
 
 

 
 

 

SITE-SELECTIVE DUAL-MODE EXCITATION NON-LINEAR 

SPECTROSCOPY AND SPATIAL PHOTOLUMINESCENCE 

MAPPING/IMAGING OF NANOPHOSPHORS FOR             

BIOPHOTONIC APPLICATIONS 

 

 

 

 

 

IB SINGH DEO 

 

 

 

 

 

 

 

 

 

DEPARTMENT OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

MARCH 2026 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2026 

 



 
 

 
 

SITE-SELECTIVE DUAL-MODE EXCITATION NON-LINEAR 

SPECTROSCOPY AND SPATIAL PHOTOLUMINESCENCE 

MAPPING/IMAGING OF NANOPHOSPHORS FOR            

BIOPHOTONIC APPLICATIONS 

 

by 

Ib Singh Deo 

Department of Physics 

 

Submitted 

In fulfilment of the requirements for the degree of 

Doctor of Philosophy 

to the 

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

NEW DELHI-110016, INDIA 

 

March 2026 
 

 



 
 

 
 

 

 

 

 

 

 

 

 

To My Parents and Teachers 
 For being the ground underneath 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

i 
 

 

CERTIFICATE 

 

This is to certify that the thesis entitled, “Site-selective dual-mode excitation non-linear 

spectroscopy and spatial photoluminescence mapping/imaging of nanophosphors for 

biophotonic applications” being submitted by Ms. Ib Singh Deo, to Indian Institute of 

Technology Delhi, New Delhi, for the award of the degree of  Doctor of Philosophy in physics 

is a record of bonafide research work carried out by her under my supervision and guidance. 

She has fulfilled the requirements for the submission of thesis, which to the best of my 

knowledge has reached the requisite standard. 

The material contained in the thesis has not been submitted in part or full to any other 

university or institute for the award of any degree or diploma. 

 

 

 

 

Prof. G. Vijaya Prakash 

HAG Professor 

Department of Physics 

Indian Institute of Technology Delhi 

New Delhi-110016 

India 

 

 

 

  



 

ii 
 

                                    Acknowledgements 

 

Looking back over these five years, I am deeply grateful for the fantastic people who have 

stood by me, encouraged me, and given their support. Honestly, I would not have made it this 

far or accomplished anything worthwhile without them. The least I can do is to offer them my 

heartfelt gratitude. 

I begin by bowing my head with great reverence to the Almighty, who is the cause behind 

everything. No amount of gratitude will suffice for the endless love, blessings, and unwavering 

support of my beloved parents, Smt. Sanjukta Samanta and Late Shri. Bajradhar Singh Deo. It 

is because of their blessings, teachings, and upbringing that I have come this far. I am also truly 

thankful to Smt. Sanghamitra Samant and Shri. Sarat Kumar Samant, whose love and support 

have been a driving force behind the successful completion of this journey.  

I would like to acknowledge Prof. Pankaj Srivastava from the Department of Physics, Indian 

Institute of Technology Delhi, who has played a pivotal role in shaping my research career. His 

invaluable guidance, support, and ethics have been instrumental in helping me establish a 

strong foundation in the field of materials science. I am also grateful to Prof. Ashok K. Ganguli, 

Director, IISER Berhampur, and Prof. A. S. Rao, Vice-Chancellor, V. S. University, Andhra 

Pradesh, for their support and collaborative efforts that helped me understand the different 

intricacies of luminescent materials. I am deeply grateful to Prof. Poshak Gandhi, School of 

Physics and Astronomy, University of Southampton, UK; Prof. Nand Chakradhari, Department 

of Physics, Ravi Shankar Shukla University; and Prof. Ranjeev Mishra, IUCAA, for providing 

me with the opportunity to discover the researcher within me.  

I am sincerely thankful to the members of my Student Research Committee (SRC) - Prof. Aloka 

Sinha (Department of Physics), Prof. Pankaj Srivastava (Department of Physics), and Prof. 

Bijay Prakash Tripathi (Department of Materials Science) for their invaluable guidance, 

encouragement, continuous motivation, and support throughout my Ph.D. journey. I wish to 

extend special thanks to my former HODs of the Physics Department, Prof. Ratnamala 

Chatterjee, Prof. Pankaj Srivastava, and the present HOD, Prof. Sujeet Choudhury, for their 

exceptional guidance and assistance during their respective tenures. I want to thank Prof. 

Pankaj Srivastava and Prof. Santanu Ghosh for providing me with access to the essential 

resources and facilities of the Nanostech laboratory. I would also like to express my sincere 



 

iii 
 

appreciation to our lab collaborators, Prof. Rajamani Nagarajan (Department of Chemistry, 

Delhi University), Prof. K Swapna (Department of Physics, K. L. University), and Prof. Sk. 

Mahamuda (Department of Physics, K. L. University), for their valuable contributions to my 

research. 

I must acknowledge the guidance and mentorship of all my esteemed school teachers who 

taught me and whose contributions have been integral to my academic journey. I want to extend 

special thanks to Prof. Satish Kumar Patel for inspiring me to pursue research during my 

college years. Additionally, I would like to express my immense gratitude to Dr. N. Pradhan, 

Prof. Amiya, Prof. P. K. Mishra, Prof. B. K. Acharya, Prof. N. Sahu, and Mr. A. Dhar for 

seeding the experiential skills that have had an immeasurable impact on my life. I have been 

fortunate to get exposed to the research world during my master's days. I extend my sincere 

gratitude to my M.Sc. thesis supervisor, Prof. Ganeswar Nath, Department of Physics, VSSUT, 

whose guidance and encouragement have been a great inspiration for me to pursue this 

significant Ph.D. journey. I also want to extend my heartfelt gratitude to my professors in the 

Department of Physics at VSSUT,  Prof. A. K. Pattanaik, Prof. M. P. K. Sahoo, Prof. J. Bhoi,  

Prof. Soumya Saswati Sarangi, Prof. Sunanda Kumari Patri, and Prof. P. L. Praveen for their 

teachings, encouragement and support. 

I take great pride and joy in being part of the distinguished Nanophotonics group at IIT Delhi. 

I want to thank Dr. Mohini Gupta for her research advice, support, and training. She played a 

crucial role during my entire Ph.D. journey. The unwavering support and encouragement from 

my seniors, Dr. Pawan Kumar Kanujia, Dr. Mohammad Adnan, Dr. M. Pryadarshini, Dr. 

Chandra Prakash Verma, Dr. Kshetramohan Dehury, and Dr. Jitendra Nath Acharrya will 

always hold a special place in my heart. The steadfast cooperation and assistance of my current 

colleagues in the Nanophotonic and Nanostech laboratories, Mr. Mohd Shanu, Mr. Albin 

Kuriakose, Mr. Naveen Yadav, Dr. Sharmistha Dey, Ms. Upasana Bordoloi, Ms. Anima 

Mahajan, Mr. Shubham Saini, Mr. Om Prakash, Dr. Shrasti Gupta Agarwal, and Dr. Dinesh 

Agarwal, have continuously inspired me to strive for greater achievements. I am also grateful 

to Mr. Mohammad Akram for engaging and insightful discussions. I would especially like to 

thank Ms. Upasana Bordoloi, Mr. Mohd Shanu, and Mr. Albin Kuriakose for their help during 

my Ph.D. I will always be grateful to them for their kindness and generosity.  

I sincerely appreciate the company of my good friends and colleagues Ms. Apurva Mishra, Ms. 

Soumya Thakur, Ms. Susmita Garnayak, Ms. Nibedita Behera, Ms. Rojina Pradhan, Ms. 



 

iv 
 

Meenakshi Sahoo, Mr. Aakash Bharadwaj, Dr. Amit Kumar Sharma, Mr. Animesh Baghar, Mr. 

Somesh Giri, Mr. Ashutosh Dash, and Mr. Roshan Dash for their constant encouragement, 

generous help, and unwavering support throughout this journey. I feel truly blessed to have 

received continuous support and blessings from Prof. U. C. Biswal and Prof. Basanti Biswal. 

Throughout this journey, the presence of my family members, including Mrs. Bidya Singh, 

Mrs. Baishali Singh, Shri. Bidhu Bhushan Singh, Shri Biswamohan Ray, and many others, have 

been a powerful and consistent influence. The support of my husband, Mr. Sanjay Kumar 

Samant, was indispensable in this journey. I am genuinely grateful to have him by my side, and 

his profound influence on my academic growth and personal life is beyond what words can 

express.  

In one's life, there are contributions from many people, and it is not possible to mention 

everyone here; however, I would like to thank them all. 

I want to express my sincere appreciation to DST-INSPIRE for providing me with the research 

fellowship. The research would have been incomplete without the high-end research facilities 

provided by the Indian Institute of Technology Delhi in the form of departmental research 

facility and central research facility (CRF). I am also grateful to the Indian Institute of 

Technology Delhi for providing me with the Research Scholar Travel Award (RSTA) and 

Research Excellence Travel Award (RETA) for attending international conferences outside 

India. 

Finally, I have the opportunity to express my gratitude to the foundation of my research journey, 

my guide, Prof. G. Vijaya Prakash. Throughout my journey, I have made numerous mistakes, 

but my guide has always shown me the right path and direction. No amount of admiration can 

really explain how he has inspired me to explore the intriguing field of optics and material 

science. I have learnt from him how to cultivate humility and patience, which are the qualities 

that will benefit me in the long run. My guide's critical perspectives, analyses, and invaluable 

contributions have added to the quality of the current thesis. At last, I want to say I would 

forever remain indebted to my parents, my guide, teachers, and family members for their 

support and help in this academic journey. 

 

(Ib Singh Deo)  



 

v 
 

Abstract 

 

The thesis is driven by the significant advancements in optical spectroscopy and the high 

demand for improved images for a diverse array of biophotonics and nanophotonics 

applications. The ability to selectively excite selected sites or dopants through dual-wavelength 

laser excitation in specially synthesized rare earth doped nanophosphors remains an 

underexplored area, representing a novel facet of spectroscopy and imaging. The single- 

wavelength excitation (Vis or NIR) and emission of rare earth doped nanophosphors have been 

the subject of extensive research. However, there is a need for research on the site-selective 

dual-excitation of nanophosphors. The objective of the thesis is to conduct a comprehensive 

analysis of the spectral characteristics of rare earth doped nanophosphors under dual-

wavelength laser excitation and image and map the optically active emitting sites. 

This thesis focuses on advancing experimental techniques for controlling light and studying 

the spectral characteristics and optical responses of various rare earth doped nanophosphors 

using innovative site-selective spectroscopy and spatial photoluminescence mapping/imaging 

methods. The novelty of the thesis lies in the judicious design and purposeful choice of 

excitation wavelengths and nanophosphors to investigate the dual-excitation site-selective 

spectroscopy. The thesis begins with a study of both theoretical and experimental optical 

studies concerning the rare earth doped fluoride nanophosphors. This is succeeded by an 

extensive investigation of dual-excitation photoluminescence spectroscopy and spatial 

photoluminescence mapping/imaging in different nanophosphors. The thesis additionally 

includes a preliminary study into the use of these nanophosphors as biological markers for 

biophotonic applications.  

The research also investigated the synthesis, comprehensive characterizations, and applications 

of various rare earth doped nanophosphors, emphasizing their unique optical properties and 

potential applications in diverse fields. The thesis presented an innovative method of site-

selective spectroscopy, highlighting the advantages of dual-wavelength excitation in terms of 

sensitivity, enhanced spectral resolution, and the ability to probe multi-energy level systems. A 

significant finding of the study is the observation of upconversion emission from europium. 

The thesis further illustrates the design and development of several innovative optical 

measurement techniques, encompassing dual-excitation photoluminescence measurements and 

an advanced modified optical microscope for spatial photoluminescence mapping and imaging.  

The extensive research conducted has significantly enhanced the understanding of site-

selective spectroscopy and dual-mode excitation photoluminescence in rare earth doped 

nanophosphors. This knowledge not only deepens theoretical insights but also paves the way 

for practical applications, potentially expediting the transition from laboratory findings to real-

world utilization. 
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सामान्य साराााांश  

 

यह शोध प्रबंध प्रकाशशक से्पक्ट्र ोस्कोपी में हुई महत्वपूर्ण प्रगति और बायोफोटोतिक्स िथा िैिोफोटोतिक्स 

अिुप्रयोगो ंकी तितिध श्रंखला हेिु बेहिर छतियो ंकी उच्च मााँग से पे्रररि है। तिशेष रूप से संशे्लतषि दुलणभ मरदा 

अपतमतश्ि िैिोफॉस्फोर में ति-िरंगदैर्ध्ण लेज़र उते्तजि के मार्ध्म से चयतिि स्थलो ंया अपतमश्को ंको चुतिंदा 

रूप से उते्तशजि करिे की क्षमिा अभी भी एक अिने्वतषि के्षत्र है, जो से्पक्ट्र ोस्कोपी और इमेशजंग के एक िए पहलू 

का प्रतितितधत्व करिा है। दुलणभ मरदा अपतमतश्ि िैिोफॉस्फोर का एकल िरंगदैर्ध्ण उते्तजि (Vis या NIR) और 

उत्सजणि व्यापक शोध का तिषय रहा है। हालााँतक, िैिोफॉस्फोर के स्थल-चयिात्मक ति-उते्तजिा पर शोध की 

आिश्यकिा है। इस शोध प्रबंध का उदे्दश्य ति-िरंगदैर्ध्ण लेज़र उते्तजि के अंिगणि दुलणभ मरदा अपतमतश्ि 

िैिोफॉस्फोर की िर्णक्रमीय तिशेषिाओ ंका व्यापक तिशे्लषर् करिा और प्रकाशशक रूप से सतक्रय उत्सजणक 

स्थलो ंका तचत्रर् एिं माितचत्रर् करिा है। 

यह शोध प्रबंध प्रकाश तियंत्रर् हेिु प्रायोतगक िकिीको ंको उन्नि करिे और ििीि स्थल-चयिात्मक से्पक्ट्र ोस्कोपी 

िथा स्थातिक प्रकाश-प्रकाश-प्रकाश माितचत्रर्/प्रतितबंबि तितधयो ंका उपयोग करके तितभन्न दुलणभ मरदा-तमतश्ि 

िैिोफॉस्फोरो ंकी िर्णक्रमीय तिशेषिाओ ंएिं प्रकाशशक प्रतितक्रयाओ ंका अर्ध्यि करिे पर कें तिि है। इस शोध 

प्रबंध की ििीििा ति-उते्तजिा स्थल-चयिात्मक से्पक्ट्र ोस्कोपी की जााँच हेिु उते्तजिा िरंगदैर्ध्ों और िैिोफॉस्फोरो ं

के तििेकपूर्ण तिज़ाइि और उदे्दश्यपूर्ण चयि में तितहि है। यह शोध प्रबंध दुलणभ मरदा-तमतश्ि फ्लोराइि 

िैिोफॉस्फोरो ंसे संबंतधि सैद्ांतिक और प्रायोतगक, दोिो ंप्रकार के प्रकाशशक अर्ध्यिो ंसे आरंभ होिा है। इसके 

बाद तितभन्न िैिोफॉस्फोरो ंमें ति-उते्तजिा प्रकाश से्पक्ट्र ोस्कोपी और स्थातिक माितचत्रर्/प्रतितबंबि की व्यापक 

जााँच की जािी है। इस शोध प्रबंध में जैि-प्रकाशशक अिुप्रयोगो ंके शलए जैतिक तचह्नको ंके रूप में इि िैिोफॉस्फोरो ं

के उपयोग पर एक प्रारंतभक अर्ध्यि भी शातमल है। 

इस शोध में तितभन्न दुलणभ मरदा-तमतश्ि िैिोफॉस्फोरो ंके संशे्लषर्, व्यापक लक्षर्-िर्णि और अिुप्रयोगो ंकी भी 

जााँच की गई, शजसमें उिके अतििीय प्रकाशशक गुर्ो ंऔर तितिध जैि-तचतकत्सा एिं िकिीकी के्षत्रो ंमें उिके 

संभातिि अिुप्रयोगो ंपर बल तदया गया। थीशसस िे साइट-चयिात्मक से्पक्ट्र ोस्कोपी की एक अतभिि तितध प्रसु्ति 

की, शजसमें संिेदिशीलिा, उन्नि से्पक्ट्र ल ररज़ॉलू्यशि और बहु-ऊजाण स्तर प्रर्ाशलयो ंकी जांच करिे की क्षमिा 

के संदभण में दोहरे-िरंगदैर्ध्ण उते्तजिा के लाभो ं पर प्रकाश िाला गया। अर्ध्यि का एक महत्वपूर्ण तिष्कषण 

यूरोतपयम से अपरूपांिरर् उत्सजणि का अिलोकि है। थीशसस कई अतभिि ऑतिकल माप िकिीको ंके तिजाइि 

और तिकास को आगे बढािी है, शजसमें दोहरे-उते्तजिा फोटोलू्यतमिेसेंस माप और स्थातिक फोटोलू्यतमिेसेंस 

मैतपंग और इमेशजंग के शलए एक उन्नि संशोतधि ऑतिकल माइक्रोस्कोप शातमल है। 

तकए गए व्यापक शोध िे दुलणभ परथ्वी िोप्ि िैिोफॉस्फोर में साइट-चयिात्मक से्पक्ट्र ोस्कोपी और दोहरे-मोि 

उते्तजिा फोटोलू्यतमिेसेंस की समझ को काफी बढाया है। 
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Table 3.5 Judd-Ofelt parameters Ω (10-20 cm2) of Nd3+ ions doped KLaF4 

nanoparticles along with other reported values. 

 

Table 3.6 Calculated radiative transition probability, branching ratio, radiative lifetime, 

experimental lifetime, and quantum efficiency for different Nd3+ ions doped 

samples in colloidal solutions. 

 

Table 3.7 Calculated emission peak wavelength (𝜆𝑃), effective bandwidth (P), 

stimulated emission cross-section ((𝜆𝑃)), gain bandwidth (G=P(𝜆𝑃)), 

and gain per unit length (𝜏𝑒𝑥𝑝(𝜆𝑃)) for Nd3+ doped fluorite nanoparticle 

colloidal solutions. 

 

Table 3.8 The fitted and evaluated energy transfer parameters from I-H and Y-T 

approximations. 

 

Table 3.9 Crystallographic data of cubic KLa(0.79-x)GdxF4:Er3+/Yb3+ (x = 0). 

 

Table 3.10 Refined positional parameters after the final cycle of refinement. 

 

Table 3.11 Crystallographic refinement data of hexagonal phase KLa(0.79-x)GdxF4: 

Er3+/Yb3+ (x = 0.25). 

 

Table 3.12 Refined positional parameters after the final cycle of refinement. 
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Table 4.1 Crystallographic data of cubic undoped KLaF4 lattice. 

 

Table 4.2 Refined positional parameters after the final cycle of refinement. 

 

Table 4.3 Summary of dopant concentration and number of photons (n) involved (𝐼 ∝

𝐴𝑃𝑛) in upconversion photoluminescence (UC-PL) in various host lattices 

under 980 nm laser excitation. 

 

Table 4.4 CIE coordinates calculated from the recorded PL corresponding to the highest 

power of 405 nm, P = 85 mW, and for 980 nm, P = 450 mW of the samples 

doped with KLaF4:6%Eu3+/18%Yb3+ and KLaF4:0.5%Er3+/6%Eu3+/18%Yb3+. 
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Abbreviations 

 

PL Photoluminescence 

LASER Light Amplification by Stimulated Emission of Radiation 

UC Upconversion 

DC Downconversion 

UC-PL Upconversion Photoluminescence 

DC-PL Downconversion Photoluminescence 

nm Nanometre 

RE Rare Earth 

QD Quantum Dot 

ET Energy Transfer 

GSA Ground State Absorption 

ESA Excited State Absorption 

ETU Energy Transfer Upconversion 

CR Cross-relaxation 

PA Photon Avalanche 

NR Non-radiative 

MPR Multi-Phonon Relaxation 

UV Ultraviolet 

Vis Visible 

NIR Near-infrared 

NP Nanoparticle 

XRD X-ray diffraction 

PXRD Powder X-ray diffraction 

ICDD International Centre for Diffraction Data 

JCPDS Joint Committee on Powder Diffraction Standards 

SEM Scanning Electron Microscopy 

BSE Backscattered Electrons 

SE Secondary Electrons 

EDX Energy Dispersive X-ray Spectroscopy 

TEM Transmission Electron Microscopy 

CCD Charge-Coupled Device 

SEAD Selected Area Electron Diffraction 

HRTEM High-resolution Transmission Electron Microscopy 

XPS X-ray Photoelectron Spectroscopy 

SQUID Superconducting Quantum Interference Device 

EPR Electron Paramagnetic Resonance 

BF Bright Field 

DF Dark Field 

FWHM Full Width at Half Maximum 

J-O Judd-Ofelt 

I-H Inokuti- Hirayama 

Y-T Yokota-Tanimoto 

 

 



 

xxv 
 

Symbols 

 

I Upconversion emission intensity  

P Laser Power 

n Number of pump photons absorbed for each emitted up-converted photon 

H  Hamiltonian 

HFI Free ion Hamiltonian 

HCF Crystal field Hamiltonian 

fexp Experimental oscillator strength 

fcal Calculated oscillator strength 

Ωλ Judd-Ofelt parameters  

m Mass of the electron 

e Charge of the electron 

c Speed of light in vacuum 

λ Wavelength 

δrms R.M.S deviation 

λP Emission peak wavelength 

P Effective bandwidth  

(𝜆𝑃) Stimulated emission cross-section  

G Gain bandwidth  

𝜏𝑒𝑥𝑝 Gain per unit length  

𝑅𝐷𝐴 Distance between the donor and acceptor ions 

𝐶𝐷𝐴  Donor-acceptor interaction parameter 

𝐶𝐷𝐷 Donor-donor interaction parameter 

 

 

 

 

 

 

 

 

  




