
 

 

 

 

 

Punit Sharma 

 

 

 

 

 

 

 

DEPARTMENT OF ENERGY SCIENCE AND ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

MAY 2024 

UNRAVELLING THE ROLE OF DEFECTS IN HYBRID 

SEMICONDUCTOR MATERIAL: A HOLISTIC EXPLORATION 

OF THEIR INFLUENCE ON OPTO-ELECTRONIC DEVICE 

PERFORMANCE 



 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2024 



UNRAVELLING THE ROLE OF DEFECTS IN HYBRID 

SEMICONDUCTOR MATERIAL: A HOLISTIC 

EXPLORATION OF THEIR INFLUENCE ON OPTO-

ELECTRONIC DEVICE PERFORMANCE 

 

by 

PUNIT SHARMA 

Department of Energy Science and Engineering 

 

Submitted 

In fulfilment of the requirements of the degree of Doctor of Philosophy 

to the 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

MAY 2024 

 

 



 

 

 

 

 

 

Dedicated to 

My Parents and Family…. 



i | P a g e  
 

CERTIFICATE 

 

This is to certify that the thesis entitled, “Unravelling the Role of Defects in Hybrid 

Semiconductor Material: a Holistic Exploration of their Influence on Opto-electronic 

Device Performance”, submitted by Mr. Punit Sharma to the Department of Energy Science 

and Engineering, Indian Institute of Technology Delhi, for the award of the degree of the 

Doctor of Philosophy is a record bonafide research work carried out by him under my 

supervision and guidance. The results contained in this thesis have not been submitted in part 

or full, to any other University or Institute for the award of any degree/diploma. 

 

 

 

Date:         Dr. Supravat Karak 

Place: New Delhi.         Department of Energy Science and Engineering 
Indian Institute of Technology Delhi 

Hauz Khas, New Delhi-110016, India. 
  



ii | P a g e  
 

Acknowledgements 

Foremost, I want to give a heartfelt shout-out to my parents, sisters, wife, and friends. Their 

incredible support has been a driving force in my life and throughout my DPhil journey. Their 

consistent encouragement and assistance in every facet have been indispensable in enabling 

me to achieve this milestone. 

I am highly indebted to my dissertation advisor, Dr. Supravat Karak, who provided me with all 

the support and guidance. I admire and appreciate his valuable suggestions and insights 

throughout my Ph.D. work. His prompt inspirations, timely suggestions with kindness, 

enthusiasm, and dynamism have enabled me to complete this thesis.  

I would also like to thank Prof. Vamsi K Komarala, Head of the Department of Energy Science 

and Engineering (DESE), for his invaluable support during my Ph.D. I express my gratitude 

towards the members of my Ph.D. research committee, Prof. Dibakar Rakshit (DESE), and 

Prof. Ravi P. Singh (Department of Chemistry) for their constant help and advice. I also thank 

all the faculty members of DESE for their valuable support. I want to acknowledge the Nano 

Research Facility (NRF) and Central Research Facility (CRF) for providing access to various 

characterization facilities.  

I want to give a special shoutout to Prof. Jayant Kumar at the University of Massachusetts 

Lowell for his fantastic guidance as my additional supervisor during my visit to UMass Lowell 

as Fulbright research Scholar. Learning Device Fabrication skills and Device physics at the 

Centre of advanced Materials under his mentorship has been invaluable. His constant advice, 

support with experimental results, and analytical insights have been crucial in shaping this 

thesis. Prof. Kumar’s exceptional mentorship and personal support are deeply appreciated. 

Now to my colleagues and friends. I owe a huge debt of thanks to Dr. Aniket Rana, he’s been 

my go to person for all things related to experiments, planning, and result analysis. His impact 



iii | P a g e  
 

on my scientific journey is immeasurable, and beyond that. Dr. Sandeep Munjal keeps inspiring 

and supported me on my phase of my life. Special thank my fellow lab mates of OHEDL group, 

Kartiki Chandratre, Rakesh Suthar, Roshani Shakya, Suryakant, and Pooja Rani along with all 

members of the PV group for providing their support. I owe a deep sense of gratitude to my 

friends Jitendra Bagra, Sachin Sharma, Mahesh Sharma, Dinesh Kumar, Dr. Sourav 

Patranabish, Dr. Abhishek Gosh, Dr. Shabina Ashraf, Dr. Khayti Verma, Anchala Patel, Suman 

Sirohi, and Anshu Kumar, who supported me in hard times and celebrated each 

accomplishment. 

I wish to express my profound gratitude to the organisations that provide funding support for 

my journey. These include IIT Delhi for the Institute Assistantship (IA), the Fulbright Nehru 

Fellowship. 

I am profusely grateful to my parents for their love, prayers, care, and sacrifice for educating 

and preparing me for my future. 

 

Punit Sharma 

01-12-2023 
  



iv | P a g e  
 

Abstract 

This study presents a comprehensive analysis of the synthesis and applications of phase-pure 

iron pyrite nanocrystals (FeS2 NCs), focusing on defect states and their impact on 

optoelectronic properties. Two cost-effective chemical methods, hot injection and 

hydrothermal procedures, were used to synthesize FeS2 NCs, revealing differences in crystallite 

size, optical band gap, and Urbach energy. The research examines charge carrier lifetimes and 

densities, influenced by surface defects or sulfur vacancies, and their effect on photovoltaic 

performance. Devices with FeS2 NCs synthesized via the hydrothermal method showed ~50% 

lower power conversion efficiency compared to those using the hot-injection method. 

Additionally, the study explores defects' effects on the optical properties of pristine, ionic 

liquid-treated, and Co-alloyed FeS2 nanomaterials. Co-alloying shifts conductivity from p-type 

to n-type, enhancing electrical properties and nonlinear absorption coefficients, suggesting 

potential for advanced optoelectronic devices. 

The investigation extends to FeS2 NCs' role in improving the efficiency of hybrid bulk-

heterojunction solar cells with a P3HT: PC71BM blend. Optimal doping concentration 

improves short-circuit current density and overall cell efficiency, with defect states aiding 

carrier generation and dissociation. Transient photocurrent and photovoltage studies reveal 

faster carrier extraction and longer recombination times, highlighting defect states' efficacy in 

performance enhancement. 

The study also examines FeS2 NCs' impact on organic photovoltaic cells (OPVs), focusing on 

trap states' energy distribution and their role in improving photovoltaic properties and 

mitigating trap-assisted recombination. 

Further, FeS2 NCs as hole transport material (HTM) in perovskite solar cells (PeSCs) based on 

MAPbI3 show enhanced short-circuit current density and stability, suggesting FeS2 NCs as a 
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cost-effective HTM alternative for air-processed PeSCs. Additionally, copper(I) halides (CuI 

and CuBr) are investigated for passivating defect states in MAPbI3-based PeSCs, improving 

hole transport and reducing recombination. Optimized inverted PeSCs using CuI as a 

passivation agent achieved significant efficiency, reaching 14.1%. 

In conclusion, this study offers significant insights into defect engineering in FeS2 NCs and the 

use of p-type copper(I) halides in MAPbI3 perovskite solar cells, contributing to advancements 

in sustainable energy research by enhancing the efficiency and durability of optoelectronic 

devices. 
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साराांश 

यह अध्ययन चरण-शुद्ध आयरन पाइराइट ननैोक्रिस्टल्स (FeS2 NCs) के संश्लेषण और 
अनुप्रयोगों का व्यापक विश्लेषण प्रस्तुत करता है, जिसमें दोष अिस्थाओं और उनके 
ऑप्टोइलेक्ट्रॉननक गुणों पर प्रभाि पर ध्यान कें द्रित क्रकया गया है। FeS2 NCs के संश्लेषण के 
ललए दो क्रकफायती रासायननक विधधयों, हॉट इंिेक्ट्शन और हाइड्रोथममल प्रक्रियाओं का उपयोग 
क्रकया गया, जिससे क्रिस्टलाइट आकार, ऑजप्टकल बैंड गैप और उरबाच ऊिाम में अंतर सामन े
आया। यह शोध चािम कैररयर के िीिनकाल और घनत्ि की िांच करता है, िो सतह दोष या 
सल्फर ररजक्ट्तयों से प्रभावित होते हैं, और उनके फोटोिोजल्टक  प्रदशमन पर प्रभाि का विश्लेषण 
करता है। हाइड्रोथममल विधध से संश्लेवषत FeS2 NCs िाले उपकरणों की पािर कन्ििमन दक्षता, 
हॉट-इंिेक्ट्शन विधध से बने उपकरणों की तुलना में लगभग 50% कम थी। 

इसके अलािा, अध्ययन मौललक, आयननक ललजक्ट्िड-उपचाररत और कोबाल्ट-एलॉयड FeS2 

नैनोमैटेररयल्स के ऑजप्टकल गुणों पर दोषों के प्रभाि का विश्लेषण करता है। कोबाल्ट-एलॉनयगं 
के कारण चालकता p-टाइप से n-टाइप में स्थानांतररत होती है, जिससे विद्युत गुणों और गैर-
रैखिक अिशोषण गुणांकों में सुधार होता है, िो उन्नत ऑप्टोइलेक्ट्रॉननक उपकरणों के ललए 
संभािनाएं सुझाते हैं। 

अध्ययन P3HT: PC71BM लमश्रण िाले हाइब्रिड बल्क-हेटेरोिंक्ट्शन सोलर सेल्स की दक्षता में 
सुधार में FeS2 NCs की भूलमका की भी िांच करता है। अनुकूल डोवपगं सांिता से शॉटम-सक्रकम ट 
करंट घनत्ि और समग्र सेल दक्षता में सुधार होता है, जिसमें दोष अिस्थाएँ कैररयर िेनरेशन 
और असंतुलन में सहायता करती हैं। रांजिएंट फोटोकरेन्ट और फोटोिोल्टेि अध्ययन तेि 
कैररयर ननष्कषमण और लंबा पुनसयंोिन समय प्रकट करते हैं, जिससे प्रदशमन सुधार में दोष 
अिस्थाओं की प्रभािशीलता स्पष्ट होती है। 

अध्ययन FeS2 NCs के ऑगेननक फोटोिोजल्टक सेल्स (OPVs) पर प्रभाि की भी िांच करता है, 

जिसमें रैप अिस्थाओं के ऊिाम वितरण और फोटोिोजल्टक गुणों में सुधार और रैप-सहायता 
प्राप्त पुनसयंोिन को कम करने में उनकी भूलमका पर ध्यान कें द्रित क्रकया गया है। 

इसके अलािा, MAPbI3 आधाररत पेरोव्स्काइट सोलर सेल्स (PeSCs) में होल रांसपोटम मैटेररयल 
(HTM) के रूप में FeS2 NCs का उपयोग शॉटम-सक्रकम ट करंट घनत्ि और जस्थरता में सुधार द्रदिाता 
है, जिससे हिा में संसाधधत PeSCs के ललए FeS2 NCs को एक क्रकफायती HTM विकल्प के रूप 
में सुझाया गया है। इसके अलािा, MAPbI3 आधाररत PeSCs में दोष अिस्थाओं को ननजष्िय 
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करने के ललए कॉपर(I) हैलाइड्स (CuI और CuBr) के उपयोग की िांच की िाती है, जिससे होल 
रांसपोटम में सुधार और पुनसयंोिन में कमी आती है। CuI को दोष ननजष्िय एिेंट के रूप में 
उपयोग करके ननलममत अनुकूललत उलटे PeSCs ने महत्िपूणम दक्षता सुधार प्राप्त क्रकया, िो 
14.1% तक पहंुची। 

अंत में, यह अध्ययन FeS2 NCs में दोष इंिीननयररगं और MAPbI3 पेरोव्स्काइट सोलर सेल्स में 
p-टाइप कॉपर(I) हैलाइड्स के उपयोग पर महत्िपूणम िानकारी प्रदान करता है, िो सतत ऊिाम 
अनुसंधान में प्रगनत में योगदान देते हुए ऑप्टोइलेक्ट्रॉननक उपकरणों की दक्षता और स्थानयत्ि 
को बढाने में सहायक है। 
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