, consistent with the Raman and PL 

analyses.50,51 The two prominent peaks of W 4f are observed at 33.1 eV and 35.2 eV, respectively, 

corresponding to the 4f7/2 and 4f5/2 orbitals, indicative of the W4+ oxidation state, as depicted in 

Fig. 6.9(c). The presence of the W4+ oxidation peak verifies the synthesis of semiconducting 2H-

phase WS2.
52

 Additionally, two other low-intensity peaks at higher energy levels, observed at 35.3 

eV and 37.7 eV, respectively, correspond to the oxide 4f7/2 and 4f5/2 orbitals associated with the 

W6+ oxidation state. The presence of W6+ originated from the unreacted WO3 precursor powder 

present on the substrate. After functionalization, there is a similar shift in the binding energies for 

W 4f, The symbols are experimental data, and the solid lines are fitted spectra. approximately 0.2 

eV, towards lower energy, as observed in S 2p. The stoichiometry of W and S in1L-WS2 before 

and after functionalization is determined using the fitted XPS curves. The presence of sulfur 

vacancies in the 1L-WS2 results in an S/W ratio of 1.85, which is lower than the expected/ideal 
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value of 2.0. This ratio subsequently increases to 1.95 after vacancy passivation by thiol functional 

groups, confirming the covalent attachment of ssDNA aptamers to the sulfur vacancy sites. Further 

confirmation was established by the presence of nitrogen and phosphorus in ssDNA functionalized 

1L-WS2, as shown in Fig. 6.9(d) and 6.9(e), respectively. These two elements are integral parts 

of ssDNA and were not present in bare 1L-WS2. 

6.3.3. Surface Functionalization  

Functionalizing sensing surfaces with suitable probes enhances the selective detection of analytes, 

particularly in the presence of other similar analytes. Monolayer WS2 without sulfur vacancies and 

defect sites are very stable and can only be weakly functionalized by weak van der Waals forces 

between the probes and basal plane of 1L-WS2.
40 The presence of sulfur vacancies and defect sites 

can be utilized for the covalent functionalization of 1L-WS2 flakes with suitable functional groups, 

especially thiols.33,34 Hence, the ssDNA aptamer was modified with thiol functional groups to 

achieve covalent functionalization with WS2 via sulfur vacancy sites.33 The thiol attachments to 

the vacancy sites were analyzed using Raman, PL, and XPS spectroscopies. In the Raman 

spectroscopy analysis, we observed a decreased FWHM in the A1g mode, which is a doping-

sensitive out-of-plane vibration mode, indicating a reduction in electron density in WS2 after 

functionalization.36 This reduction in electron density could have originated from p-type doping in 

WS2 by ssDNA aptamers or the passivation of electron-donating sulfur vacancies in WS2 via thiol 

functional groups.39 Furthermore, the enhancement in neutral excitons and the reduction in trions 

observed in the PL emission spectra after functionalization (as shown in Fig. 6.4) further support 

the assertion of sulfur vacancy passivation.33 The final confirmation of the thiol attachments to the 

sulfur vacancy sites and ssDNA functionalization of 1L-WS2 was obtained via XPS spectroscopy. 

The presence of nitrogen and phosphorus in the survey spectra shown in Fig. 6.8 confirms the 

covalent binding of thiol functional groups to the sulfur vacancy sites, as both of these elements 

are inherently present only in thiol-modified ssDNA. The high-resolution spectra for N1s and P1s 

are shown in Fig. 6.9 (d) and (e), respectively. The effect of ssDNA functionalization on the WS2 

surface significantly affects the C1s orbital binding energy spectrum, as depicted in Fig. 6.9 (a). 

The origin of additional oxygen species in the ssDNA aptamers enhances the spectral weight of 

the second peak at 286.2 eV from 15.3% to 30.5%. The additional peak at 287.7 eV is only 

observable in functionalized WS2, arising from O-C=N bonding, with a spectral weight of 16.2%. 
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These changes in the C1s spectrum are clearly attributed to thiol attachments to 1L-WS2. Now, the 

intensity of the sulfur vacancy peak at 161.8 eV decreases from 2.5 % to 1.6 %, with no significant 

changes in the S2- reduction and W4+ oxidation peaks, indicating the passivation of vacancy sites 

via the thiol functional group. The sulfur vacancy sites in WS2 increase the electron density as they 

behave like electron donors, and the passivation of these vacancy sites decreases the electron 

density39. In the case of ssDNA-functionalized WS2, both peaks exhibit a redshift of 0.2 eV 

compared to non-functionalized WS2, indicating a corresponding shift of the Fermi energy level 

by 0.2 eV towards the valence band edge.50,51 This shift is equivalent to p-type doping in 1L-WS2, 

resulting from the attachment of thiol-modified ssDNA aptamers to the sulfur vacancy sites. Thus, 

the thiol-modified ssDNA aptamers were efficiently attached to the sulfur vacancy sites.  

6.3.4. Sensing of S. aureus via 1L-WS2 

The PL emission spectrum of 1L-WS2 is significantly affected by external charged doping. Using 

this phenomenon, S. aureus bacteria were detected through the modification of the PL emission 

spectrum of 1L-WS2. Fig. 6.10(a) illustrates the PL spectra of 1L-WS2 in the presence of various 

concentrations of S. aureus. We have noticed a significant blueshift (towards shorter wavelengths) 

by 53 meV in the neutral exciton peak, with the peak maxima shifting from 630 nm to 613 nm. 

The change in the spectrum is ascribed to the interaction between 1L-WS2 and S.aureus. Alongside 

the shift in the neutral excitation peak, there is an increased trion contribution resulting from charge  
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Figure 6.10: (a) Fitted PL emission spectra of ssDNA aptamer functionalized monolayer WS2 in the 

presence of different concentrations of S. aureus. (b) Integral trion and neutral exciton spectral weight of 

the PL emission of functionalized monolayer WS2 in the presence of different concentration S. aureus. (c) 

The spectral weight ratio of trion to neutral exciton in 1L-WS2 before and after aptamer functionalization. 

(d) Calibration curve between S. aureus concentrations and ratio of integral trion to neutral exciton 

intensities. 
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transfer to WS2 from S. aureus. The trion contribution increases with increasing concentrations of 

bacteria, surpassing the neutral exciton contribution at higher concentrations of bacteria. This 

occurs due to a more significant transfer of charges to WS2 from a larger quantity of S. aureus 

bacteria at higher concentrations. The variation of the integral peak intensity of trions and neutral 

excitons is shown in Fig. 6.10 (b). At low concentrations, the integral trion to exciton spectral 

weight increases systematically with the increasing concentration of S. aureus, but it slows down 

at higher concentrations due to a lack of sufficient sites for interactions and, thus, limited charge 

transfer. As a result of this charge transfer, the integral spectral weight of the neutral exciton 

decreases due to its conversion into a charged trion. Fig. 6.10 (d) illustrates the variation of the 

ratio of trion to neutral exciton spectral weight with S. aureus concentration. We plotted the ratio 

of spectral weight between trion to neutral excitons against the logarithm of S. aureus 

concentrations to establish the calibration curve, as we vary the concentration over several orders 

 Table 6.2: Comparison of our 1L-WS2 sensing platform with previous reports for S. aureus sensing.  

 

Material Methods Linear 

range 

CFU/mL 

Lower 

detection 

limit 

(CFU/mL) 

Response 

Time 

(minutes) 

Reference 

Carbon Nanotubes Electrochemical  8×102 - 

1×103  

800 02  Reference 
13 

Au and Magnetic 

NPs  

Colorimetric 1.5×102 - 

1.5×106 

1500 40 Reference 
15 

Vancocin and pig 
immunoglobulin G 
(IgG) complex 

Fluorimetric Assay 1×103 - 

1×109 

2900 130 Reference 
17 

Polyelectrolyte Long-period fiber 

gratings 

1×104 - 

1×108 

224 30 Reference 3 

 IgG functionalized 
fiber coupler 

Fiber biosensor 7×101 - 

7×104 

3.1 40 Reference 
14 

Multi-Walled CNT Electrochemical 3×100 - 

3×107 

3.0 30 Reference 
12 

RNA complex Fluorescence 100 - 107 1 240 Reference 
18 

Polydimethylsiloxane Fluorescence 101 - 107 11.12 120 Reference 
16 

Poly-l-Lysine-

Functionalized 

Magnetic Beads 

Polymerase chain 

reaction 

1.8×101 - 

1.8×106 

18 240 Reference 9 

WS2 QDs Fluorescence 103 - 107 850  15 Reference 
19 

1L-WS2 Photoluminescence 102 - 107 2 15  This work 
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of magnitude. The strong correlation observed between the trion-to-neutral exciton intensity ratio 

(y) and S. aureus concentration (x) follows a linear equation: 𝑦 = 0.207𝑥 + 0.107 (with an R2 

value of 0.98) within the wide range of 102 to 107 CFU/mL. Hence, utilizing the trion-to-neutral 

excitation peak intensity ratio from the calibration curve enables the identification and 

quantification of unknown concentrations of S. aureus. The linearly fitted calibration curve was 

utilized to find out the lower detection limit using the formula, 𝐿𝑂𝐷 =
3.3×𝑆𝑑𝑦

𝑆
,  where Sdy 

represents the standard deviation of the y-intercept and S denotes the slope of the curve. This yields 

a very low detection limit of approximately 2 CFU/mL, which is outstanding. The performance of 

the proposed sensing system was compared with previously reported detections of S. aureus, as 

summarized in Table 6.2, showing the superiority of our sensing approach.  

 6.3.5. Sensitivity and Selectivity  

Selectively detecting bacteria is essential to using specific anti-bacterial drugs to treat bacterial 

infections. To check the specific detection of S. aureus in the presence of other bacteria, we have 

studied the PL emission of 1L-WS2 in the presence of S. aureus and E. coli under the same 

experimental conditions at 105 CFU/mL, as shown in Fig. 6.11. As we can see, in the presence of 

the targeted S. aureus, there is a noticeable shift in the PL spectrum. The neutral exciton peak 

shows a 17 nm blue shift in the PL spectra (from 630 nm to 613 nm) with an enhanced integral  

 

Figure 6.11: PL emission of spectra of monolayer WS2 in the presence of 105 CFU/mL concentration of (a) 

targeted S. aureus, and (b) non-targeted E. coli.  
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trion spectral weight with the peak maxima at 624 nm, as shown in Fig. 6.11(a). In contrast, there 

is no shift in the PL emission peak position (630 nm) in the presence of non-targeted E. coli. This 

indicates that the selective capture of S. aureus by the probe ssDNA introduces negative charges 

to the WS2 surface, resulting in PL quenching due to the enhanced trion contribution. In contrast, 

when E. coli is added, the probe ssDNA is unable to capture; hence, no charge transfer occurs 

between E. coli and 1L-WS2. The marginal change in the PL intensity can be attributed to the ions 

present on the PBS solution adsorption on the WS2 surface. Thus, our experimental findings imply 

that the 1L-WS2-based biosensor exhibits excellent selectivity for its targeted bacteria. 

Additionally, the PL emission of 1L-WS2 in the presence of S. aureus without an ssDNA aptamer 

probe does not exhibit any shift in the PL maxima, as shown in Fig.6.11(a). This is because S. 

aureus is not able to bind to 1L-WS2. As a result, they are washed out during washing with PBS 

solution and nitrogen drying. However, there is a quenching of PL as well as slightly increased 

trion concentration because of the presence of various ions in the PBS solutions. The fitted PL 

emission curve of 1L-WS2 in presence of 105 CFU/mL is shown in Fig. 6.12. Even though the 

trion fraction increases as compared to pristine WS2 but much lower than that of aptamer 

functionalized 1L-WS2. Thus, there is a need for functionalization for selectively capturing the 

targeted S. aureus.  

 

Figure 6.12: (a) PL emission of 1L-WS2 in the presence of 105 CFU/mL S.aureus concentration without 

ssDNA functionalization; (b) PL emission of 1L-WS2 in the presence of 105 CFU/mL S.aureus 

concentration with ssDNA functionalization. 
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6.3.6. Repeatability and sensing in a human urine sample  

To check the reproducibility, we have studied the PL emission of three different samples of 1L-

WS2 in the presence of 105 CFU/mL concentration of S. aureus, as shown in Fig. 6.13(a). There 

is a marginal variation in the trion-to-neutral exciton ratio, though the shape of the curve remains 

unchanged. Thus, the reproducibility of the results is ensured. To evaluate the applicability of the 

proposed sensing system in detecting S. aureus in biological fluids, sensing of S. aureus in human 

urine was conducted. For that, we have added S. aureus in healthy human urine and recorded the 

PL emission of 1L-WS2 in the presence of S. aureus in urine, as shown in Fig. 6.13(b). We 

observed an expected shift in the PL emission spectra with an enhanced trion- to neutral spectral 

ratio. For a concentration of 105 CFU/mL of S. aureus in urine, the trion-to-neutral excitation ratio 

was found to be 1.40, which is close to the expected value of 1.15 according to the calibration 

curve. Thus, the sensing system can identify a concentration of 105 CFU/mL of S. aureus with 

~78% accuracy in healthy human urine. The increased trion-to-neutral exciton spectral ratio, as 

compared to the expected value of 1.15, can be attributed to the presence of other ions in human 

urine. The proposed sensor is capable of sensing complex real-world samples for practical 

application 

 

Figure 6.13: (a) The PL emission of three different monolayer WS2 in presence of 105 CFU/mL concentration of S. 

aureus. (b) The PL emission of 1L-WS2 in presence of S. aureus in human urine. 
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6.3.7. Sensing mechanism 

The underlying sensing mechanism behind the above results is depicted schematically in figure 

6.14. The critical ingredients for the sensing are the sulfur vacancies in 1L-WS2 and its interaction  

 

Figure 6.14: Schematic of the sensing mechanism of the proposed biosensor: (a) CVD-grown monolayer 

WS2 with sulfur vacancies, (b) Thiol-modified ssDNA aptamer attached to the sulfur vacancy sites, (c) 

Targeted S. aureus are attached to the binding sides of ssDNA aptamer resulting in charge (electron) transfer 

to 1L-WS2, (d) Non-targeted E. coli is not able to bind with ssDNA aptamers and hence negligible charge 
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transfer, (e) Schematics representation of trion and exciton formation dynamics in monolayer WS2 in 

presence and absence of S. aureus.  

with bacteria through the thiol functional groups. The presence of sulfur vacancies in the CVD-

grown1L-WS2, confirmed by XPS and PL spectroscopies, is illustrated in Fig. 6.14 (a). The 

covalent interaction between sulfur vacancy sites and thiol functional groups facilitates bonding 

between thiol-modified ssDNA aptamers and 1L-WS2, as depicted in Fig. 6.14 (b). This bonding 

of ssDNA aptamers with 1L-WS2 reduces the sulfur vacancy sites, as confirmed by PL, Raman, 

and XPS spectroscopy, resulting in lower electron-phonon coupling. The ssDNA aptamers exhibit 

high selectivity towards targeted analytes; hence, in the presence of targeted S. aureus, ssDNA 

aptamers identify and capture the target analyte, as shown in Fig. 6.14 (c). This capture of analyte 

results in the charge transfer from S. aureus to the 1L-WS2, thereby enhancing trion (negatively 

charged exciton) concentration and inducing a resulting shift in the PL emission peak due to 

relative change of spectral weights. In contrast, the ssDNA probe hinders the interaction between 

non-targeted E. coli and 1L-WS2, leading to no alteration in the PL emission spectrum, as 

illustrated in Fig. 6.14 (d). Consequently, the suggested sensing system offers highly selective 

detection of S. aureus at ultralow levels as monitored in terms of the relative population of trions 

in the system and paves the way for exploring other biomarkers through the use of appropriate 

probes and immobilization chemistry. Fig. 6.14 (e) illustrates that due to the electron transfer, there 

is a higher density of trions than neutral excitons in the presence of S. aureus, while this is absent 

in the presence of non-targeted bacteria.   

6.4. Conclusions 

In conclusion, we utilized the exceptionally high PL emission of 1L-WS2 at room temperature, 

along with its intrinsic vacancy sites, for the label-free detection of S. aureus by a label-free, non-

destructive optical technique. The 1L-WS2 grown on SiO2/Si substrates via the CVD method 

contains sulfur vacancy sites, as evidenced by XPS and PL spectroscopy, which form covalent 

bonds with thiol functional groups. Subsequently, a thiol functional group was added to the 5´ 

terminal of highly selective ssDNA aptamers targeting S. aureus. These thiol-modified ssDNA 

aptamers covalently bond with the sulfur vacancy sites in 1L-WS2, resulting in enhanced PL 

emissions and reduced trion contributions. The passivation of sulfur vacancy sites also improves 

the S/W (sulfur to tungsten) ratio from 1.85 to 1.94 while shifting the Fermi position by 0.2 eV 
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towards the valence band. Furthermore, the binding of ssDNA aptamers with S. aureus alters the 

PL spectral shape of 1L-WS2, with a blueshift of 54 meV. With increasing concentrations of S. 

aureus, PL quenches systematically due to the trion contribution surpassing that of neutral excitons 

at high concentrations. In contrast, for non-targeted E. coli, no change/shift in the PL emission 

spectrum is observed. Therefore, we have successfully detected S. aureus with very high 

sensitivity and selectivity by utilizing the systematic change in the intensity ratio of trion to neutral 

exciton peaks in the PL spectrum as quantification methods. 
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Chapter 7 

Fast Detection of Staphylococcus aureus using thiol-functionalized 

WS2 Quantum Dots and Bi2O2Se Nanosheets Hybrid Through 

Photoluminescence Recovery Mechanism 
 

This chapter presents a simple method for the detection of S. aureus, a harmful gram-positive 

human pathogenic bacterium using strong PL emission of WS2 QDs. The WS2 QDs of a mean 

diameter of 2.5 nm were synthesized by liquid exfoliation of bulk WS2. Due to the quantum 

confinement effect, WS2 QDs exhibit high PL emission under UV excitation. The addition of 

Bi2O2Se NSs resulted in the adsorption of WS2 QDs on their surface, resulting in quenching of its 

PL emission through static quenching complex formation between WS2 QDs and Bi2O2Se NSs. A 

specific sequencing ssDNA aptamer, which identifies and explicitly binds with S. aureus, was 

attached to the defect sites of WS2 QDs for selective detection. The thiol-modified ssDNA 

aptamers attach covalently to the WS2 QDs defect sites, which was confirmed by Raman and XPS. 

The interaction of S. aureus with aptamer functionalized WS2 QDs weakens the van der Waals 

interaction between WS2 QDs and Bi2O2Se nanosheets, which results in the detachment of WS2 

QDs from the Bi2O2Se nanosheet surface and restores PL intensity of WS2 QDs. Similar 

measurements with non-targeted bacteria show that the system is selective towards S. aureus. Our 

PL-based biosensor has a linear response in the range 103-107 CFU/mL with a detection limit of 

580 CFU/mL. We have observed a fast response time of 15 minutes for sensing, which is much 

faster than the previous reports. This proposed system was tested in human urine and can detect 

S. aureus in human urine sample selectively, proving its potential in real-life applications. The 

reported approach is versatile enough to sense other biomolecules and metal ions by choosing 

suitable receptors. 

7.1. Introduction 

The discovery of antibiotics that enabled treatments for various bacterial infections was a 

significant breakthrough in medical science1,2. However, antibiotic resistance has lately become 

one of the major challenges in global healthcare, as described by WHO. There is a fear among 

scientists of entering a post-antibiotic era where antibiotics will no longer be effective. Numerous 

reports suggest that excess and non-targeted usage of antibiotics has led to a surge in antibiotic 
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resistance3,4. Thus, the selective detection of bacteria is crucial for targeted antibiotic usage. The 

increasing antibiotic resistance in S. aureus is a matter of grave concern5–7. S. aureus is a gram-

positive, spherical-shaped, human pathogenic bacterium commonly associated with various 

clinical infections such as septic arthritis8–10. The human body is a natural source of S. aureus. 

According to an estimation, almost 20 to 40 percent of the world population is colonized by S. 

aureus11,12. There is a higher risk of colonization among surgical patients, type 1 diabetes patients, 

and patients undergoing hemodialysis13. A wide range of bacterial infections, from simple skin 

diseases to life threatening conditions such as osteomyelitis, prosthetic device infections, 

pulmonary infections, and toxic shock syndrome, are caused by S. aureus14,6. S. aureus-related 

diseases are more likely when the skin’s protective barrier or the mucosal barrier is compromised, 

allowing access to adjoining tissues or bloodstream15. S. aureus is also one of the most common 

food pathogens causing severe illnesses like diarrhoea16,17. UTIs are among the most common 

bacterial infections for women, with approximately 150 million cases reported yearly18,19. 

Although S. aureus-related UTIs are not so common in general, but for patients with urinary 

catheter devices, S. aureus-related UTIs are very common7,20,21. There is a high mortality rate due 

to infections caused by S. aureus bacteria, almost 20–30 percent of infected patients, even after 

effective antimicrobial treatments22. Thus, selective detection of S. aureus is essential for targeted 

therapies and misuse of antibiotics. 

There are many methods for the detection of S. aureus, such as culture methods, PCR, and 

ELISA23–26. All these detection methods are time-consuming and require laboratory infrastructure 

and trained personnel. In comparison, the simple optical sensing of bioanalytes is very sensitive 

and can detect at significantly lower concentrations without the help of state-of-the-art detection 

systems27,28. The FRET is one such simple optical detection mechanism, where emission energy 

from a donor probe is transferred to the acceptor, that can help detect bioanalytes at low 

concentrations29. There have been many reports of FRET mechanism-based detection of 

bioanalytes but very few reports on bacterial detection30–32. Because of their highly 

photoluminescent characteristics, semiconducting QDs have recently been used in various 

applications, such as metal ion sensing, biomarker detection, and DNA hybridization using PL 

spectroscopy.33,34 Due to their excellent properties, 2D WS2 QDs are also utilized in sensing 

applications, but their utilization in the detection of bacteria has not yet been explored35,36. In the 

mechanism of FRET sensing, a photoluminescence quencher is required, which absorbs emissions 

TH-3630_196153001



169 |                            Staphylococcus aureus Detection using thiol-Functionalized WS2 Quantum Dots 

from the probe and quenches the probe's PL emission intensity37. Traditionally, TMDs nanosheets 

are used as quenchers in FRET-based biosensing applications37–40, but Bi2O2Se can also quench 

the PL intensity by almost 90%, opening up a new sensing opportunity41. To our knowledge, there 

has been no report of potential biosensing applications of WS2 QDs and Bi2O2Se NSs and WS2 

QDs/Bi2O2Se NSs composite. TMDs such as WS2, MoS2 etc., as well as Bi2O2Se have been known 

to exhibit excellent biocompatible and low toxicity42–45. They can be grown easily via simple 

synthesis strategies and are highly environmentally stable. Moreover, fascinating optical 

properties exhibited by highly photoluminescent WS2 QDs and the quencher Bi2O2Se NSs are 

ideal for bacterial sensing mechanisms by FRET. Herein, we have explored the potential 

application of WS2 QDs and Bi2O2Se NSs and WS2 QDs/Bi2O2Se NSs composite in the detection 

of bacteria. The detector molecule plays an essential role in improving the selectivity of any 

biosensor in identifying the targeted analytes in complex environments46. Traditionally, antibodies 

are used as capture/detector molecules for biosensing applications, but ssDNA aptamers have 

recently emerged as alternative receptors in biosensing47. The aptamers are used for S. aureus 

detection through various highly sensitive and selective mechanisms 48. The low cost, high thermal 

stability, easier modifications with excellent specificity, and smaller sizes make aptamers suitable 

as bioreceptors49.    

Herein, we have demonstrated S. aureus detection using aptamer functionalized WS2 QDs and 

Bi2O2Se NSs with PL spectroscopy for the first time. We have synthesized the WS2 QDs from 

bulk WS2 using a probe sonicator and covalently functionalized them with thiol-modified ssDNA 

aptamer specific to S. aureus. The thiol-modified ssDNA aptamer functionalization of WS2 QDs 

was verified by Raman and X-ray photoelectron spectroscopy (XPS) studies. It is shown that the 

excellent PL emission of WS2 QDs was quenched by ~67% with Bi2O2Se NSs through the FRET 

mechanism. The FETEM images confirm the adsorption of WS2 QDs on the Bi2O2Se NSs surface, 

resulting in PL quenching. The binding of S. aureus with the aptamer weakens the van der Waals 

interaction force between WS2 QDs and Bi2O2Se NSs, resulting in detachment of WS2 QDs, hence 

PL restoration. The higher bacteria concentration draws a greater number of WS2 QDs from the 

Bi2O2Se NS surface, resulting higher PL enhancement. The specific aptamers do not bind to non-

targeted bacteria, resulting in highly selective PL enhancement only for targeted S. aureus. 
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7.2. Experimental Details 

7.2.1 Preparation of WS2 QDs 

A simple top-down chemical exfoliation technique was employed to synthesize the WS2 QDs. 

Bulk WS2 powder was dissolved in 30 mL of NMP at a concentration of 1 mg/mL. The solution 

in a glass beaker was sonicated in an ice-surrounded medium using an ultrasonic homogenizer 

(Sonic Ruptor 250, Omni International) with 40% output power and a frequency output of 20,000 

cycles per second for 5 hours. High-energy pulses from a tip sonicator breaks the WS2 sheets and 

forms small QDs during probe sonication. The functional groups in NMP help in layer 

intercalation and dispersion of QDs. The final solution containing NSs and QDs was heated at 120 

°C using a magnetic stirrer at 400 rpm until the solvent dried out. The final product with known 

mass was centrifuged in ethanol at 12000 rpm at 4°C for 30 minutes to segregate the WS2 QDs 

from few-layered nanosheets and residual bulk WS2. The detailed schematic for the synthesis 

process is presented in Fig. 7.1. 

 

Figure 7.1: Schematic illustration of the synthesis of WS2 QDs from bulk WS2 powder 
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7.2.2 Synthesis of Bi2O2Se NSs 

100 mg of Bi(NO3)3·5H2O was mixed in 20 mL deionized (DI) water with the help of a magnetic 

stirrer at a temperature of 150℃ at 550 rpm for 10 minutes. Subsequently, 13 mg of selenouria 

was added during this process, and 307 mg of EDTA after 10 minutes. Finally, 120 mg of KOH 

and 320 mg of NaOH were added to the solution and kept as it was for another 15 minutes. The 

final solution was centrifuged at 9000 rpm at 4 C for 20 minutes in ethanol to remove residual 

impurities. The precipitate containing 2D Bi2O2Se NSs was then collected and centrifuged in DI 

water following similar conditions. The residue was then collected and kept at 80 ℃ inside a hot 

air oven for 24 hours, and thus, the Bi2O2Se NSs were obtained. 

7.2.3 Aptamer Reduction and Functionalization with WS2 QDs 

The attached thiol functional group comes with disulfide bonds; for the functionalization of 

ssDNA aptamers with WS2 QDSs, the disulfide bond was reduced by using TECP. For reduction, 

10 mM of tris-HCl buffer solution at pH 8 was prepared in NF (nuclease-free) water, and 

subsequently, 10 mM TECP solution was prepared using that same Tris-HCl buffer. Finally, 50 

M of ssDNA aptamers was added to 10 mM TECP solution by equal volume and kept it at room 

temperature for 3.0 hours as per protocol by IDT.  For the functionalization, WS2 QDs were mixed 

with reduced aptamer solution and kept at 4°C for 24 hours before use.  

7.2.4 Bacteria Culture and Aptamer Selection 

All the bacterial strains: Streptococcus aureus (MTCC-9542), Escherichia coli (MTCC- 42), and 

Klebsiella pneumoniae (MTCC-7028) used in the present work were Indian isolates procured from 

MTCC (Microbial Type Culture Collection), Chandigarh, India. The aptamer selection process is 

discussed in section 6.2.2 of Chapter 6.  

7.2.5 Method of Detection 

For the study of S. aureus sensing performance, serial dilution of S. aureus from 107 to 103 

CFU/mL were prepared in 1X PBS solution. For sensing measurements,100 µL of bacteria 

solution with various concentrations was added to the 900 µL solutions containing aptamer 

functionalized WS2 QDs and Bi2O2Se NSs solution. PL measurements were made after 15 minutes 

as we found a response time of around 15 minutes at optimum conditions. PL intensity is very low 

(at a minimum near the background) due to the quenching before adding bacterial solutions. To 
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minimize the effect of various ions present on the buffer solution, we measured the PL intensity 

with 100 L of PBS without any bacteria and used it as background PL intensity. The biological 

medium samples were prepared in urine, and different concentrations of S. aureus were added to 

healthy human urine. For selectivity test, E. coli and K. Pneumoniae with 106 CFU/mL were 

prepared in same urine.   

7.3 Results and Discussion 

7.3.1 Structural and Chemical Analysis 

 

Figure 7.2: (a) FETEM image of as-synthesized WS2 QDs; the inset shows the size distribution of WS2 

QDs with a log-normal fit. (b) FETEM image of Bi2O2Se NSs showing free-standing nanosheets of lateral 

size ~100 nm. (c) FETEM image of WS2 QDs/Bi2O2Se NSs composite. The WS2 QDs are adsorbed on the 

Bi2O2Se NS surface, as marked by the red circles. (d) SAED pattern of Bi2O2Se NSs showing high 

crystallinity. 
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Figure 7.3: (a) Bright-field TEM image of Bi2O2Se NS. (b-d) The corresponding TEM elemental mapping 

of Bi, O, and Se 

The uniform synthesis of WS2 QDs was confirmed by field emission transmission electron 

microscopy (FETEM), as shown in Fig. 7.2(a). We have used the ImageJ software to determine 

the size distribution, which ranges from 1.9 to 3.6 nm. The size distribution was fitted with the 

log-normal function, which indicates the WS2 QDs had a narrow size distribution with a mean 

diameter of 2.5 nm, as shown in the inset of Fig. 7.2(a). The FETEM image of chemically 

synthesized free-standing Bi2O2Se NSs is shown in Fig. 7.2(b), which reveals the size of the NSs 

are ~100 nm. When the NSs solutions are added to the WS2 QDs solution, the ultra-small WS2 

QDs are adsorbed on the surface of Bi2O2Se NSs by week van der Waals force, which is evident 

from Fig. 7.2(c). The adsorbed WS2 QDs are marked with red circles. The selected area electron 
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diffraction (SAED) pattern shown in Fig.7.2(d) reveals the tetragonal phase of Bi2O2Se NSs50. 

The chemical compositions were analyzed with elemental mapping using ener-rgy-dispersive X-

ray spectroscopy (EDS) from the FETEM, as shown in Fig. 7.3. The elemental mapping shows 

atomic percentages of Bi, O and Se amounts to ~48.9%, ~17.6% and 33.5%, respectively. This 

amounts to an approximate composition of ~Bi2O0.7Se1.4, which implies low oxygen content as 

compared to the desired atomic ratio of Bi:O:Se:2:2:1 for a stoichiometric  Bi2O2Se. Thus, there 

are oxygen vacancy sites and excess selenium. The presence of O vacancy sites and excess 

selenium in chemically synthesized free-standing Bi2O2Se has been well explained by Hossain et 

al. 50.  

The compositional information of samples was obtained by XPS. The survey scans XPS spectra 

of WS2 QDs, aptamer functionalized WS2 QDs, Bi2O2Se NSs, and WS2 QDs/Bi2O2Se composite 

is shown in the stacked plot in Fig. 7.4. Since the WS2 QDs were synthesized from commercial 

WS2 bulk powder, the signature of tungsten and sulfur in the survey is as expected, as shown in 

Fig. 7.4. In the survey scan, in addition to the presence of carbon and oxygen, there is an intense 

peak at 400 eV corresponding to nitrogen, which arises because of the nitrogen content in the 

solvent N-Methyl-2-pyrrolidone (NMP). All the high-resolution XPS spectra plotted correspond 

to carbon C1s at 284.8 eV, as shown in Fig. 7.5(a). The deconvoluted carbon spectrum for WS2 

QDs shows an intense peak at 284.8 eV corresponding to C-H binding energy (spectral weight 

65%), as shown in Fig. 7.5. Two smaller humps at 286.1 eV and 288.1 eV correspond to the 

binding energy of C-N (spectral weight 24.5 %) and O=C-N (spectral weight 10.6%) bonds 51. 

These two low-intensity peaks are due to nitrogen present in the solvent. The nitrogen functional 

groups present in NMP solvent help in the chemical exfoliation of bulk WS2, and the high-power 

probe sonication breaks them into ultrathin and ultra-small WS2 QDs52. For the WS2 QDs/Bi2O2Se 

NSs composite, carbon C1s spectra in Fig. 7.5(a), we have observed a significant decrease in 

spectral weight of the C-N bond from 24.5% to 5.5% and an increase for O=C-N bond from 10.6% 

to 15.5%, which are because of the oxygen present in Bi2O2Se NSs. The WS2 QDs possess a large 

number of sulfur vacancies and defect sites. These sites aid in the binding of biomolecules, i.e., 

biofunctionalization. Detection of specific analytes in the presence of other analytes is an essential 

criterion for sensing applications. In this work, aptamers were covalently attached to the sulfur 

vacancy sites of WS2 QD surface for specific detection of S. aureus. Thiol functional groups are 

known to form covalent bonds at sulfur vacancy sites of MoS2 and WS2
53–55. As such, for the 
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Figure 7.4: The XPS survey scan spectra of WS2 QDs, aptamer functionalized WS2 QDs, Bi2O2Se NS and 

the WS2 QDs/Bi2O2Se NSs composite  

 

TH-3630_196153001



C h a p t e r  7                                                                                                                          | 176 

 

Figure 7.5: (a) XPS spectra of C1s for WS2 QDs along with WS2 QDs/Bi2O2Se NSs composite and aptamer 

functionalized WS2 QDs from top to down. (b) Core binding energy spectrum for phosporus 2P for WS2 QDs and the 

aptamer functionalized WS2 QDs. Only presence for aptamer functionalized WS2 QDs. (c) Binding energy spectra of 

W4f for WS2 QDs and WS2 QDs/Bi2O2Se NSs composite from top to bottom. (d) S 2p and Bi 4f binding energy 

spectrum. There are sharp peaks corresponding to Bi4f in addition to S2p for the composite 
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attachments of aptamers to the sulfur vacancies of WS2 QDs surface, the 5´ terminal of the aptamer 

was modified with the thiol functional group. For the thiol-modified ssDNA aptamer attached WS2 

QDs, C1s binding energy spectra is shown in Fig. 7.5(a). From the deconvoluted C1s spectra, we 

can see that the C-N binding peak spectral weight is increased from 24 % to 26%, and the O=C-

N bond has increased from 11 % to 13.7 %. The enhancement of this spectral weight can be 

attributed to the nitrogen and oxygen species present in the aptamers. To check the attachment of 

the aptamers to the WS2 QDs, we have acquired the core level spectra corresponding to phosphorus 

2p from the WS2 QDs and WS2 QDs/aptamer composite sample as shown in Fig. 7.5(b). The 

aptamer-functionalized WS2 QDs shows the P 2P at 133.6 eV, but there is no phosphorus signature 

in WS2 QDs. The presence of phosphorus in the functionalized WS2 QDs originated from the 

phosphate in ssDNA aptamer, confirming the attachments of aptamers on the WS2 QDs surface56. 

Phosphorus originated from phosphate, one of the backbones for DNA aptamers. Comparative 

high-resolution core level spectra of tungsten for WS2 QDs andWS2/Bi2O2Se hybrid are shown in 

Fig. 7.5 (c). The two prominent peaks with high intensity at 33.1 eV and 35.2 eV, separated by 

2.1 eV, corresponding to the W 4f7/2  and W 4f5/2, respectively, and is associated with the W4+ 

oxidation state, which confirms the semiconducting 2H-phase of WS2 QDs 
57. Along with the 

semiconducting 2H-phase, we have 58. In addition, we observed two high energy peaks at 36.0 eV 

and 38.2 eV, corresponding 6+ oxidation state of tungsten, indicating the presence of surface 

oxidized WS2 QDs59. The high-resolution spectra of the core binding energy levels of sulfur for 

WS2 QDs and WS2/Bi2O2Se show two low energy peaks at 32.2 eV and 34.4 eV, corresponding 

to the metallic 1T-phase hybrid as shown in Fig. 7.5 (d). The deconvoluted high-resolution spectra 

show a dominant sulfur doublet separated by 1.2 eV at 162.6 eV and 163.8 eV, corresponding to 

S 2p3/2 and S 2p1/2, respectively. The two prominent peaks are associated with the S2- oxidation 

states, confirming the hexagonal 2H phase of semiconducting WS2 QDs60. NMP-assisted chemical 

exfoliation in the presence of high-power probe sonication creates sulfur vacancies and defect sites 

on the WS2 QDs surface. The deconvolution of S 2P3/2 peaks shows two low-intensity peaks at 

262.2 eV and 263.0 eV having a spectral weight of 7.8% and 15.8%, respectively, which are 

related to the defects/impurity in WS2 QDs60–62. The vacancies and defect sites are essential to 

modulate the material properties by attaching different functional groups for desired 

applications63–65. The sulfur to tungsten ratio calculated from the XPS is 1.46, implying the 
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presence of many sulfur vacancy sites. These sites are very important for the attachments of 

functional groups.  

For the composite, the binding energy of tungsten and sulfur is downshifted by 0.3 eV, as shown 

in Fig. 7.5(c) & (d). This is an indication of Fermi energy level shifting towards the valance band 

by the same amount, which equivalent to p-doping66,67. The electron transfer from WS2 QDs to 

Bi2O2Se NSs may be due to surface defect passivation by oxygen present in NSs, causing the p-

doping in WS2 QDs. The composite material shows two sharp peaks at 158.6 eV and 164.0 eV, 

corresponding to Bi 4f7/2 and Bi 4f5/2, respectively (Fig. 7.5(d))68. In addition to those sharp peaks, 

we have observed two additional low-intensity peaks at 159.7 eV and 165.2 eV due to Bi2Se3 

bonding69. The binding energy spectra corresponding to the Sulfur of aptamer-modified WS2 QDs 

was up shifted by 0.3 eV. The upshift of the binding energy indicates that the Fermi energy has 

moved by 0.3 eV towards conduction band, increasing the electron charge density66. The increase 

in electronic charge density is attributed to electron transfer from negatively charged aptamers to 

WS2 QDs70. In addition to the shift, the spectral weight of the defect peak at 163.4 eV decreased 

to 3.0 % from 15.8 %, confirming the defect passivation of WS2 QDs by thiol-modified aptamers. 

The passivation of defect sites by thiol-modified aptamers increases the Sulfur to tungsten ratio 

from 1.46 to 1.65. 

The micro-Raman spectra of as-synthesized WS2 QDs and WS2 bulk powder were recorded using 

532 nm laser excitation, as shown in Fig. 7.6(a). The two characteristic Raman modes for the bulk 

powder were observed at 355 cm-1 (E2g) and 420.1 cm-1 (A1g), corresponding to in-plane and out-

of-plane vibrational modes of WS2, respectively71. The fitted Raman spectra are shown in Fig.3.5 

(b). The high-intensity Raman mode at 350.4 cm-1 corresponds to the 2LA phonon mode. It has 

been reported that the A1g mode is sensitive to charge doping, while the E2g mode is sensitive to 

induced strain72. For WS2 QDs, there is no significant change in the peak positions as compared 

to bulk WS2 powder, but the ratio of area under A1g to E2g mode increases significantly from 1.5 

to 2.75 when bulk WS2 were converted to WS2 QDs. The enhanced A1g mode intensity is attributed 

to the higher electron density caused by the sulfur vacancy and defect sites, which enhances 

electron-phonon coupling.72,73 For the aptamer functionalized WS2 QDs, the smaller size and 

negatively charged aptamers upon binding with the WS2 QDs make WS2 QDs more negatively 

charged via electron transfer from aptamer to WS2 QDs70. From Raman analysis, we observed that  
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Figure 7.6: (a) Raman spectrum of WS2 source powder, WS2 QDs, Aptamer functionalized WS2 QDs. (b) 

Fitted Raman spectrum of WS2 source powder, WS2 QDs, and Aptamer functionalized WS2 QDs. 

the A1g mode is downshifted by 0.6 cm-1 from 420.4 cm-1 to 419.7 cm-1 as shown in Fig.3.5(b), 

which confirms the electron enhancement due to aptamer functionalization72. The carrier 

enhancement was also observed in the FWHM for A1g mode. The FWHM increased significantly 

from 2.5 cm-1 to 4.0 cm-1, as well as the ratio of area under A1g mode to E2g mode also increased 

from 2.75 to 3.50, aiding the enhancement in overall electron density in the system72–74. The 

attachment of the thiol functional group to the vacancy and defect sites introduces a tensile strain 

in the WS2 QDs. The broadening of E2g mode and a minute blueshift of 0.4 cm-1 is a clear 

indication of strain resulting from aptamer attachment 75. The peak parameters after fitting the 

Raman spectra are tabulated in Table 7.1. The UV-Vis absorbance spectra of WS2 QDs dispersed 

in ethanol, recorded in the range of 250 to 800 nm range, is shown in Fig. 7.7(a). We observe a 

strong absorption peak from the absorbance spectrum at ~293 nm, with a broad absorption tail up 

to ~500 nm. Since the QDs were synthesized via chemical exfoliation of bulk WS2, there is a  

TH-3630_196153001



C h a p t e r  7                                                                                                                          | 180 

  

Table 7.1 Summary of the Raman modes of WS2 source powder, WS2 QDs, Aptamer functionalized 

WS2 QDs. 

 

possibility that WS2 NSs are present along with the WS2 QDs. An earlier study observed that 2D 

WS2 NSs have two distinct absorption peaks in the visible region at around 530 nm and 640 nm, 

corresponding to direct excitonic band transition at the K point of the Brillouin zone76. The absence 

of those signatures in the absorption spectra for our WS2 QDs confirms the successful separation 

of WS2 QDs and NSs by centrifugation. The strong absorption in the deep UV region at 293 nm 

is attributed to the direct excitonic transition from the deep valance band to the conduction band 

edge. The broader absorption spectrum from 280 nm to 500 nm indicates a distribution of WS2 

QDs size, as seen from FETEM77. The bandgap of the as-synthesized WS2 QDs was estimated at 

~ 3.56 eV, using the Tauc plot as shown in the inset of Fig. 7.7(a), which is much higher than the 

2D monolayer WS2 
78. This is due to the quantum confinement effect. 

The quantum confinement in WS2 QDs gives rise to high PL emission under UV illumination. The 

PL emission spectrum of the WS2 QDs at 20 g/mL under different excitation wavelengths 

ranging from 340 nm to 480 nm is shown in Fig. 7.7(b). From the excitation-dependent PL 

emission, we observed a gradual shift of the spectra maximum along with the change in intensity. 

The emission spectrum at a low excitation wavelength of 340 nm and high excitation wavelength 

of 460 nm were fitted with Gaussian curves, as shown in Fig. 7.8(a). The PL emission spectrum 

under low excitation wavelength consists of contributions from B exciton, neutral exciton, as well 

as surface and deep defect excitons. However, at the excitation wavelength of 460 nm, theemission 

contributions are only from defect-bound excitons. Hence, the wavelength-dependent emission  

Samples E2g mode position (cm-1) A1g mode position (cm-1) A1g mode FWHM 

(cm-1) 

Bulk WS2 

powder   

355.1 420.1 2.23 

WS2 QDs 355.4 420.3 2.48 

Aptamer/WS2 

QDs 

355.1 419.7 4.05 

TH-3630_196153001



181 |                            Staphylococcus aureus Detection using thiol-Functionalized WS2 Quantum Dots 

 

Figure 7.7: (a) The UV-visible absorption spectrum of WS2 QDs dispersed in ethanol, the inset shows the 

Tauc plot from the absorption data for bandgap calculation (b) Wavelength-dependent PL emission 

spectrum with excitation wavelength from 340 nm to 480 nm with the interval of 20 nm (c) Concentration-

dependent PL emission of WS2 QDs under 405 nm laser excitation (d) The UV-visible absorption spectrum 

for Bi2O2Se and WS2 QDs/Bi2O2Se NSs composite. Inset shown the magnified view of the peak absorbance 

(e) The PL emission spectra of WS2 QDs under 405 nm laser excitation and its emission with 2 mg/mL 

Bi2O2Se NSs solution (f)The variation of PL intensity of WS2 QDs in the presence of different 

concentrations of Bi2O2Se NSs. 
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intensity was attributed to the selective excitation and recombination of neutral excitons and 

defect-bound excitons at different excitation wavelengths as well as to the QD size distribution 

60,79. We have found the maximum intensity for an excitation wavelength of 400 nm, and hence 

we have used a 405 nm laser excitation for further PL measurements. Quantum yield (QY) of 

synthesized WS2 QDs was measured with 330 nm excitation at a low concentration of 1g/mL 

and the obtained QY was 52.1 %, the highest reported to date 60,80. The high QY can be attributed 

to the confinement effect arising from narrow size distribution. The density of WS2 QDs strongly 

affects the PL intensity. A laser excitation of 405 nm with an incident power of 2.0 mW was used 

for the concentration-dependent PL emission spectrum. We have diluted the WS2 QDs in 

concentrations varying from 100.0 g/mL to 1.0 g/mL. The variation of PL intensity with the 

concentration of the WS2 QDs is shown in Fig.7.7(c). We observed low PL emission at lower as 

well as higher WS2 QDs concentrations. The variation of PL emission intensity with WS2 QDs 

concentration can be explained as follows. The PL emission intensity highly depends upon the 

number of absorbed photons. Since fewer WS2 QDs are present per unit volume at lower 

concentrations, it leads to less photon absorption. A higher fraction of incident photons is 

transmitted through the solvent at a lower concentration leading to low PL emission. With the 

increasing concentration of WS2 QDs, photon absorption increases, hence the PL emission 

intensity. However, agglomeration of WS2 QDs starts at higher concentrations, and the PL  

 

Figure 7.8: (a) The exciton wavelength-dependent PL emission spectra of WS2 QDs and its fitting; (b) 

Concentration-dependent PL emission spectra and its fitting for WS2 QDs; at higher concentration, the 

defect bound exciton peak (X2) is dominant; (c) Areal intensity ratio of X1 to X2 as a function of QD 

concentrations 
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intensity subsequently decreases. We have fitted the emission spectrum with three peaks, neutral 

exciton (A), surface defect exciton (X1), and deep defect exciton (X2), as shown in Fig. 7.8 (b). 

From the fitted curve, we have observed a relative increase in the intensity of deep defect excitons 

with increasing concentration, as the agglomeration may lead to surface defect passivation. Thus, 

we can conclude that 20 g/mL is the optimum WS2 QDs, concentration- for efficient PL which 

is used for further experiments. The areal ratio between the X1 to X2 is shown in Fig. 7.8(c). We 

observe that this ratio decreases rapidly initially with increase in the concentration of WS2 QDs 

and finally gets saturated at a high concentration. This indicates the passivation of surface defect 

states at higher concentrations. 

 7.3.2 Composite material for static PL quenching via complex formation 

The UV-Vis absorbance spectra of Bi2O2Se NSs and it composite with WS2 QDs is shown in Fig. 

7.7(d). The Bi2O2Se NSs have high absorption in the range of 280 to 800 nm, with a broad 

absorption peak from 400 to 600 nm. For better observation, magnified view of the Bi2O2Se NSs 

absorbance is shown in the inset of Fig. 7.7 (d). The WS2 QDs/Bi2O2Se NSs composite have high 

absorption in the 280 to 800 nm range with an absorbance peak at 303 nm. The upshift of 

absorbance peak by 11 nm (from 292 nm to 303 nm) for the composite material is clearly due to 

the van der Waals interaction between the WS2 QDs and Bi2O2Se NSs and charge/energy transfer 

from WS2 QDs to Bi2O2Se NSs. Bi2O2Se NSs were used to quench the PL emission of the WS2  

 

Figure 7.9: (a)TRPL spectra of WS2 QDs and WS2/Bi2O2Se NSs composite (b) Stern–Volmer plot for PL 

quenching. 
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QDs. Bi2O2Se is a non-van der Waals layered material having a tunable bandgap between 0.8 to 

1.35 eV81. The WS2 QDs PL emission with and without Bi2O2Se NSs under 405 nm laser excitation 

is shown in Fig.  7.7(e). The addition of Bi2O2Se NSs quenches the PL emission of WS2 QDs. The 

presence of sulfur vacancy in WS2 QDs, helps in its attachments to Bi2O2Se NSs surface. For 

understanding the PL quenching dynamics, we studied the TRPL spectra of, WS2 QDs and WS2 

QDs/Bi2O2Se NSs composite, which shown in Fig. 7.9 (a). Even though the PL of WS2 QDs 

quenches in the presence of Bi2O2Se but the TRPL spectra overlap with each other implicating the 

statics quenching through formation of dark complex82. Further, the Stern-Volmer plot between 

(
𝐼0

𝐼
− 1) 𝑣𝑠 Bi2O2Se concentration is shown in Fig. 7.9 (b). Where I0 is the PL emission intensity 

of WS2 QDs and I is the PL intensity at a given Bi2O2Se NSs concentration. Which shows at lower 

concentration, it follows linear behavior with Stern-Volmer constant of 1.34 mL-1, confirming the 

statics quenching mechanism83. The PL emission quenching of WS2 QDs in the presence of 

Bi2O2Se can be explained as follows. The emission peak of WS2 QDs under 405 nm laser 

excitation clearly matches with the absorption band of Bi2O2Se NSs, as shown in Fig.7.7 (d).  The 

adsorption of WS2 QDs on Bi2O2Se NSs result dark complex formation via charge transfer from 

WS2 QDs to Bi2O2Se NSs as confirmed by Raman and XPS spectroscopy. With the increasing 

concentration of Bi2O2Se NSs, more WS2 QDs are adsorbed on the NSs surface, hence lower PL 

emission intensity. The variation of WS2 QDs PL emission with Bi2O2Se concentrations is shown 

in Fig. 7.7(f). The PL emission intensity decreases rapidly initially with the increasing 

concentration of Bi2O2Se NS and finally gets saturated at higher concentration (>1.5 mg/mL).  

7.3.3 Optimum sensing environment  

An optimum sensing environment is essential for any sensing device, including proper sample 

preparation, buffer pH, response times, etc. Firstly, we optimized the WS2 QDs concentration from 

the concentration-dependent PL spectrum, as shown in Fig. 7.7 (c). We found the optimum 

concentration as 20 g/mL, which gives the highest PL emission intensity. Secondly, the 

quenching of PL intensity depends strongly upon the concentration of Bi2O2Se NS solution, as 

more adsorption sites are available for the WS2 QDs to attach with increasing Bi2O2Se NSs 

concentration, as shown in the inset of Fig. 7.7(f). The PL intensity almost saturates after 1.5 

mg/mL concentration of Bi2O2Se NSs. Thus, the concentration of 1.5 mg/mL for Bi2O2Se NSs 

was selected as the optimum concentration. The PL emission spectra of WS2 QDs in presence of 
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Bi2O2Se NSs and WS2 QDs/Bi2O2Se NSs/ S. aureus is shown in Fig. 7.10 (a). Interestingly, the 

PL intensity of WS2 QDs quenched by Bi2O2Se NSs is restored in presence of S. aureus, but 

requires a certain time, called response time. The response time is an essential parameter for a 

sensor, and it is the time required to respond after interaction with an analyte. We measured the 

PL intensity over time after adding 106 CFu/mL concentration of S. aureus bacteria solution in the 

composite solution. The variation of PL intensity after S. aureus addition is shown in Fig. 7.10-

(b). From the graph, it is observed that the PL intensity does not show any significant change 

initially. However, after 5 minutes, there is an exponential enhancement in the intensity, which 

finally saturates within 15 minutes. This can be understood as follows. Initially, it takes time to 

bind S. aureus bacteria with aptamers. Once the bacteria are attached to the WS2 QDs via aptamers, 

bigger size S. aureus weakens the van der force between WS2 QDs and Bi2O2Se NSs. Since the 

aptamers are attached to the WS2 QDs by strong covalent bonds, while detaching WS2 QDs also 

separates with S. aureus. Hence WS2 QDs slowly start detaching from Bi2O2Se NSs. This 

detachment of WS2 QDs from Bi2O2Se NSs surface interestingly leads to the restoration of the PL 

intensity, as shown in Fig.7.10 (a). Finally, no further change in the PL intensity leads to saturation 

when the maximum number of bacteria is attached to the WS2 QDs, and the WS2 QDs are detached 

from Bi2O2Se NSs. Hence, the sensing environment has an optimum response time of 15 minutes. 

Our method has a much faster response (time of 15 minutes) with a simple synthesis and detection 

mechanism see Table 7.2. We have studied the PL intensity of the WS2 QDs/Bi2O2Se NSs 

composite over 30 minutes. This confirms that the PL restoration is not due to the interaction 

between WS2 QDs and Bi2O2Se NSs. The binding of the bacteria with aptamers helps in the 

detachment of WS2 QDs from Bi2O2Se NSs and the restoration of the PL, which is exploited for 

the detection of the bacteria.   

7.3.4 Sensing of S. aureus by using WS2 QDs-Bi2O2Se complex 

Before adding various concentrations of S. aureus, we measured the PL intensity of the sensing 

system with the addition of PBS without any bacteria, which shows an enhancement of PL 

emission. This enhancement originates from various factors such as decrease in the effective 

concentration of Bi2O2Se NSs and WS2 QDs as well as from the different ions present in the buffer 

solution. This ensures that any further enhancement in the PL emission is due to S. aureus effects.  
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Figure 7.10: (a) PL emission spectra of WS2 QDs along with WS2 QDs/Bi2O2Se NS composite and 

composite in presence of 107 CFu/mL concentration of S.aureus bacteria. (b) Temporal response behavior, 

the restoration of PL intensity with time after addition of 106 CFu/ mL concentration of S. aureus bacteria, 

(c) concentration-dependent PL emission, (d) calibration of response curve. The inset in Figure 7.10 (d) 

shows the response of our system in presence of non-targeted E. coli and K. pneumoniae bacteria and 

targeted S. aureus bacteria all with 106 CFu/mL concentration. 

With the addition of the solution bacteria, the PL intensity systematically rises. The variation of 

PL intensity with PBS and various bacteria concentrations is shown in Fig. 7.10(c). The ssDNA 

aptamers identify the presence of S. aureus and bind with it. After binding with the bacteria, the 

WS2 QDs complex detaches from the surface of NSs, and as the WS2 QDs are now free-standing, 
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the PL intensity (F) restoration occurs. The presence of WS2 QDs outside the Bi2O2Se NSs after 

bacteria addition confirms the same. The calibration curve between the change in PL intensity 

with respect to the concentration is shown in Fig. 7.10(d). For the calibration curve, we have 

plotted the % of Response (∆F=
𝐹−𝐹0

𝐹0
× 100) against the logarithm of bacteria concentrations 

(log(cfu/mL)). Here, F0 is the PL intensity with only PBS solution without any S. aureus and F is 

the PL in presence of S. aureus. A strong correlation between the bacteria concentration against 

Response follows the linear equation as 𝑦 =  18.97𝑥 −  47.18 (R2 = 0.98) over the range of 103 

to 107 cfu/mL under 405 nm laser excitation. For comparison, we have summarized the sensing 

performances of previously reported sensors for the detection of S. aureus in Table 7.2, which 

shows our system has fastest response among the previous reports. To know the selectivity of our 

proposed system, we have carried out the PL measurement of some non-target bacteria, e.g., 

Escherichia coli (E. coli), and Klebsiella pneumoniae (KP) with 106 cfu/mL concentration. The 

ssDNA aptamers specifically binding to S. aureus were developed  

Table 7.2 Summary of the performance of different sensors for detecting S. Aureus. 

 

Material and methods Linear range 

CFu/ml 

Lower 

detection 

limt 

(CFu/ml) 

Response 

Time 

(minutes) 

Reference 

Electrochemical  8×102 to 1×103  800 6-11 Reference 84 

Colorimetric 1.5×102 to 1.5×106 1.500 40 Reference 85 

Fluorimetric Assay 1×103 to 1×109 2.900 130 Reference 86 

Long-period fiber gratings 1×104 to 1×108 224 30 Reference 87 

Fiber biosensor 7×101 to 7×104 3.1 40 Reference 88 

Electrochemical 3×100 to 3×107 3.0 30 Reference 89 

Photoluminescence 100 to 107 1 240 Reference 90 

Photoluminescence 101 to 107 11.12 120 Reference 91 

Polymerase chain reaction 1.8×101 to 1.8×106 18 240 Reference 92 

Photoluminescence 103 to 107 850  15 This work 

TH-3630_196153001



C h a p t e r  7                                                                                                                          | 188 

 

Figure 7.11: (a) PL emission of the system at different concentrations of S. aureus in urine medium. (b) 

Calibration curve for urine medium with S. aureus concentration, the inset shows the selectivity data in 

urine medium. 

using the Cell-SELEX to have highly selective detection. The % response with targeted and non-

targeted bacteria is shown in the inset of Fig. 7.10 (d). For non-targeted bacteria (E. coli & K. 

pneumoniae), the response is only about 16 to 17 %, while for the targeted bacteria S. aureus, it is 

about 63% for the same 106 cfu/mL concentration. Thus, the use of the highly selective ssDNA 

aptamer probe gives highly selective response toward targeted S. aureus. The response of our 

sensor is relatively much lower for other bacteria as compared to S. aureus implying a highly 

selective detection system. 

Next, we check the feasibility of utilizing the proposed sensing system in real-life biological fluids 

such as urine and blood serum. For the UTI related diseases, the patient urine is the ideal 

pathological sample. We have studied the sensing response in urine and the PL emission intensity 

at various concentrations is shown in Fig. 7.11(a). It shows a systematic increase in the PL 

emission intensity with increasing S. aureus concentration indicating its ability to detect S. aureus 

in complex biofuild urine. In Fig. 7.11 (b), we have shown the calibration curve, which shows a 

linear response with a slope of 11.22 units/cfu with a strong correlation of 𝑦 = 11.22𝑥 − 25.48 

(R2=0.99). Although the slope of the response curve is decreased from 18.97 to 11.22, still it can 

detect S. aureus selectively as employed by the selective PL response only in presence of S. 
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aureus. The system response in presence of various other non-targeted bacteria is shown inset of 

Fig. 7.11 (b). Thus, present method can be employed real-time detection of S. aureus using the 

urine sample. 

7.3.5 Sensing Mechanism    

The working mechanism of the present sensor is schematically shown in Fig. 7.12 The WS2 QDs 

are highly photoluminescent under UV illumination, as shown by the excitation-dependent PL 

emission curves in Fig. 7.7 (b). Under 405 nm laser excitation, WS2 QDs have emission maxima 

at around 500 nm as shown in Fig. 7.7 (e). From the absorption spectrum of Bi2O2Se NSs, there 

is a broad absorption from 300 nm to 800 nm as shown in Fig. 7.7 (d) with a broad peak in the 

range 450 nm to 650 nm, as shown in the inset of Fig. 7.7 (d).   When Bi2O2Se is added to WS2 

QDs solution, WS2 QDs are adsorbed on the Bi2O2Se NSs surface as confirmed by FETEM (in 

Figure 7.2(c)) via weak van der Waals interactions which results in quenching the PL emission of 

WS2 QDs via dark complex as discussed earlier. The quenching of PL intensity occurs due to the 

absorption of WS2 QDs emission by Bi2O2Se NSs. The maximum quenching of around 70 % was 

observed with 1.5 mg/mL Bi2O2Se concentration, as shown in Fig. 7.7 (f). When aptamer solution 

was introduced in WS2 QDs, aptamers were covalently attached to the WS2 QDs surface on the 

sulfur vacancy and defect sites of WS2. When the targeted S. aureus bacteria are added, they bind 

to the aptamers, which are already attached to the of WS2 QDs surface by strong covalent bonds. 

The larger size bacteria weakens the interaction force between WS2 QDs and Bi2O2Se NSs and 

aid in the detachment of the WS2 QDs from Bi2O2Se NSs surface. At higher concentrations of S. 

aureus, a larger number of S. aureus will bind with aptamers leading to more WS2 QDs 

detachments and hence further increase in the PL intensity. Instead of targeted S. aureus, the non-

targeted bacteria were unable to bind with the specific aptamer, hence negligible change in the 

interaction between WS2 QDs and Bi2O2Se NSs resulting no detachment of WS2 QDs from 

Bi2O2Se NSs surface. Thus, one can detect targeted bacteria by using PL intensity restoration of 

WS2 QDs as a recognition tool. This technique can also be implemented for other biomolecules 

detection by changing the probe molecule.  
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 Figure 7.12: Schematic of the working principle of the proposed biosensors. The attachment of aptamer 

modified WS2 QDs on the Bi2O2Se surface quenches PL as a result of non-rediative energy transfer. The 

attachment of targeted bacteria (e.g., S. aureus) causes the detachment of WS2 QDs from Bi2O2Se NSs 

surface and restoration of PL intensity. 

 

7.4 Conclusion 

Herein, we demonstrated the fast detection of S. aureus bacteria using thiol-functionalized WS2 

QDs and 2D Bi2O2Se nanosheets using simple PL spectroscopy. We first synthesized a uniform 

distribution of WS2 QDs by simple liquid exfoliation of bulk WS2 sheets via a simple probe 
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sonication technique. The semiconducting WS2 QDs with bandgap of 3.56 eV exhibit highest PL 

emission intensity under the 405 nm laser excitation at the optimum concentration of 20 g/mL 

and possess an PL quantum yield of 52.1% for 1µg/mL concentration at 330 nm excitation. The 

as-synthesized WS2 QDs have a high density of Sulfur vacancy sites, which aid in the attachment 

of the thiol functional group for aptamer immobilization. The reduction of sulfur vacancies and 

the signature of phosphorus in the XPS spectra confirmed the attachment of aptamer to WS2 QDs. 

Finally, we have shown the S. aureus sensing using aptamer functionalized WS2 QDs. The 

optimized sensing environment of this biosensor can detect S. aureus in PBS solution within 15 

minutes, which is reasonably fast compared to previous reports. The concentration-dependent 

calibration curve shows a linear response over the range of 103 to 107 CFu/mL and a lower 

detection limit of 580 CFu/mL, which are significant. Further, the system can detect S. aureus in 

urine samples displaying its potential application for real time detection. This technique can also 

be used for detection of other biomolecules and metal ions by choosing suitable receptors.  
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Chapter 8 

Summary and Outlook 
 

This chapter summarizes the key contributions of this thesis and highlights novel findings related 

to the synthesis of 1L and 2L WS2, its lateral heterostructure with MoS2 using CVD technique, 

and WS2 QDs via liquid phase exfoliation from bulk WS2. It also summarizes their applications in 

high-performance photodetection, field-effect transistors, and biosensing. Finally, the chapter 

presents the future outlook and potential directions for further research. 

8.1. Summary and Highlights of the Thesis Contribution 

In this dissertation, we have demonstrated the controlled growth of 1L and 2L WS₂ using a CVD 

method. We optimized various growth parameters, including carrier gas flow, growth temperature, 

precursors, growth pressure, and growth duration to achieve high-quality and large-area growth of 

1L and 2L WS₂ on SiO₂/Si substrates (Chapter 2). 

Subsequently, we developed a high-performance photodetector using CVD-grown 2L WS₂ 

through contact engineering. By employing metal electrodes with higher and lower work functions 

relative to bilayer WS₂, we achieved asymmetric lateral doping in WS₂ flakes, as verified by 

photoluminescence spectral profiles and Raman mapping. This doping asymmetry created two 

depletion regions, enabling unidirectional electron flow, which reduced dark current under reverse 

bias and improved overall device performance (Chapter 3) with on-off ratio ~105 and a peak 

responsivity of 1.2A/W.  

We further analyzed the effect of metal (Au) and non-metal (Bi2Se3) contacts on 1L-MoS2 for 

high-performance FETs. The use of non-metal contacts enhanced the on/off ratio by two orders of 

magnitude and increased mobility, attributed to the reduction of defects at the contact interface. In 

comparison to metal contacts, the non-metal contacts in MoS₂-based flexible photodetectors 

significantly improved detection performance (Chapter 4). The FETs on-off ratio improved by two 

orders of magnitude and there was a two fold enhancement in the mobility. 
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Additionally, we investigated a single-step CVD growth of bilayer WS₂-MoS₂ LHS with excellent 

control over the relative areas of WS2 and MoS2. We observed significant photoluminescence 

enhancement at the junction interface in the LHS due to presence of local 1L-WS2 and induced 

strain. Finally, we fabricated FETs based on WS₂, MoS₂, and WS₂-MoS₂ heterostructures, which 

exhibited improved on/off ratios and lower saturation voltages. These enhancements were 

attributed to the cleaner interface and faster charge transfer between WS₂ and MoS2 (Chapter 5). 

The 1L-WS2 exhibits excellent PL emission at room temperature, which has been utilized for the 

first time as a recognition tool for detecting S. aureus bacteria with high sensitivity and selectivity. 

The PL emission peak of 1L-WS2 undergoes significant changes in the presence of targeted S. 

aureus due to charge transfer resulting from the selective interaction of the ssDNA aptamer with 

S. aureus, while it remains unchanged for non-targeted E.coli. PL analysis of 1L-WS2 with 

increasing S. aureus concentration exhibits a linear response from 102 CFU/mL to 107 CFU/mL, 

with a lower detection limit of 2.0 CFU/mL (Chapter 6). 

 

Finally, we synthesized WS2 QDs with a mean diameter of 2.5 nm via liquid exfoliation of bulk 

WS2. These QDs are highly fluorescent under UV illumination, but their fluorescence is quenched 

upon absorption on the surface of Bi2O2Se NSs. Interestingly, the PL intensity of the WS2 QDs is 

restored after interaction with targeted S. aureus in the presence of ssDNA aptamers, with the 

intensity increasing as the S. aureus concentration rises. Similar experiments with non-target 

bacteria confirm the systems selectivity for S. aureus. Our fluorescence-based biosensor exhibits 

a linear response in the range of 103–107 CFU/mL, with a detection limit of 580 CFU/mL (Chapter 

7) 

 8.2. Scope of Future Work 

In this thesis, we have demonstrated the controlled growth of high-quality, large-area monolayer 

and bilayer WS₂, along with its lateral heterostructure with MoS₂, using a single-step CVD 

technique. These materials have been explored for their applications in devices ranging from 

optoelectronics to biosensing. Silicon-based semiconductors have dominated commercial systems 

for decades, but 2D materials, especially TMDs, represent a promising alternative. However, 

extensive research is needed from growth and device fabrication to characterization, before they 

can replace commercial silicon. TMDs, especially for specific applications like biosensing, hold 
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great potential for next-generation technologies. Overall, there is significant scope to expand this 

work to a broader range of applications, as discussed below. 

1. This study can be applied to achieve controlled large-area growth of other 2D TMDs, 

inducing anisotropic 2D materials. 

2. Ultrathin 2D TMD-based devices can be stacked layer by layer in a multi-stack device 

architecture, significantly increasing device density beyond Moore’s limit. 

3. The single-step grown lateral heterostructure of WS₂-MoS₂ has demonstrated excellent 

device characteristics, with the potential for high-performance electronic applications. This 

can be used with other 2D TMD heterostructure. 

4. The remarkable PL enhancement at the WS₂-MoS₂ interface can be further explored for 

surface-enhanced Raman scattering (SERS) and tip-enhanced Raman scattering (TERS)-

based optical biosensing. 

5. Individual devices can be integrated for memory and storage applications in electronic data 

systems. 

6. TMDs exhibit excellent on-off ratios, yet their potential in FET-based biosensing remains 

underexplored. They hold promise for real-time, ultra-low detection of bio-analytes. 

7. Strain engineering in 2D TMDs can be applied to improve device performance. 
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