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Abstract 

The emergence of interlayer excitons from atomically layered transition metal dichalco-

genides (TMDs) heterostructures has drawn a tremendous attention due to their unique 

and exotic optoelectronic properties. Coupling the TMD van der Waals heterostructures 

into optical cavities provides distinctive electromagnetic environments which plays an 

important role in controlling multiple optical processes such as optical nonlinear genera-

tion or photoluminescence (PL) enhancement. However, there is a gap in current research 

on the integration of interlayer excitons in TMDs heterostructures and optical cavities, 

especially plasmonic cavities. To address this shortage, this project is devoted to investi-

gating the light and matter interaction between the interlayer excitons and plasmonic 

nanocavities based on a nanogap plasmonic structure consisting of a silver nanocube on 

a flat metallic mirror. Spectroscopic studies reveal an order of magnitude enhancement 

of the interlayer exciton at room temperature and a 5-time enhancement in fluorescence 

at cryogenic temperature. Also, finite-difference time-domain (FDTD) simulations of the 

plasmonic cavity system was carried out to elucidate the mechanism of the enhancement, 

despite of low spontaneous radiative decay rate enhancement. As a result, enhancement 

of the emission is based on increasing excitation efficiency and Purcell effect from the 

cavity. Our results show a novel method to control the excitonic processes in TMDs het-

erostructures to build high performance nanophotonic and optoelectronic devices. 

 

 

 

 

 

 

 

 



 
 

iii 

Acknowledgements 

The work in this dissertation was carried out under the supervision of Professor Milos 

Toth, Professor Igor Aharonovich and Dr. Zaiquan Xu at the School of Mathematical and 

Physical Sciences, University of Technology Sydney, New South Wales, Australia. I am 

deeply grateful to have them direct and guide the research that I enjoyed throughout my 

Masters' career. 

I would like to thank the former and present postdoc researcher in our nanophotonic group, 

Dr. Toan Tran, Dr. Sejeong Kim, Dr. James Bishop, Dr. John Scott, Dr. Carlo Bradac, Dr. 

Mehran Kianinia, Dr. Mika Westerhausen and Dr. Tieshan Yang, for their thoughtful dis-

cussion in all aspects of science and daily life. Especially, I want to express my deep 

gratitude to Dr. Kim for her support in the FDTD simulation part of this project. 

This work could be impossible to be completed without the tremendous and willing sup-

ports from technical staff at Microstructure Analysis Unit (MAU) - Mr. Geoff McCredie, 

Ms. Katie McBean, Dr. Mark Lockrey and Mr. Herbert Yuan. They are the main power 

to keep the labs run safely and accordingly. 

Also, it is a great pleasure for my Masters' research career to work together with the fellow 

graduate students, Minh Nguyen, Hanh Duong, Johannes Froech, Alexandra Trycz, Chi 

Li, Blake Reagan, Noah Mendelson, Yongliang Chen, Ritika Ritika, Milad Nonahal, An-

gus Gale and Connor Stewart. Without doubts, I would spend a chapter to dedicate your 

support during the time I conducted this research.  

Finally, I wholeheartedly thank the unconditional support from my family. 

 

 

 

 

 

 



 
 

iv 

List of publications 

Article(s) with results included in this thesis 

1. Tran, T. N., Kim, S., White, S. J. U., Nguyen, M. A. P., Xiao, L., Strauf, S., Yang, T., 

Aharonovich, I., & Xu, Z.-Q. Enhanced emission from interlayer excitons coupled to 

plasmonic cavities. Small 17, 2103994 (2021). 

Article(s) not included in this thesis 

3. Li, C., Fröch, J. E., Nonahal, M., Tran, T. N., Toth, M., Kim S., & Aharonovich, I. 

Integration of hBN quantum emitters in monolithically fabricated waveguides. ACS Pho-

tonics 8, 2966–2972 (2021). 

2. Kim, S., Lim, Y.-C., Kim, R. M., Fröch, J. E., Tran, T. N., Nam, K. T., & Aharonovich, 

I. A single chiral nanoparticle induced valley polarization enhancement. Small 16, 

2003005 (2020). 

1. Chen, Y., Tran, T. N., Duong, N. M. H., Li, C., Toth, M., Bradac, C., Aharonovich, I., 

Solntsev, A. & Tran, T. T. Optical thermometry with quantum emitters in hexagonal bo-

ron nitride. ACS Appl. Mater. Interfaces 12, 25464–25470 (2020).  

 

 

 

 

 

 

 

 

 



 
 

v 

List of figures 

Figure 2.1. Band alignment and fluorescence spectroscopy in TMD vdW heterostruc-
tures.           6 
Figure 2.2. Photoluminescence spectroscopy of TMD vdW heterostructures. 8 

Figure 2.3. TMD monolayers integrating in optical cavities.    14 

Figure 2.4. Coupling TMD vdW heterostructures and dielectric optical cavities. 16 

Figure 3.1. Optical characterization of typical WS2 monolayers.   19 

Figure 3.2. Optical characterization of typical MoS2 monolayers.   20 

Figure 3.2. Thickness characterization of a thin hBN flake.    21 

Figure 3.4. Process flow for TMD vdW heterostructure fabrication using PVA as an ad-
hesive polymer.         22 
Figure 3.5. Photograph of home-built micromanipulator.    23 

Figure 3.6 Home built optical setup.       24 

Figure 3.7. Optical paths of a relay system.      25 

Figure 3.8. Optical image of a TMD vdW heterobilayer sample and spatial distribution 
of PL with wavelength above 715 nm.      26 
Figure 3.9. Measurement and histogram of time difference between excitation and emis-
sion in time-resolved photoluminescence with time-correlated single photon counting 
technique.          27 
Figure 3.10. Time-correlated single photon counting (TCSPC) with instrument response 

function (IRF)          28 

Figure 4.1. WS2/MoS2 heterostructure integrating with a plasmonic gap cavity. 30 

Figure 4.2. AFM and SEM characterization of the WS2/MoS2 heterostructure integrat-

ing with a plasmonic gap cavity.       31 

Figure 4.3. Optical characterization of the device at room temperature.  33 

Figure 4.4. Plasmonic nanocavity coupling of the interlayer exciton at 5 K.  35 

Figure 4.5. Finite-difference time-domain simulation results of the gap cavity system. 

36 

Figure 4.6. Calculated Purcell factor from the Lumerical simulation tool.   37 



 
 

vi 

Abbreviations 

TMD   transition metal dichalcogenide 

2D  two dimensional 

BEC   Bose–Einstein condensation  

PL   photoluminescence 

PCC   photonic crystal cavity 

vdW   van der Waals 

CB   conduction band 

VB   valance band 

IR   infrared range 

LDOS   local density of states 

CVD   chemical vapor deposition 

PDMS   polydimethylsiloxane 

hBN   hexagonal boron nitride 

AFM   atomic force microscopy 

PVA   poly(vinyl alcohol) 

TCSPC  time-correlated single photon counting 

IRF   instruments response function 

FWHM  full width at half maximum 

TRPL   time-resolved photoluminescence 

FDTD   finite-difference time-domain 

SEM   scanning electron microscope 

 

 



 
 

vii 

Table of Contents 

Certificate of Original Authorship       i   

Abstract          ii 

Acknowledgements         iii 

List of Publications         iv  

List of Figures          v 

Abbreviations         vi  

Table of Contents        vii  

1 Introduction         1  
 1.1 Background        1 
 1.2 Aims and motivations      2 

2 Literature Review        4  
 2.1 Interlayer exciton       4 
  2.1.1 Band alignment in TMD heterobilayers  5 
  2.1.2 Formation of interlayer exciton    7 
  2.1.3 Fundamental properties of interlayer exciton  9 
 2.2 Plasmonic cavities       10 
  2.2.1 Principle of spontaneous emission modification 11 
  2.2.2 Purcell effect      12 
 2.2.3 Applications of plasmonic cavities in TMDs   13 

3 Research Methods        18 
 3.1 Device fabrication       18 
  3.1.1 Obtaining monolayer materials    18 
  3.1.2 Building-up vdW heterostructures   21 
 3.2 Optical measurements       23 
  3.2.1 Fluorescence and dark-field scattering measure 23 
  3.2.2 Time-resolved photoluminescence   26 

4 Results and Discussion       29 
 4.1 Results        29 
  4.1.1 Room temperature characterizations   32 
  4.1.2 Cryogenic temperature characterizations  33 
  4.1.3 Finite-difference time-domain modelling  35 
 4.2 Discussion        37 

5 Conclusion and Outlook       39 

Bibliography          41 


	Title Page
	Certificate of Original Authorship
	Abstract
	Acknowledgements
	List of publications
	List of Figures
	Abbreviations
	Table of Contents



