
 
 

POTENTIAL APPLICATION OF 2D 

CARBON MATERIALS IN SILICON 

HETEROJUNCTION SOLAR CELLS 

 
A Thesis Submitted  

In Partial Fulfilment of the Requirements  

for the Degree of 

 

DOCTOR OF PHILOSOPHY                                                 
by 

 

NAIMA 
(2K20/PHDAP/01) 

 
Under the Supervision of 

DR. PAWAN KUMAR TYAGI                         PROF. VINOD SINGH 

Associate Professor                                            Professor 

Department of Applied Physics           Department of Applied Physics 

Delhi Technological University            Delhi Technological University 

 

 
 

 

 
 

Department of Applied Physics 

 

DELHI TECHNOLOGICAL UNIVERSITY 

(Formerly Delhi College of Engineering) 

Shahbad Daulatpur, Main Bawana Road, Delhi-110042, India 

 

OCTOBER, 2025 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© DELHI TECHNOLOGICAL UNIVERSITY-2025 

ALL RIGHTS RESERVED 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

DeDication 
This dissertation is dedicated to my beloved parents and 

supportive brothers. 

 

 

 

 

 

 

 

 

 



  i 

ACKNOWLEDGEMENT 

 

First and foremost, I thank the Almighty for granting me the fortitude and resilience 

required to navigate these years of commitment and hard work. This acknowledgement 

is a small but heartfelt token of appreciation for all those who supported and guided me 

along this journey. 

I sincerely thank my supervisors, Dr. Pawan Kumar Tyagi & Prof. Vinod Singh (HoD), 

for their excellent mentorship and invaluable, continuous support, which helped me 

navigate the complex aspects of this research. I am deeply appreciative of their insightful 

advice, constructive feedback, and constant encouragement, which have all contributed 

to the successful completion of my thesis. Their mentorship not only enriched my 

academic development but also taught me invaluable lessons that extend beyond the 

realm of research. I am truly fortunate to have had the privilege to work under their 

guidance, and I will carry forward the lessons they have imparted with immense respect 

and gratitude. For all of this and more, I am sincerely thankful and will always remain 

deeply indebted to them. 

My sincere thanks also go to Prof. Prateek Sharma, Hon’ble Vice-Chancellor, DTU, for 

providing a marvellous research environment and ample research facilities to conduct this 

research. I extend my sincere gratitude to Prof. Rinku Sharma, Dean (Academic-PG), DTU, 

and Prof. A. S. Rao,  Former Head of the Department of Applied Physics, DTU,  along with 

all the faculty and staff members, for their support and cooperation throughout my research 

journey. 

I am immensely grateful to my seniors, Dr. Kamlesh Patel, Dr. Vinay Kumar and Dr. 

Priya Pradeep Kumar, who stood by me unwaveringly, serving as pillars of support 

through every high and low. Their support and companionship have undoubtedly left a 

lasting impression on me, for which I am immensely thankful. I am grateful to my labmates, 

Mr. Jasveer Singh, Mr. Ramesh Kulriya, Ms. Shivani, Mr. Hemendra Singh, Ms. 

Nisha Singh, Mr. Bharat Bhushan, and Mr. Dedraj Yadav for their enthusiasm, fresh 

perspectives, and willingness to assist whenever needed. Your energy and curiosity have 

been a wonderful source of motivation. 

I extend my heartfelt thanks to my close friend Ms. Shilpa Rana for her unwavering 

support, encouragement, and companionship. Your presence has been a true source of 



  ii 

strength and positivity throughout this journey. Thank you for standing by me through 

every high and low, for cheering on my successes, and for lifting my spirits whenever I 

felt overwhelmed. Furthermore, I would like to sincerely thank my friends for their 

support and encouragement at DTU, including Dr. Sakshi Verma, Mrs. Megha 

Narwan, Mr. Sunil, Ms. Sheetal, Dr. Priyanka, Mr. Hemant Arrora, and Ms. Ankita 

Dahiya and outside DTU including Mrs. Damini Arora, Mrs. Megha Bhaduriya and 

Ms. Khushi Sharma for their unwavering technical guidance, valuable suggestions, and 

support throughout this journey. I am incredibly fortunate to have friends like you, and I 

will always cherish the memories we've created together during this journey. 

I am profoundly grateful to my father, Mr. Abdul Karim, and my mother, Mrs. Bano, 

who mean the world to me and have always given me the freedom to follow my path. I 

deeply admire them for their selfless love, care, sacrifices, and unwavering support in 

shaping my life. I also extend my sincere gratitude to my brothers, Mr. Nadeem Tyagi 

and Mr. Naim Tyagi, for their belief in me, their unwavering support and their constant 

kindness and understanding. They have always encouraged me to think beyond the 

ordinary and strive for excellence, pushing me to step outside my comfort zone and 

explore new horizons. Their infectious laughter and lighthearted presence have been a 

source of comfort, brightening my challenging Ph.D. journey and offering moments of 

joy and innocence. I dedicate this achievement to their boundless encouragement and 

love. I would also like to acknowledge my two wonderful sisters-in-law, Anjum and 

Fatima, for their constant encouragement, kindness, and support. 

Lastly, I want to acknowledge the tiniest, most joyful members of my family, my 

nephews, Arhaan, Izhaan, Hasan and niece, Enaya. Though too young to understand 

what a thesis is, their innocent laughter, playful chaos, and unconditional affection 

brought balance and light to even the most stressful days. Thank you for being a source 

of pure happiness throughout this journey. 

 

Naima 

 

 

Date: 



  iii 

DELHI TECHNOLOGICAL UNIVERSITY 

(Govt. of National Capital Territory of Delhi) 

Shahbad Daulatpur, Bawana Road, Delhi-110042 

 

CANDIDATE’S DECLARATION 

I, Ms. Naima (2K20/PHDAP/01), hereby declare that the work which is being 

presented in the thesis entitled “Potential application of 2D carbon materials in 

silicon heterojunction solar cells” in partial fulfillment of the requirements for the 

award of the Degree of Doctor of Philosophy, submitted in the Department of Applied 

Physics, Delhi Technological University is an authentic record of my own work carried 

out during the period from August 2020 to July 2025 under the supervision of Dr. 

Pawan Kumar Tyagi & Prof. Vinod Singh, Department of Applied Physics, Delhi 

Technological University. The matter presented in the thesis has not been submitted 

by me for the award of any other degree of this or any other Institute. 

 

 

                                                                                                   Candidate’s Signature  

 

This is to certify that the student has incorporated all the corrections suggested by the 

examiners in the thesis and the statement made by the candidate is correct to the best 

of our knowledge.  

 

 

Dr. Pawan Kumar Tyagi                                                                Prof. Vinod Singh 

(Supervisor)                                                                                      (Joint-Supervisor) 

 

 

                                                       Dr. Fouran Singh 

                                                       (External Examiner) 

Scientist-G, Inter-University Accelator Centre, New Delhi -110067 



iv 

DELHI TECHNOLOGICAL UNIVERSITY 

(Govt. of National Capital Territory of Delhi) 

Shahbad Daulatpur, Bawana Road, Delhi-110042 

CERTIFICATE BY THE SUPERVISOR 

Certified that Ms. Naima (2K20/PHDAP/01) has carried out her research work 

presented in this thesis entitled  “Potential application of 2D carbon materials in 

silicon heterojunction solar cells” for the award of Doctor of Philosophy from 

Department of Applied Physics, Delhi Technological University, Delhi, under my 

supervision. The thesis embodies results of original work, and studies are carried out by 

the student herself and the contents of the thesis do not form the basis for the award of 

any other degree to the candidate or to anybody else from this or any other 

University/Institution. 

Dr. Pawan K. Tyagi  Prof. Vinod Singh 

(Supervisor)      (Joint-Supervisor) 

Associate Professor  Professor and HoD 

Department of Applied Physics   Department of Applied Physics 

Delhi Technological University   Delhi Technological University 

Delhi-110042, India   Delhi-110042, India     

Date: 



v 

ABSTRACT 

As the world moves toward more sustainable energy systems, photovoltaic technologies 

are becoming vital in supplying the increasing electricity demand. Silicon-based solar 

cells remain the most popular among PV technologies because of their advanced 

technology, scalability, high efficiency, and long-term dependability. Nevertheless, in 

order to address the challenges of mounting worldwide energy consumption and the 

limitations imposed within conventional device structures, further power conversion 

efficiency advancement is anticipated. In this regard, the integration of two-dimensional 

materials with silicon-based heterojunction solar cells represents a promising strategy to 

transcend existing performance barriers. 

In this thesis, AFORS-HET simulation software is used. to numerically investigate the 

feasibility of the integration of diamane, a recently synthesized 2D diamond-like 

allotrope of carbon, into silicon-based solar cell designs. Diamane is reported to be a 

promising material for advanced photovoltaic applications because of its wide and 

tunable bandgap, excellent optical properties, and higher carrier mobility. The objective 

of this thesis is to meticulously investigate the integration of doped diamane as a 

promising material to be used as the emitter and back surface field (BSF) layers in 

silicon-based heterojunction solar cells.  

The application of n-type diamane as an emitter layer in an ITO/n-Diamane/p-cSi/Ag 

heterostructure solar cell is investigated in the first section of the study. A maximum 

power conversion efficiency (PCE) of 16.84% was attained at 300 K by layer’s 

parameter optimization. To validate its practical applicability, the structure was 

simulated using commercially available silicon substrates that are commercially 

accessible, resulting in an efficiency of 10.41%. The analysis also revealed that as the 

diamane thickness increased, efficiency slightly decreased, highlighting the importance 

of precise thickness control. After that, an advanced HIT structure, Gr/n-Dn/a-Si: H(i)/p-

c-Si/Ag, is modelled. Here, graphene with zero absorption loss is used as the transparent 

conducting oxide (TCO). The optimized cell delivered a record efficiency of 31.2%, 

surpassing structures that utilized traditional ITO electrodes. The results highlight their 
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unique compatibility and practical synergy by demonstrating that the Gr/Dn interface of 

carbon materials could serve as both an emitter and a TCO, respectively. In order to 

further enhance device performance, doped diamane was used as an efficient 

electron/hole collection layer. The modelled structure is Gr/n-Dn/a-Si: H(i)/p-c-Si/p-

Dn/Au. Specifically, the n-type and p-type diamane layers are used as the emitter and 

BSF layers of the cell, respectively. For the fully optimized configuration, which 

accounts for absorption losses at the front contact, a conversion efficiency of 27.88% is 

achieved, with a short-circuit current density (JSC) of 49.3 mA/cm², open-circuit voltage 

(VOC) of 691.1 mV, and fill factor (FF) of 81.83%. A comprehensive analysis is also 

conducted on the influence of front surface texturing angle and associated optical losses, 

providing insights into light exposure angle to enhance photovoltaic performance. The 

study further presents a detailed simulation of BSFHJ and BSFHIT solar cells, 

incorporating passivation strategies and precise control over material bandgaps and 

thicknesses. The simulated structures, Gr/n-Dn/p-c-Si/p-Dn/Au and Gr/n-Dn/a-Si: 

H(i)/p-c-Si/a-Si: H(i)/p-Dn/Au, achieved efficiencies of 26.86% and 29.38%, 

respectively. For the BSFHJ cell, optimal performance was obtained with an n-diamane 

emitter (thickness 1.36 nm, bandgap 1.4 eV) and a p-diamane BSF layer (2.04 nm, 1.6 

eV). In contrast, the BSFHIT structure reached optimum efficiency using much thinner 

diamane layers (0.34 nm), with band gaps of 1.6 eV (n-type) and 1.3 eV (p-type). The 

ideal c-Si thickness was found to be 80 µm for BSFHJ and 35 µm for BSFHIT, indicating 

potential for material savings and enhanced sustainability, albeit with associated 

fabrication challenges for ultra-thin wafers. Key performance parameters, including 

VOC, JSC, FF, J–V characteristics, and spectral response, were analyzed in detail, 

confirming that the integration of both passivation and BSF layers substantially 

improves device efficiency. 

Finally, we explored a cell design with SiO₂/Si₃N₄ passivation layers on the emitter layer, 

resulting in the structure Gr/Si₃N₄/SiO₂/n-Dn/p-c-Si/p-Dn/Au. A high current density of 

54.53 mA/cm² and an efficiency of 30.59% were attained in this optimized design. To 

illustrate the superior effectiveness of diamane-based structured solar cells, a traditional 

PERC structure with a-Si for both emitter and BSF layers was also simulated, which 

yielded an efficiency of 24.01%. In order to further identify the most efficient design, a 
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comparison study of each simulated configuration was carried out. Among these 

structures, the passivated emitter layer BSFHIT structure was found to be more efficient, 

with the highest efficiency of 30.69%. This confirms the practical utility and commercial 

significance of the proposed 2D carbon material-based solar cells. 

In summary, the present work confirms that doped diamane is a multifunctional material 

for high-efficiency silicon photovoltaics. The possibility of developing a new class of 

carbon-integrated solar cell design is being offered. This happened as a result of 

graphene's ability to work as a transparent conducting electrode and diamene's dual use 

as an emitter and BSF layer. These findings pave the way towards the development of 

high-performance, sustainable solar systems based on 2D carbon materials, providing a 

strong theoretical basis for future demonstrations and commercial applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  viii 

LIST OF PUBLICATIONS 

 

Publications in Peer-Reviewed Journals (Included in Thesis) 

1. Naima, Pawan K. Tyagi, Vinod Singh, “N-type diamane: An effective emitter 

layer in crystalline silicon heterojunction solar cell”, Carbon Trends, 9 (2022) 

100209. (I.F. 3.9) 

2. Naima, Pawan K. Tyagi, Vinod Singh, “Potential application of novel 

graphene/diamane interface in silicon-based heterojunction with intrinsic thin 

layer solar cell”, Computational Materials Science 226 (2023) 112252. (I.F. 

3.3) 

3. Naima, Pawan K. Tyagi, Vinod Singh, “Doped diamane: An efficient 

electron/hole collection layer in HIT solar cell”, Materials Science and 

Engineering B 310 (2024) 117754. (I.F. 4.6) 

4. Naima, Pawan K. Tyagi, Vinod Singh, “Potential application of p-type diamane 

as back surface field layer in silicon-based heterojunction solar cells”, Semicond. 

Sci. Technol. 39 (2024) 125021 (17pp). (I.F. 2.1) 

Communicated 

1. Naima, Mohamed Alla, Vinod Singh, “Potential application of diamane and 

graphene in silicon-based heterojunction solar cells” Diamond and Related 

Materials  (I.F. 5.1) (Under review) 

Publications in Conference 

1. Naima, Pawan K. Tyagi, Vinod Singh, “Affinity Optimization of Commercially 

Available Crystalline-Silicon Heterojunction Solar Cell by Using AFORS-HET 

Software”, Recent Advances in Nanotechnology, Springer Proceedings in 

Materials, 28 (2022) 111-115.  

2. Naima, Pawan K. Tyagi, Vinod Singh, “Effect of temperature variation on the 

performance of HIT solar cell”, Springer's Proceedings in Physics (2023) 

(Accepted). 

 



  ix 

Publications in Peer-Reviewed Journals (Not Included in Thesis) 

1. H. El-assib, Naima, et al. “High-performance optimization of Cs₂CuSbCl₆-based 

lead-free double perovskite solar cells with >27% efficiency”, Renewable 

Energy, 239 (2025) 122092. (I.F. 9.1) 

2. H. El-Assib, M. Alla, S. Tourougui, M. Mohammed, S. Dar, Y. Labghough, M. 

Alla, Naima, M. Rouchdi, B. Fares, “Electron extraction layer-Driven 

performance enhancement in CaHfSe3 Photovoltaics”, RSC Advances, 15 

(2025) 35859. (I.F. 4.6) 

Conference Contributions-Poster/Oral 

1. Naima, Pawan K. Tyagi, Vinod Singh “Affinity Optimization of Commercially 

Available Crystalline-Silicon Heterojunction Solar Cell by Using AFORS-HET 

Software” at International Conference on Nanotechnology: Opportunities & 

Challenges (ICNOC 2022) held in Department of Applied Sciences and Humanities 

Faculty of Engineering and Technology, Jamia Millia Islamia, New Delhi, from 

28th-29th Nov, 2022. 

2. Naima, Pawan K. Tyagi, Vinod Singh “Effect of optical band gap of the emitter 

layer on the efficiency of the silicon heterojunction photovoltaic cell” at International 

Union of Materials Research Society – International Conference in Asia - 2022 

(IUMRS-ICA-2022) held in IIT Jodhpur, from 19th to 23rd December 2022. 

3. Naima, Pawan K. Tyagi, Vinod Singh “Effect of temperature variation on the 

performance of HIT solar cell” at International Conference on Atomic, Molecular, 

Material, Nano and Optical Physics with Applications (ICAMNOP–2023) held in 

Delhi Technological University, from 20th-22nd Dec, 2023. 

4. Naima, Pawan K. Tyagi, Vinod Singh “Graphene–Diamane Interfaces for Enhanced 

Silicon Solar Cell Performance” at International Conference on Innovations, 

Advances in Material Science for Sustainable Goals (IAMSSG–2025) held in 

JECRC University - Jaipur (India), from 29th-31nd Oct, 2025. 

 

 



  x 

TABLE OF CONTENTS 

 

Acknowledgement ......................................................................................................i 

Candidate’s Declaration ......................................................................................... iii 

Certificate ................................................................................................................ iv 

Abstract .................................................................................................................... v 

List of Publications ................................................................................................ viii 

Table of contents ....................................................................................................... x 

List of Tables .......................................................................................................... xiv 

List of Figures ........................................................................................................ xvi 

List of Abbreviations ............................................................................................ xxiv 

 

Chapter 1: Introduction .................................... ........................................1-22 

1.1      Background and Motivation /Overview .......................................................... 2 

1.2      Solar Cells for Solar Energy Harvesting ......................................................... 4 

           1.2.1 Working Principle of Solar Cells ........................................................ 4  

           1.2.2 Types of Solar Cells ........................................................................... 9 

1.3     Silicon Heterojunction and HIT Solar Cells ................................................... 10 

 1.3.1    Carrier-Selective Contacts: Trends and Limitations .................. ........12 

1.4 2D Carbon Materials in Photovoltaics ......................................................... 15 

            1.4.1    Graphene and Its Derivatives  .......................................................... 15 

            1.4.2    Carbon Nanotubes (CNTs) ............................................................... 16 

            1.4.3    Graphdiyne (GDY) .......................................................................... 16 

1.5       Research Challenges.................................................................................... 17 

1.6 Research Gap .............................................................................................. 18 

 1.6.1 Research Objectives ......................................................................... 18 

 1.6.2 Overview of Thesis .......................................................................... 19 

References .............................................................................................................. 19 

 

Chapter 2: Literature Review ................................................................ 23-35 

2.1 Introduction ................................................................................................. 24 



  xi 

2.2 Conventional Electron/Hole Collection Materials and their    

Limitations......................................................................................................26 

           2.2.1 Doped Amorphous Silicon (a-Si:H)........................................................26 

           2.2.2 Transition Metal Oxides (TMOs)............................................................26 

           2.2.3 Other Emerging Materials.......................................................................27 

2.3     Desirable Properties for Carrier-Selective Layers............................................28    

          2.3.1 Electronic Requirements..........................................................................28 

          2.3.2 Optical Requirements...............................................................................28 

          2.3.3 Thermal and Chemical Stability...............................................................28 

          2.3.4  Interfacial Passivation.............................................................................29 

          2.3.5 Scalability and Process Compatibility.....................................................29 

2.4     Diamane: A Promising 2D Carbon Material .................. ……………………..29 

          2.4.1 Structural and Electronic Properties.........................................................30 

          2.4.2 Optical and Mechanical Characteristics....................................................31 

          2.4.3 Fabrication Challenges and Research Directions......................................32 

2.5     Scope of the present work .................................................................... .........32 

References ............................................................................................................. .35 

 

Chapter 3: Application of N-type diamane as an effective emitter layer in 

crystalline silicon heterojunction solar 

cells..........................................................................................36-61 

3.1 Introduction ............................................................................................... ..37 

3.2 Device structure and simulation details ........................................................ 41 

3.3 Results and discussion.. ............................................................................... 46 

 3.3.1 Optimization of n-type diamane layer parameters ............................ 46 

 3.3.2 Optimization and simulation of p-crystalline silicon wafer    

parameters........ ................................................................................ 52 

 3.3.3 Spectral response, quantum efficiency and temperature 

dependency..........................................................................................57 

3.4 Summary ..................................................................................................... 60 

References .............................................................................................................. 61 

 

Chapter 4: Significance of novel graphene/diamane interface in silicon 

heterojunction with intrinsic thin layer (HIT) solar cell.....62-89 



  xii 

4.1 Introduction ................................................................................................. 63 

4.2 Simulation and structural details and junction formation .............................. 66 

 4.2.1 Simulation and structural details ...................................................... 66 

 4.2.2 Junction formation ........................................................................... 72 

4.3       Results and discussion.....................................................................................73 

 4.3.1 Optimization of diamane layer ......................................................... 73 

 4.3.2 Optimization of a-Si: H(i) layer ....................................................... 77 

            4.3.3 Optimization of p-cSi layer .............................................................. 79 

            4.3.4 Optimization of the TCE (graphene) parameters .............................. 82 

            4.3.5 Optimization and simulation of front and back contact 

material............... ............................................................................. 85 

4.4 Summary ..................................................................................................... 88 

References .............................................................................................................. 89 

 

Chapter 5: Doped diamane: an efficient electron/hole collection layer in 

silicon solar cells ................................................................ 90-114 

5.1 Introduction ................................................................................................. 91 

5.2 Structural Model and Junction Formation .................................................... 95 

5.3 Results and Discussion ................................................................................ 99 

 5.3.1 Evaluation of Approach ................................................................... 99 

 5.3.2 Fabrication Details ......................................................................... 100 

 5.3.3 Optimization of Emitter Layer ....................................................... 101 

            5.3.4 Optimization of BSF Layer ............................................................ 105 

            5.3.5 Optimization of Buffer layer .......................................................... 107 

            5.3.6 Optimization of Active Layer ......................................................... 109 

5.4 Summary ................................................................................................... 113 

References ............................................................................................................ 114 

 

Chapter 6: Significance of passivating c-Si layer in silicon heterojunction 

solar cells .......................................................................... 115-146 

6.1 Introduction ............................................................................................... 116 

6.2 Simulation model and junction formation .................................................. 122 

6.3 Results and Discussion .............................................................................. 127 

 6.3.1 Fabrication Details ......................................................................... 127 



  xiii 

 6.3.2 Optimisation of the Thickness of the n-Dn, p-Dn, and p-cSi Layers in 

HJBSF and HITBSF Cell..................................................................127 

 6.3.3 Optimisation of the Bandgap of the Emitter and BSF Layer in HJBSF 

and HITBSF Cells.......................................................................... 132 

            6.3.4 Optimisation of the Thickness and Bandgap of the Front and Rear/Back 

Layers of a-Si: H(i) in HITBSF Cell .............................................. 135 

            6.3.5 Spectral Response, J-V Curve and Quantum Efficiency of HJBSF & 

HITBSF Cell.................................................................................. 138 

6.4 Summary ................................................................................................... 145 

References ............................................................................................................ 146 

 

Chapter 7: Influence of passivation layer (SiO2/Si3N4) employing in 

commercially available silicon solar 

cell.......................................................................................147-169 

7.1 Introduction ............................................................................................... 148 

7.2 Structure and simulation details ................................................................. 154 

7.3 Energy Band Diagram and Carrier Dynamics ............................................ 155            

7.4 Results and Discussion .............................................................................. 157 

 7.4.1 Optimization of carrier lifetime in active layer ............................... 157 

 7.4.2 Optimization of thickness of p-type c-Si ........................................ 158 

 7.4.3 Optimization of the doping concentration of the BSF layer ............ 159 

            7.4.4 Optimization of the thickness of the BSF layer .............................. 160 

            7.4.5 Optimization of the thickness of the emitter layer .......................... 161 

            7.4.6 Optimization of the doping concentration of the emitter layer ........ 162 

7.5 Summary ................................................................................................... 165 

References ............................................................................................................ 166 

 

Chapter 8: Conclusion, Future Scope and Social Impact...................170-173 

8.1 Conclusion ................................................................................................ 171 

8.2 Future Scope and Social Impact................................................................. 173 

 

Publication Proofs.........................................................................................174 

Curriculum Vitae..........................................................................................180 

 



xiv 

LIST OF TABLES 

Table 3.1: Information of the parameters used as front and back contact in 

the designed solar cell. 

40 

Table 3.2: Ranges of other parameters chosen for the simulation. 42 

Table 3.3: Overview of the variables of the finest simulated solar cell. 57

Table 4.1: List of parameters used as front and back contacts. 66

Table 4.2: List of the range of values of parameters used. 67

Table 4.3: List of parameters used at interfaces. 70 

Table 4.4: List of initially taken values of parameters. 72 

Table 4.5: Crystalline silicon based solar cells. 84 

Table 5.1: List of models applied at different interfaces between the layers 

used in the structure of designed solar cell investigated in this 

report. 

93 

Table 5.2: Values of parameters of front and back contacts used in the 

designed solar cell investigated in this work. 

96 

Table 5.3: List of initial set of values of parameters used for different layers 

before optimization. 

97 

Table 6.1: List of the intial values of all parameters used for performing the 

simulation in HJBSF cell. 

121 

Table 6.2: List of the initial parameter values of all layers used for 

performing simulation over HITBSF cell. 

121 



xv 

Table 6.3: Values of parameters of front and back contacts used in the 

designed solar cells (both HJBSF & HITBSF) investigated in 

this work. 

122 

Table 6.4: Optimum values of the simulated parameters of layers, n-Dn, p-

Dn, p-cSi and front/back passivation layers of HJBSF and 

HITBSF cell. 

123 

Table 6.5: Values of performance parameters of the optimal cells; HJBSF 

cell & HITBSF cell at the optimized values of all the parameters 

as tabluated in Table 6.1, 6.3 and 6.4. 

137 

Table 7.1: The parameters of the front and rear contacts utilised in the 

solar cell design were examined in this study. 

153 

Table 7.2: Initial parameter values for various layers prior to optimisation. 154 

Table 7.3: The results obtained after analysing previously reported 

cell with and without passivation along with newly simulated 

cells with and without passivation.  

160 

Table 6.6: Comparison and details solar cells based on crystalline silicon 
[10, 16, 69â€“74]

140 



xvi 

LIST OF FIGURES 

Fig. 1.1 Various renewable and sustainable source of energy present in 

surrounding. 

3 

Fig. 1.2 A diagram showing the photovoltaic effect 

[http://www.ecogreenelectrical.com/solar.htm]. 

5 

Fig. 1.3 A diagram showing structure of PV cell 

[https://www.geeksforgeeks.org/photovoltaic-cell/].  

5 

Fig. 1.4 Band diagram of an idealized solar cell structure at the a) open-

circuit and b) short-circuit conditions. 

6 

Fig. 1.5 Schematic representation of an isolated p-type and n-type 

semiconductor and corresponding band diagrams. 

7 

Fig. 1.6 Formation of a space-charge region at the p–n junction due to 

carrier diffusion and built-in electric field. 

7 

Fig. 1.7 The equivalent circuit of photovoltaic cell 

[https://www.geeksforgeeks.org/photovoltaic-cell/]. 

8 

Fig. 1.8 J-V characteristics of a p-n junction in the dark and under

illumination . 

8 

Fig. 1.9 Layered structure of (a) HJT, and (b) HIT. 11 

Fig. 1.10 Schematic representation of the heterojunction silicon (HIT) 

solar cell structure. 

13 

Fig. 1.11 Flowchart for the organisation of the thesis. 18 

Fig. 2.1 Various applications of diamane in optoelectronic devices. 29 

Fig. 2.2 Atomic structures of (a) graphane and (b) diamane, and (c) the 

mechanism of the diamane nucleus formation on the initial 

graphene bilayer. 

30 

Fig. 2.3 The block diagram summarizing the key methods used for the 

fabrication of diamanes. 

32 

Fig. 3.1 (a) Schematic diagram of the simulated structure, (b) Schematic

diagram under forward biasing just after the formation of 

39



xvii 

heterojunction showing the transportation of electrons and holes. 

ΦDn , ΦSi and χDn , χSi are the diamane and Si work function and 

the diamane and silicon affinity, respectively. 

Fig. 3.2 Graphic representation of the performance of designed cell 

after optimization of different variables of n-diamane, (a, b) ND 

(cm–3) donor concentration, (c, d) NC /NV effective 

conduction/valence band density, (e, f) bandgap Eg (eV), (g, h) 

χ (eV) electron affinity, (i, j) dielectric constant εr, and (k, l) 

layer numbers. After fixing the variables of p-cSi at some 

constant values like: NA = 1 × 1016 cm–3 , NC/NV = 3 × 1019 cm–

3, χ = 4.05 eV, and layer thickness = 100 μm. Remaining 

variables of both p-cSi and n-Dn are mentioned in Table 3.2. 

47 

Fig. 3.3 Graphic representation of the performance of the designed cell 

after simulation of different variables of p-crystalline Si wafer, 

(a, b) NA (cm–3), (c, d) NC/NV (cm–3), (e-f) χ (eV), (g, h) wafer 

thickness (μm), (i, j) layer number of n-Dn at best optimized 

values of p-cSi wafer and (k, l) thickness of Si layer at 

commercially available values of parameters p-cSi wafer, 

whereas the values of parameters of n-Dn are kept at their best 

optimized values i.e., ND = 1 × 1018 cm–3, NC/NV = 1 × 1019 cm–

3, Eg = 2.05 eV, χ = 4.4 eV, μn = 2732 cm2V–1s–1 and μp = 1565 

cm2V–1s–1. 

52 

Fig. 3.4 Wavelength dependency of (a) SR, (b) EQE and (c) IQE of the 

best simulated solar cell at single layer n-Dn/p-cSi ( η = 8%, η 

= 16.84% with NA = 7 × 1018 cm–3, NC/NV = 1 × 1019 cm–3 for 

100 μm p-cSi and efficiency = 10.41% with NA = 5 × 1016 cm–

3, NV = 1.04 ×1019 cm–3 and NC = 2.8 × 1019 cm–3 at 100 μm p-

cSi). 

56 

Fig. 3.5 Dependency of the optimized cell response with temperature 

variation at η = 16.84%. (a) efficiency and fill factor, (b) VOC 

and JSC. 

56 



xviii 

Fig. 4.1 (a) Schematic of the designed HIT module. (b) Energy band

diagram for the designed HIT structure showing separation of 

charges at the interfaces. 

68 

Fig. 4.2 Simulation of diamane layer by keeping the parameters of 

remaining layers at values given in Table 4.4. (a and b) 

optimization of ND (cm-3), (c and d) optimization of NC (cm-3), 

(e and f) optimization of Eg (eV), (g and h) optimization of χ 

(eV), (i and j) optimization of εr, (k and l) optimization of layer 

numbers of diamane by keeping its other parameters at 

optimum set of values. 

73 

Fig. 4.3 Simulation of a-Si: H (i) at optimized diamane and other layers 

at the previous set of values (Table 4.4). (a and b) optimization 

of NC/NV (cm-3), (c and d) optimization of Eg (eV), (e and f) 

optimization of thickness (nm). 

76 

Fig. 4.4 Simulation of p-csi layer at optimized diamane as well as a-si: 

H (i) layer. (a and b) optimization of NA (cm-3), (c and d) 

optimization of NV (cm-3), (e and f) optimization of χ (eV), (g 

and h) optimization of thickness (µm), (i and j) optimization of 

layer numbers of diamane at fully optimized cell, (k and l) 

optimization of thickness (nm) of a-Si: H (i) again at fully 

optimized cell. 

79 

Fig. 4.5 Simulation of graphene (TCE) at optimized cell. (a and b) 

optimization of layer numbers, (c and d) optimization of ф (ev) 

at single layer graphene, (e and f) optimization of ф (ev) of 

graphene layer by taking commercially available values of p-

csi layer. (g and h) thickness of p-csi layer at single layer 

graphene with ф = 4.31 eV (other parameters of p-cSi layer are 

at practically available set of values). 

82 

Fig. 4.6 Simulation of front as well as back contact surfaces for final 

optimized cell. (a and b) optimization of the work function (eV) 

of ITO at thickness 80 nm, (c and d) optimization of work 

84 



xix 

function (eV) of Al (front contact) at thickness 80 nm, (e and f) 

optimization of work function (eV) of Ag (back contact) at 

thickness 10 µm. 

Fig. 5.1 (a) Schematic depicting the structure of the HIT solar cell under

AM 1.5 G light that was simulated. (b) Simulated energy band 

diagram of the proposed HIT structure as generated by the 

software. 

94 

Fig. 5.2 Results obtained for optimising the emitter layer (n-Dn) (a & 

b) optimization of 𝑁𝐷 within the range 1 × 1016 𝑐𝑚−3 - 2 × 1020

𝑐𝑚−3, (c & d) optimization of 𝑁𝑐/𝑁𝑉 within the range 6 × 1017 

𝑐𝑚−3 – 7 × 1021 𝑐𝑚−3, (e & f) optimization of 𝐸𝑔 within 3.2 eV 

- 4.1 eV, (g & h) optimization of χ in the range 3.2 eV - 4.1 eV,

(i & j) optimization of 𝜀𝑟 in the range 4 – 11. (k & l) 

Optimization of the number of layers of n-Dn from 1 to 7. 

101 

Fig. 5.3 Results obtained for the optimization of BSF (p-Dn) (a & b) 

optimization of 𝑁𝐴 within the range 1 × 1016 cm-3 - 1 × 1021 cm-

3, (c & d) optimization of 𝑁C/𝑁V  within the range 1 × 1012 cm-

3 - 9 × 1021 cm-3, (e & f) optimization of 𝐸𝑔 within 0.8 eV - 1.8 

eV, (g & h) optimization of χ in the range 3.6 eV – 4.5 eV, (i & 

j) optimization of 𝜀𝑟 in the range 4 – 11. (k & l) Optimization

of the number of layers of p-Dn from 1 – 7. 

106 

Fig. 5.4 Results obtained for the optimization of buffer layer a-Si: H(i) 

(a&b) optimization of Nc/NV within 1×1021 cm-3 - 3×1021 cm-3, 

(c & d) optimization of Eg within the range 1.6 eV – 1.7 eV, (e 

& f) optimization of thickness of a-Si: H(i) within the range 3 

nm – 10 nm. 

107 

Fig. 5.5 Results obtained for the optimization of active layer p-cSi (a & 

b) optimization of 𝑁𝐴 within 2 × 1016 cm-3 – 1.5 × 1019 cm-3, (c

& d) optimization of 𝑁𝑐/𝑁𝑉 within the range 2.5 × 1019 cm-3 - 

9 × 1021 cm-3, (e & f) optimization of thickness of p-cSi layer 

within the range 30 µm to 300 µm. 

107 



xx 

Fig. 5.6 (a & b) Results obtained for the optimization of the angle at 

which texturing is done (texturing angle). (c & d) Results 

obtained for the optimization of absorption loss at the front 

contact (single layer graphene) while taking the texturing angle 

at 90°. 

109 

Fig. 6.1. Schematic of the designed HJBSF (a) and HITBSF (b) cells. 

The band bending diagram showing the separation of charges 

at the hetero-interfaces for the HJ (c) and HIT (d) cell. 

121 

Fig. 6.2 Optimization of the thickness of the emitter layer of HJBSF cell 

showing the variation of VOC, JSC (a), and FF, η (b), 

respectively. Optimization of the thickness of the emitter layer 

of HITBSF cell showing the variation of VOC, JSC (c), and FF, 

η (d), respectively, with layer numbers of n-type diamane, 

acting as the emitter layer. 

126 

Fig. 6.3 Optimization of the thickness of BSF layer of HJ cell showing 

the variation of VOC, JSC (a) and FF, η (b), respectively. 

Optimization of the thickness of BSF layer of HIT cell showing 

the variation of VOC, JSC (c) and FF, η (d), respectively with 

layer numbers of p-type diamane, acting as the BSF layer. 

127 

Fig. 6.4 Optimization of the thickness of active layer (p-cSi) in the 

range from 15 to 80 µm for HJBSF cell showing the variation 

of VOC, JSC (a) and FF, η (b), respectively. Optimization of the 

thickness of active layer (p-cSi) in the range from 15 to 35 µm 

for HITBSF cell showing the variation of VOC, JSC (c) and FF, 

η (d), respectively. 

128 

Fig. 6.5 Optimization of the bandgap of emitter layer (n-Dn) of HJBSF cell 

showing the variation of VOC, JSC (a) and FF, η (b), respectively in 

the range from 0.8 eV to 1.4 eV. Optimization of the bandgap of 

emitter layer of HITBSF cell in the range from 0.8 eV to 1.4 eV, 

showing the variation of VOC, JSC (c) and FF, η (d), respectively.  

131 



xxi 

Fig. 6.6 Optimization of the bandgap of BSF layer (p-Dn) of HJBSF 

cell showing the variation of VOC, JSC (a) and FF, η (b), 

respectively in the range from 1.2 eV to 1.9 eV. Optimization 

of the bandgap of BSF layer of HITBSF cell in the range from 

1.2 eV to 1.9 eV, showing the variation of VOC, JSC (c) and FF, 

η (d), respectively. 

132 

Fig. 6.7 Optimization of the thickness of front intrinsic a-Si: H layer in 

the range from 3 nm to 10 nm for HITBSF solar cell showing 

the variation of VOC, JSC (a) and FF, η (b), respectively. 

Optimization of the thickness of back intrinsic a-Si: H layer in 

the range from 3 nm to 10 nm for HITBSF solar cell, showing 

the variation of VOC, JSC (c) and FF, η (d), respectively. 

133-134 

Fig. 6.8 Optimization of the bandgap of front intrinsic a-Si: H layer in 

the range from 1.6 eV to 1.72 eV for HITBSF solar cell 

showing the variation of VOC, JSC (a) and FF, η (b), 

respectively. Optimization of the bandgap of back intrinsic a-

Si: H layer in the range from 1.6 eV to 1.72 eV for the same 

HITBSF cell, showing the variation of VOC, JSC (c) and FF, η 

(d), respectively. 

136 

Fig. 6.9 J-V characteristics of the best optimised HJBSF cell (η =

26.86%) (a) and Wavelength dependency of (b) SR in the range 

(300 nm–1200 nm) at 80 µm p-cSi wafer. J-V characteristics of 

the best optimised HITBSF cell (η = 29.38%) (c) and 

Wavelength dependency of (d) SR in the range (300 nm–1200 

nm) at 35 µm p-cSi wafer. 

  138 

Fig. 6.10 (a) IQE and (b) EQE of the best simulated HJBSF solar cell (η = 

26.86%) at 80 µm p-cSi wafer in the range of wavelength from 300 

nm to 1200 nm. (c) IQE and (d) EQE of the best simulated HIJBSF 

solar cell (29.38%) at 35 µm p-cSi wafer in the same range of 

wavelength from 300 nm to 1200 nm.  

139  



xxii 

Fig. 7.1 (a) The structure of the proposed designed cell with a

passivated emitter. (b) The energy band diagram of the fully 

simulated cell was generated by the software. 

151 

Fig. 7.2 (a & b) The effect of variation of carrier lifetime (τ) of the p-

c-Si layer (active layer) on the performance parameters of the 

designed cell. (c & d) The effect of thickness (µm) of the active 

layer (p-c-Si) on the performance parameters of the designed 

cell. 

155 

Fig. 7.3 (a & b) The effect of variation of carrier lifetime (τ) of the p-

c-Si layer (active layer) on the performance parameters of the 

designed cell. (c & d) The effect of thickness (µm) of the active 

layer (p-c-Si) on the performance parameters of the designed 

cell. 

156 

Fig. 7.4 (a & b) The effect of variation of thickness (nm) of the emitter 

layer (n-Dn) on the performance parameters of the designed 

cell. (c & d) The effect of variation of doping concentration 

(ND) of the emitter layer (n-Dn) on the performance parameters 

of the designed cell. 

158 

Fig. 7.5 shows the I-V characteristics of optimized HJ solar cells: (a) 

ITO/n-Dn/p-cSi/Au; A simple HJ design with ITO as TCE and n-

Dn as the emitter, achieving 17.17% PCE. (b) Gr/n-Dn/p-cSi/Au – 

Replacing ITO with graphene improves PCE to 23.05%. (c) Gr/n-

Dn/p-cSi/p-Dn/Au; Adding a p-Dn as BSF, boosts PCE to 26.86%. 

(d) Gr/Si₃N₄/SiO₂/n-Dn/p-cSi/p-Dn/Au; Emitter passivation with

Si₃N₄/SiO₂ raises PCE to 30.59%. 

161 

Fig. 7.6 I-V characteristics of optimized HIT solar cells: (a) Gr/n-Dn/a-

Si:H(i)/p-cSi/Au; Simple HIT design with single-sided 

passivation, achieving 26.19% PCE. (b) Gr/n-Dn/a-Si:H(i)/p-

cSi/a-Si:H(i)/Au; Double-sided passivated c-Si layer slightly 

improves PCE to 26.20%. (c) Gr/n-Dn/a-Si:H(i)/p-cSi/p-

Dn/Au; Adding a p-Dn BSF to single-sided passivated HIT 

163 



xxiii 

boosts PCE to 27.57%. (d) Gr/n-Dn/a-Si:H(i)/p-cSi/a-

Si:H(i)/p-Dn/Au; Fully passivated c-Si with BSF further 

increases PCE to 29.38%. 

Fig. 7.7 I-V characteristics of optimized HIT solar cells with passivated

emitter: (a) Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/Au; 

Passivated emitter with Si₃N₄/SiO₂ enhances PCE to 26.94%. 

(b) Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H (i)/p-cSi/a-Si:H(i)/Au; Fully

passivated c-Si layer with emitter passivation improves PCE to 

28.15%. (c) Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/p-Dn/Au; 

Adding a p-Dn BSF to single-sided passivated HIT with 

emitter passivation boosts PCE to 28.73%. (d) 

Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/p-Dn/Au; Fully 

optimized HIT with passivated emitter achieves 30.69% PCE.  

164 



xxiv 

LIST OF ABBREVIATIONS 

Acronyms Meaning 

PV 

SHJ 

HIT 

2D 

BSF 

PCE 

Photovoltaic 

Silicon Heterojunction 

Heterojunction with Intrinsic Thin-layer 

Two-Dimensional 

Back Surface Field 

Power Conversion Efficiency  

SR Spectral Response 

FF Fill Factor 

VOC Open circuit voltage 

JSC Short circuit current density 

Mono-Si Monocrystalline Silicon 

Poly-Si Polycrystalline Silicon 

CdTe Cadmium Telluride 

CIGS Copper Indium Gallium Selenide 

a-Si: H(i) Intrinsic Hydrogenated Amorphous Silicon 

CSCs Carrier-selective Contacts 

OPVs Organic Photovoltaics 

DSSCs Dye-Sensitized Solar Cells 

HJT Heterojunction Technology 

MoOx Molybdenum Oxide 



  xxv 

VOx Vanadium Oxide 

TiOx Titanium Oxide 

ZnO Zinc Oxide 

MoS₂ Molybdenum Disulfide 

XRD X-ray diffraction  

FTIR Fourier transform infrared spectroscopy 

FESEM Field-emission scanning electron microscopy 

XPS X-ray photoelectron spectroscopy 

AFM Atomic force microscopy 

PECVD Plasma-Enhanced Chemical Vapor Deposition 

ALD Atomic Layer Deposition 

CNTs Carbon Nanotubes 

GDY Graphdiyne 

TCEs Transparent Conductive Electrodes 

TCO Transparent Conductive Oxide 

ITO Indium Tin Oxide 

GO Graphene Oxide 

RGO Reduced Graphene Oxide 

SHJ Silicon Heterojunction 

MoO₃ Molybdenum Trioxide 

UV Ultraviolet 

TMOs Transition Metal Oxides 



  xxvi 

CSLs Carrier-selective layers 

CBO Conduction Band Offset 

VBO Valence Band Offset 

DFT Density Functional Theory 

XPS X-ray Photoelectron Spectroscopy 

TEM Transmission Electron Microscopy 

AFORS-HET Automat FOR Simulation of Heterojunction 

PLD Pulsed Layer Deposition 

SEM Scanning Electron Microscopy 

AFM Atomic Force Microscopy 

TLM Transmission Line Model 

EHP Electron-Hole Pair 

EQE External Quantum Efficiencies 

IQE Internal Quantum Efficiencies 

IBC Interdigitated Back Contacts 

CuSCN Copper (I) Thiocyanate 

TMDs Transition Metal Dichalcogenides 

NIR Near Infrared 

PERC Passivated Emitter Rear Cell 

HBC Heterojunction Back Contact 

AR Anti-Reflective 

AM Air Mass  



 

  1 

 

 

 

chapter 1 
INTRODUCTION 

 

 

This chapter provides a comprehensive review of energy harvesting technologies, with a focus on their 

diverse applications and ability to meet rising energy demands. It provides a thorough analysis of 

solar energy harvesting methods, with a particular emphasis on silicon heterojunction solar cells. It 

also highlights the critical need for reducing dependency on fossil fuels and the contribution of cutting-

edge solar technology to the development of renewable energy in the future. This chapter explores the 

fundamental principles, current challenges, and recent advancements in energy harvesting, laying the 

foundations for a future that is more sustainable and energy-efficient. The chapter also reviews 

strategies for enhancing solar cell efficiency, including material selection, structural optimization, and 

integrated design approaches adopted in the past. It concludes by outlining the research's objectives, 

which are focused on the design of high-performance solar cells, and providing an overview of the 

thesis structure. 
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1.1 Background and Motivation/Overview 

The growing global energy demand, driven by rapid technological progress and an 

increasing population, has prompted both scientific and industrial communities to pursue 

sustainable and renewable energy solutions. The overreliance on non-renewable resources, 

particularly fossil fuels, has led to environmental degradation and resource depletion, 

highlighting the urgent need for alternative energy generation methods [1]. Energy 

harvesting offers a promising path forward by capturing and converting naturally available 

ambient energy, such as solar, wind, hydro, geothermal, and biomass, into usable electrical 

power [2]. Fig. 1.1 illustrates various types of renewable energy harvesting sources 

available in our environment. These renewable energy sources are widely available and 

easy to obtain in our day-to-day lives. Wind energy converts the kinetic energy of moving 

air into electricity using wind turbines. However, wind energy is geographically and 

meteorologically dependent, requiring specific site conditions such as consistent wind 

speeds and open landscapes [3]. Hydropower relies on the potential energy of stored or 

flowing water, typically in the form of dams or run-of-river systems. While hydropower is 

efficient and capable of providing baseload power, its environmental consequences, such 

as ecosystem disruption, displacement of communities, and alteration of river dynamics, 

limit its sustainability in certain contexts [4]. Geothermal energy exploits the heat stored 

beneath the Earth’s surface to produce electricity and provide direct heating. It offers a 

stable and continuous power supply with low emissions and a minimal land footprint. 

However, geothermal development is also constrained by geographical limitations, because 

it is only feasible in regions with significant tectonic or volcanic activity [5]. Biomass 

energy, generated from organic materials such as agricultural waste, wood, and biofuels, is 

a flexible and dispatchable energy source. It can be used for electricity generation, heating, 

and transportation. While biomass is considered renewable when managed sustainably, it 

raises important concerns about land use, deforestation, air quality, and carbon neutrality 

[6]. Another abundant energy source in the environment that remains unaffected by external 

conditions is solar energy. It is one of the most widely recognised and utilized renewable 

resources, consistently available during daylight hours and easily converted into electricity 

using photovoltaic (PV) cells or solar thermal systems [7]. As the most abundant and widely 

distributed renewable source, solar energy is well-suited for both centralised and 
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decentralised applications. Over the past few decades, advancements in technology have 

significantly improved its efficiency and reduced costs, enhancing its economic viability 

[8]. Its silent operation, low maintenance, and adaptability to various built environments 

make solar energy a key component of a sustainable energy future [7].  

 

Fig. 1.1 Various renewable and sustainable sources of energy present in the surroundings. 

 

In this context, the present thesis explores innovative strategies to enhance the 

performance of silicon heterojunction (SHJ) and HIT solar cells by introducing a novel 

two-dimensional (2D) carbon material as an alternative to conventional doped 

amorphous silicon layers. The research centres on investigating this material’s potential 

as both the emitter and BSF or hole-selective contact layer, to address key limitations 

such as parasitic absorption, interface recombination, and thermal instability. 

A significant emphasis of this study is placed on the simulation and comparative analysis 

of various SHJ and HIT device architectures, incorporating the novel 2D material into 

different configurations to optimize energy band alignment, carrier selectivity, and light 

absorption. Through detailed numerical simulations, the thesis evaluates the influence of 

structural and material modifications on photovoltaic parameters such as Voc, Jsc, FF, 



 

  4 

and overall PCE. The primary objective of this work is to achieve a maximum possible 

solar cell efficiency by systematically designing, modelling, and refining high-

performance device structures. This research contributes to the advancement of next-

generation solar technologies by offering a pathway toward scalable, stable, and 

environmentally sustainable photovoltaic solutions with industry-leading performance 

potential. 

 

1.2 Solar Cells for Solar Energy Harvesting 

The global transition to sustainable energy has positioned solar energy as a leader among 

renewable energy technologies. Among the several methods for harnessing and 

converting solar energy, solar cells, PV cells, represent the most direct and efficient way. 

Solar cells immediately transform sunlight into electricity through the photovoltaic effect, 

providing a clean, renewable, and progressively economical energy source [9].  

1.2.1 Working Principle of Solar Cells 

Solar cells operate on the photovoltaic effect, generating a potential difference at a 

junction between two materials when exposed to radiation [9]. This process involves 

three key steps: the generation of charge carriers through photon absorption, the 

separation of these carriers at the junction, and their collection at the terminals [9]. A 

typical solar cell comprises an absorber layer that efficiently absorbs incident radiation, 

creating electron-hole pairs [9]. Semi-permeable membranes are attached to both sides of 

the absorber, selectively allowing only one type of charge carrier to pass through [9,10]. 

For efficient solar cell design, charge carriers must reach these membranes, requiring 

diffusion lengths greater than the absorber's thickness [9]. Fig. 1.2 and Fig. 1.3 portray 

the photoelectric effect and the structure of a PV cell. 

In c-Si solar cells, a moderately-doped p-type c-Si is used as an absorber (active) layer 

[9]. A thin, highly-doped n-type layer forms the electron membrane on the top side, while 

a highly-doped p-type serves as the hole membrane on the back side [9]. This asymmetry 

in the electronic structure of the n-type and p-type semiconductors is the basic 

requirement for photovoltaic energy conversion. Fig. 1.4 shows a schematic band 

diagram of an illuminated idealised solar cell structure with an absorber and the semi-

permeable membranes at two conditions: a) open-circuit and b) short-circuit conditions. 
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Fig. 1.2 A diagram showing the photovoltaic effect 

[http://www.ecogreenelectrical.com/solar.htm].  

 

 

 

Fig. 1.3 A diagram showing the structure of a PV cell 

[https://www.geeksforgeeks.org/photovoltaic-cell/].  

 

The quasi-Fermi level for electrons, EFC, and the quasi-Fermi level for holes, EFV, are 

used to describe the illuminated state of the solar cell. The energy difference between the 
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quasi-Fermi levels is a measure of the efficient conversion of the energy of radiation into 

electrochemical energy. 

 

Fig. 1.4 Band diagram of an idealized solar cell structure at the a) open-circuit and b) 

short-circuit conditions [9]. 

 

P-N junctions, critical for solar cells, form at the interfaces between the c-Si p-type 

absorber and the highly-doped n-type and p-type membranes [9]. Fig. 1.5 shows 

schematically isolated pieces of a p-type and an n-type semiconductor and their 

corresponding band diagrams. In both isolated pieces, the charge neutrality is maintained. 

When a p-type and n-type semiconductor are joined, electrons diffuse from the n-type to 

the p-type side, and holes from the p-type to the n-type side due to concentration 

differences. This movement depletes the region near the junction of mobile charge 

carriers, creating a depletion region with fixed ionized donor and acceptor atoms. This 

region holds a space charge, while areas outside remain electrically neutral and are called 

quasi-neutral regions. The formation of this region is schematically illustrated in Fig. 1.6. 

The internal electric field within these junctions facilitates the separation of photo-

generated electron-hole pairs, preventing their recombination and contributing to energy 

conversion [9]. The equivalent circuit of a photovoltaic cell is shown in Fig. 1.7. The 

performance of solar cells is characterized by parameters such as Jsc, Voc, and FF [9]. 

The parameters can be derived from the illuminated J-V characteristic, as depicted in Fig. 

1.8. Jsc represents the current flowing through the external circuit when the cell's 

electrodes are short-circuited, ideally equaling the photo-generated current density (Jph) 
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[9]. VOC is the voltage at which no current flows, where the dark current compensates for 

the photo-current, can be calculated as [9]. 

VOC = 
kT

q
 ln (

𝐽𝑝ℎ

𝐽0
+ 1)                                                                                                     (1.1) 

The FF is the ratio between the maximum power deliverable by a solar cell and the 

product of Voc and Jsc [9].  

FF = 
JmpVmp

JSCVOC
                                                                                                                      (1.2) 

η = 
Pm

Pin
 = 

JmpVmp

Pin
 = 

JSCVOC FF

Pin
                                                                                            (1.3) 

These parameters determine the conversion efficiency (η), calculated as the ratio between 

the generated maximum power and the incident power [9].  

 

Fig. 1.5 Schematic representation of an isolated p-type and n-type semiconductor and 

corresponding band diagrams [9]. 

 

 

 

Fig. 1.6 Formation of a space-charge region at the p–n junction due to carrier diffusion 

and built-in electric field [9]. 
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Fig. 1.7 The equivalent circuit of a photovoltaic cell 

[https://www.geeksforgeeks.org/photovoltaic-cell/]. 

 

 

Fig. 1.8 J-V characteristics of a p-n junction in the dark and under illumination [9]. 

 

1.2.2 Types of Solar Cells 

First-Generation Solar Cells 

These are based on c-Si and dominate the commercial market due to mature technology 

and high efficiency. 

 Monocrystalline Silicon (mono-Si): High efficiency (>24%), long lifespan, but 

expensive [11,12]. 
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 Polycrystalline Silicon (poly-Si): Lower cost, slightly lower efficiency (17–

20%) [12]. 

Second-Generation Solar Cells 

Known as thin-film solar cells, these offer lower manufacturing costs and flexibility, but  

generally lower efficiency. 

 Cadmium Telluride (CdTe): High absorption coefficient, moderate efficiency 

(~22%) [12]. 

 Copper Indium Gallium Selenide (CIGS): Good performance under low-light 

conditions, flexible substrates [12]. 

 Amorphous Silicon (a-Si): Low cost, low efficiency (~10%) [12]. 

Third-Generation Solar Cells 

These are research-focused, aiming for higher efficiency and lower cost by incorporating 

novel materials and device architectures. 

 Perovskite Solar Cells: High efficiency (more than 25%), tunable bandgap, 

solution processable [13]. 

 Organic Photovoltaics (OPVs): Lightweight, flexible, low-cost fabrication, but 

stability issues [14]. 

 Quantum Dot Solar Cells: Size-tunable properties, potential for multi-exciton 

generation [15]. 

 Dye-Sensitized Solar Cells (DSSCs): Inspired by photosynthesis, suitable for 

indoor use [15]. 

Silicon-based solar cells dominate the PV market due to their mature manufacturing 

processes and cost-effectiveness. Despite their widespread adoption, conventional silicon 

solar cells face challenges such as high-temperature processing requirements and 

efficiency limitations. Emerging technologies aim to address these issues by introducing 

new materials and cell architectures. 

 

1.3 Silicon Heterojunction and HIT Solar Cells 
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HJ silicon solar cells, also referred to as heterojunction technology (HJT) solar cells, 

merge the beneficial properties of c-Si and hydrogenated amorphous silicon (a-Si: H). 

This hybrid architecture enables high-efficiency photovoltaic conversion using reduced 

amounts of silicon and significantly lower processing temperatures, typically not 

exceeding 200–250 °C, compared to conventional diffusion-based silicon solar cell 

technologies [16]. The first heterojunction solar cells were developed in the 1990s by 

Sanyo, achieving an initial efficiency of approximately 12% [17]. Since then, HJT has 

undergone substantial advancements, with continuous improvements in design, 

materials, and fabrication processes leading to record-breaking efficiencies surpassing 

26%, the highest reported for all-silicon solar cell technologies [18-21]. Due to these 

merits, HJT has emerged as one of the most promising candidates for large-scale PV 

applications. 

According to the theoretical work of Shockley and Queisser, the efficiency limit for a 

single p–n junction solar cell is 33.7% [22]. More specific calculations for silicon-based 

solar cells estimate a practical efficiency ceiling of around 29.4% [23-24]. These 

theoretical boundaries have served as benchmarks for research and innovation in silicon 

photovoltaics, motivating the development of novel structures like HJT. In the earliest 

versions of HJT devices, a thin layer of p-type a-Si: H was deposited on an n-type 

crystalline silicon wafer to form the heterojunction [17]. This configuration achieved an 

efficiency of 12.3% with the a-Si: H layer thickness around 10 nm. Further advancements 

revealed that incorporating an intrinsic (i-type) a-Si: H layer between the doped a-Si: H 

and c-Si significantly reduced interface defect densities, leading to improvements in 

open-circuit voltage, short-circuit current, and fill factor. This HIT structure reached an 

efficiency of 14.8%, with the optimal intrinsic layer thickness in the range of 6–7 nm. 

Sanyo further enhanced the design by texturing the c-Si surface to improve light 

absorption, especially at low incidence angles. Although the exact texturing parameters 

were not disclosed, the use of hydrogen plasma treatment before a-Si: H deposition was 

noted. Additionally, an n-type a-Si: H layer was applied to the rear surface to create a 

back electric field or BSF, pushing the efficiency up to 18.1% for 1 cm² cell samples. Fig. 

1.9 is the cross-sectional diagram of silicon-based HJ and HIT solar cells. Subsequent 

research focused on optimizing the deposition conditions of a-Si: H to enhance surface 

passivation. A major milestone was reported when Tsunomura et al. (2009) fabricated a 
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high-efficiency HJT cell with an area of 100.5 cm² [25]. Improvements in the 

heterointerface quality, grid design, and optical management played a key role. Later that 

year, Sanyo presented another advanced HJT device featuring a 98 μm-thick wafer and a 

100.3 cm² area. In 2014, Panasonic achieved a new record efficiency for HJT cells using 

high-quality monocrystalline wafers [26]. 

 

 

Fig. 1.9 Layered structure of (a) HJT, and (b) HIT. 

 

The core principle behind heterojunction solar cells lies in forming p–n junctions between 

materials with dissimilar band gaps. A critical component of HJT design is the insertion 

of a wide-bandgap semiconductor layer between the active region and the metal contacts. 

This layer enhances voltage output by reducing carrier recombination at the interfaces 

[27-28]. According to the information mentioned above, we can say that a-Si: H, with its 

larger bandgap compared to c-Si and the ability to be doped n-type or p-type, is especially 

suitable as a buffer layer in such devices [29]. The a-Si: H/c-Si heterojunction concept 

dates back to 1974, when V. Fuss et. al conducted the earliest investigations [30]. Initial 

work on surface passivation using a-Si: H followed shortly after [31]. In 1983, a tandem 

solar cell based on an a-Si/c-Si configuration was reported [32]. Sanyo began 

commercializing heterojunction cells in the 1970s, using p-type boron-doped a-Si: H as 

the emitter on n-type wafers. These early devices achieved modest efficiencies (~14%) 

due to high parasitic currents and low fill factors [33]. 

A breakthrough came with the introduction of intrinsic a-Si: H layers between the doped 

emitter and the crystalline silicon, dramatically reducing interface defect states and 

improving carrier lifetimes. This HIT structure, first achieving 14.8% efficiency ([17], 
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p. 3521), was later refined further. By applying an additional intrinsic layer to the rear 

surface, a new design reached a record efficiency of 18% ([17], underscoring the 

significance of interface engineering in heterojunction solar cells. 

1.3.1 Carrier-Selective Contacts: Trends and Limitations 

Carrier-selective contacts (CSCs) are essential elements in the architecture of high-

efficiency silicon HJ solar cells. These contacts allow for the selective extraction of either 

electrons or holes while blocking the opposite type of carrier, significantly minimizing 

recombination losses at the interfaces. By enabling efficient carrier separation and 

collection, CSCs contribute to the high Voc and overall conversion efficiency observed 

in HJ solar technologies [34-35]. The typical HIT solar cell features a sandwich-like 

structure composed of five primary layers: a front p-type a-Si: H layer, a front intrinsic a-

Si: H layer, a central n-type c-Si wafer, a rear intrinsic a-Si: H layer, and a rear heavily 

doped n-type a-Si: H layer as shown in Fig. 1.10. The front p-type a-Si: H layer forms a 

p–n heterojunction with the c-Si wafer, facilitating charge separation. On the rear side, 

the heavily doped n-type a-Si: H layer functions as a BSF, creating an energy barrier that 

prevents minority carrier recombination. The thin intrinsic a-Si: H layers at both 

interfaces play a vital role in passivating the surface states of the c-Si, thereby enhancing 

Voc and FF, and ultimately improving the overall device performance [37–40]. 

 

 

Fig. 1.10 Schematic representation of the heterojunction silicon (HIT) solar cell 

structure [36]. 
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Trends in Carrier-Selective Contact Development 

Silicon heterojunction solar cells have emerged as a leading photovoltaic technology, 

achieving record-breaking efficiencies through sophisticated carrier-selective contact 

structures. These contacts fundamentally transform light-absorbing semiconductors into 

high-performance photovoltaic devices by enabling efficient separation and collection of 

photogenerated carriers [41]. Recent developments in carrier-selective contacts have 

propelled SHJ technology to demonstrate certified power conversion efficiencies 

exceeding 26.8%, positioning them as a dominant force in next-generation solar cell 

architectures [42]. The development of CSCs in silicon HJ solar cells has seen exciting 

progress in recent years. The evolution from traditional doped silicon contacts to 

advanced dopant-free alternatives represents a paradigm shift that addresses fundamental 

limitations while opening new pathways for enhanced performance, simplified 

processing, and improved thermal stability. The primary focus has been on boosting 

transparency, minimizing optical and electrical losses, and improving the quality of 

interface passivation. Several key trends are shaping the future of this technology: 

 Exploring New Materials: Researchers are looking beyond traditional doped a-

Si: H and experimenting with wide-bandgap materials like transition metal 

oxides. Materials such as molybdenum oxide (MoOx) and vanadium oxide (VOx) 

show promise as hole-selective contacts, while titanium oxide (TiOx) and zinc 

oxide (ZnO) are being used for electron-selective contacts [41, 43-46]. These 

alternatives are attractive because they offer better transparency and help reduce 

unwanted light absorption, which can otherwise limit solar cell performance. 

 Integration of 2D and Nanostructured Materials: Ultra-thin materials like 

graphene and molybdenum disulfide (MoS₂) are gaining attention for their unique 

properties. Thanks to their atomically thin nature, adjustable work functions, and 

excellent charge transport capabilities, these materials are strong candidates for 

next-generation carrier-selective contacts. They hold potential for reducing 

recombination and enhancing overall efficiency in a lightweight, low-loss design. 

 Emphasizing Low-Temperature Processing: One of the major advantages of 

HJ solar cells is that they can be manufactured at relatively low temperatures, 

typically below 250 °C [47]. This is beneficial not only for saving energy during 
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production but also for making it easier to work with flexible substrates or 

temperature-sensitive materials, paving the way for new applications like flexible 

or lightweight solar panels. 

 Improving Deposition Techniques: Techniques like plasma-enhanced chemical 

vapour deposition (PECVD), atomic layer deposition (ALD), and sputtering are 

being fine-tuned to achieve better control over film thickness, uniformity, and 

doping. These advancements are crucial for producing cleaner interfaces with 

fewer defects, which directly translates to better performance and longer-lasting 

solar cells. 

 

1.4 2D Carbon Materials in Photovoltaics 

The integration of 2D carbon materials into silicon HJ solar cells represents a cutting-

edge strategy to overcome several inherent limitations of conventional contact materials. 

Allotropes such as graphene, carbon nanotubes (CNTs), and graphdiyne (GDY) exhibit 

outstanding electrical, optical, and mechanical properties, making them highly effective 

when applied as carrier-selective contacts, emitter layers, hole-selective layers, or (TCEs)                   

transparent conductive electrodes [48-51]. 

These materials’ atomically thin structures, tunable work functions, and high carrier 

mobilities contribute to improved interface quality, reduced recombination losses, and 

enhanced light absorption. Their incorporation into SHJ architectures has demonstrated 

significant potential for boosting both the efficiency and long-term stability of solar cells. 

Recent advancements underscore this potential: graphene oxide/silicon heterojunctions 

have achieved efficiencies of up to 18.8%, CNT/Si solar cells have reached ~22% 

efficiency with encapsulation, and graphdiyne-based perovskite cells have attained 

21.4% [51]. These improvements address critical challenges in traditional SHJ designs, 

such as interfacial recombination and parasitic optical losses, while also enabling low-

temperature, scalable fabrication processes. 

1.4.1 Graphene and Its Derivatives 

Graphene, a single layer of sp²-hybridized carbon atoms arranged in a hexagonal lattice, 

is widely studied as a transparent conductive electrode in SHJ solar cells. Its high 
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conductivity and transmittance (~97%) make it a compelling alternative to indium tin 

oxide (ITO). Moreover, its flexibility and chemical stability make it ideal for next-

generation solar cells, including flexible and wearable photovoltaics [48-49]. 

Graphene can also be functionalized to serve additional roles. For instance, graphene 

oxide (GO) has been utilized to modify the interface between amorphous silicon and 

crystalline silicon, improving passivation and reducing interface trap densities. 

Experimental demonstrations have reported PCE as high as 18.8% in GO/Si 

heterojunction cells. Furthermore, graphene-based heterostructures have been explored 

for dual roles as both transparent electrodes and carrier-selective layers, simplifying 

device architecture while enhancing performance [52]. 

1.4.2 Carbon Nanotubes (CNTs) 

CNTs, cylindrical nanostructures composed of rolled graphene sheets, have shown 

promise as hole-selective contact materials due to their high work function and excellent 

hole mobility. Their unique 1D structure facilitates efficient charge transport, while their 

flexibility and solution processability allow low-temperature deposition, compatible with 

SHJ fabrication protocols. CNT/Si solar cells have achieved efficiencies exceeding 22% 

under encapsulated conditions, primarily by improving charge collection and minimizing 

contact resistance [53]. These structures benefit from strong interfacial bonding with 

silicon and enhanced light trapping due to CNTs' nanostructured morphology. 

Additionally, CNT films can be tuned in thickness and doping level to serve as TCEs or 

selective contact layers depending on device requirements. 

1.4.3 Graphdiyne (GDY) 

Graphdiyne, a newer member of the carbon allotrope family, features a mix of sp and sp² 

hybridized carbon atoms with extended π-conjugation. Its natural semiconducting 

behaviour and tunable band gap (~0.46–1.22 eV) enable its application in both charge 

transport and light absorption layers. GDY has been incorporated into perovskite and 

silicon solar cell architectures as an interfacial layer to enhance charge separation and 

minimize recombination. In one study, graphdiyne-based interlayers in perovskite solar 

cells yielded a PCE of 21.01%, demonstrating excellent interface passivation and 

moisture resistance [54]. Its potential integration into SHJ cells is of growing interest, 
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especially as a passivating hole-selective layer due to its inherent asymmetry in electron 

and hole transport. 

The use of 2D carbon materials in SHJ solar cells addresses several critical limitations: 

 Enhanced Surface Passivation: Atomically smooth 2D interfaces minimize 

surface defect states and improve open-circuit voltage. 

 Tunable Work Function: Enables formation of energy-aligned carrier-selective 

contacts without requiring heavy doping. 

 Reduced Parasitic Absorption: High optical transmittance preserves photon 

flux reaching the active silicon layer. 

Common integration strategies include transferring pre-synthesized 2D layers via wet or 

dry transfer techniques, in situ CVD, and solution-based processing. Challenges include 

ensuring uniform coverage over large areas, minimizing interfacial contamination, and 

achieving strong adhesion with underlying silicon layers. 

 

1.5 Research Challenges 

The integration of 2D carbon materials into SHJ solar cells presents a promising route to 

improving efficiency, flexibility, and cost-effectiveness, but it is not without considerable 

research challenges and limitations. One of the foremost barriers is the scalability of 

material synthesis. Although CVD allows for the fabrication of high-quality graphene, 

the process of transferring these films onto silicon substrates often introduces defects and 

contamination that degrade performance [55-56]. Furthermore, roll-to-roll production 

methods for rGO, while scalable, are hindered by high sheet resistance values often 

exceeding 200 Ω/sq, which limits electrical conductivity and efficiency [57]. For CNTs, 

synthesis typically yields a mixture of metallic and semiconducting tubes, necessitating 

complex and costly post-growth sorting to ensure device functionality [58]. Interface 

engineering remains another critical challenge. Unpassivated silicon surfaces exhibit high 

surface recombination velocities (SRV >1,000 cm/s), which significantly reduce open-

circuit voltage (VOC <0.6 V) in graphene/Si solar cells unless additional passivation 

strategies, such as thin interfacial oxide layers, are implemented [59]. Similarly, CNT/Si 

interfaces suffer from Fermi-level pinning, which limits carrier selectivity and 
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necessitates the use of interlayers such as MoO₃ to reduce contact resistance to as low as 

5 mΩ·cm² [60]. Work function tuning and band alignment also pose significant 

limitations, as precise energy level alignment is critical for efficient carrier extraction. 

While 2D materials like graphene and MoS₂ can have their work functions adjusted, it is 

still difficult to achieve reliable and large-scale doping or chemical modification needed 

to control their properties consistently [61]. Deposition and integration techniques are 

further limited by compatibility issues with existing low-temperature SHJ processing 

(≤250 °C), with many 2D materials requiring specialized handling or protection from 

ambient degradation. Stability and degradation of 2D materials under operational 

conditions also raise concerns. Graphene can oxidize under ambient exposure, and other 

materials like black phosphorus degrade rapidly without encapsulation [62].  

Finally, standardization, reproducibility, and long-term reliability present persistent 

obstacles. Variability in material quality, device fabrication, and performance metrics 

impedes commercial translation and requires the development of industry-wide 

benchmarks for 2D carbon-based SHJ technologies. Addressing these challenges requires 

a multidisciplinary effort combining materials science, interface engineering, process 

optimization, and economic modelling to fully unlock the potential of 2D carbon 

materials in next-generation silicon photovoltaics. 

 

1.6 Research gap 

The motivation behind this research stems from the pressing need to develop high-

efficiency, cost-effective, and scalable solar cell technologies. Traditional silicon-based 

photovoltaics, despite their commercial success, face fundamental challenges such as 

intrinsic efficiency limits and high recombination losses. The integration of advanced 

nanomaterials such as diamane may offer an opportunity to address these challenges and 

enhance solar cell efficiency beyond current limits. A systematic investigation into the 

role of this 2D carbon material in various solar cell architectures could further optimize 

its potential for advanced PV applications.  

1.6.1 Research Objectives 

The main objectives of the present thesis work are: 
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 To investigate the potential of diamane as an emitter layer in silicon heterojunction 

solar cells  

 To design and develop a high-efficiency HIT cell incorporating graphene as a TCE  

and diamane as an emitter layer  

 To investigate the potential of diamane as an effective BSF layer for enhancing charge 

carrier selectivity and minimizing recombination losses  

 To evaluate the impact of surface passivation on c-Si and its influence on improving 

overall device performance and efficiency  

 To analyze the impact of a passivating emitter layer on overall solar cell performance  

1.6.2 Overview of Thesis 

The arrangement of the various thesis chapters is shown in a flowchart, which is 

illustrated in Fig. 1.11. 

 

 

Fig. 1.11 Flowchart for the organisation of the thesis. 
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chapter 2 

LITERATURE REVIEW 
 

 

This chapter reviews the potential of 2D carbon materials, particularly diamane, as carrier-selective 

contacts in SHJ solar cells. It begins by outlining the limitations of conventional materials like doped 

amorphous silicon, including parasitic absorption and poor thermal stability. The key requirements for 

efficient contact layers, such as high transparency, mobility, tunable bandgap, and effective passivation 

are discussed, followed by a survey of alternatives like TMOs and organic layers. The focus then shifts 

to diamane, a sp³-hybridized carbon film with superior electrical and thermal properties. Simulation 

studies highlight diamane's effectiveness as both emitter and BSF layers, demonstrating its potential to 

enhance efficiency and scalability in SHJ and HIT architectures. The chapter concludes by defining the 

scope of the current research aimed at optimizing diamane-based solar cell designs. 
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2.1. Introduction 

Silicon-based solar cells continue to dominate the global PV market, primarily due to 

their technological maturity, cost competitiveness, and high efficiency [1]. Among the 

various silicon-based architectures, SHJ and HIT solar cells stand out. These designs 

leverage c-Si wafers in combination with thin-film layers to improve surface 

passivation and carrier selectivity. Recent advancements have significantly enhanced 

the PCE of SHJ devices, with certified records surpassing 26%, such as the 26.81% 

efficiency achieved by Longi Green Energy in 2022 [2]. Despite these promising 

developments, SHJ and HIT solar cells still face several critical challenges that hinder 

further efficiency improvements and limit their large-scale commercial adoption. One 

of the primary bottlenecks lies in the use of conventional doped a-Si: H layers for 

electron and hole-selective contacts. These layers often exhibit drawbacks such as high 

parasitic optical absorption, limited thermal stability, and relatively poor carrier 

mobility. 

To overcome these limitations, recent research has increasingly focused on the 

integration of novel materials, particularly low-dimensional nanostructures, into SHJ 

architectures. Among these, 2D carbon-based materials, including graphene, CNTs, and 

the recently synthesized diamane, have attracted considerable attention. These materials 

offer unique advantages such as high electrical conductivity, tunable band gaps, 

mechanical flexibility, and atomically thin profiles, making them strong candidates for 

next-generation carrier-selective contact layers. 

This chapter presents a critical review of the current landscape of carrier-selective 

contacts in SHJ solar cells, with a particular focus on 2D carbon materials. It examines 

the limitations of traditional approaches, outlines the key characteristics required for 

effective carrier-selective layers, and explores the potential of diamane as a novel 

contact material. The discussion ultimately situates this research within the broader 

efforts to develop more efficient, scalable, and durable solar cell technologies. 

2.2 Conventional Electron/Hole Collection Materials and Their 

Limitations 
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2.2.1 Doped Amorphous Silicon (a-Si: H) 

In most commercial SHJ solar cells, intrinsic and doped a-Si: H layers serve as the 

passivating and carrier-selective layers, respectively. Typically, n-type a-Si: H is 

employed for electron collection, while p-type a-Si: H facilitates hole extraction. These 

layers are commonly deposited using PECVD at relatively low temperatures (~200–

300 °C), making them compatible with both c-Si wafers and flexible substrates [3]. 

Although doped a-Si: H layers provide reasonable surface passivation and are 

compatible with established low-temperature fabrication processes, they suffer from 

several intrinsic drawbacks that limit the overall performance of SHJ solar cells. One 

of the primary issues is parasitic absorption, as the relatively narrow bandgap of a-Si: 

H (~1.7 eV) leads to significant absorption in the visible and near-infrared regions of 

the spectrum [4]. This reduces the amount of light that reaches the c-Si absorber layer, 

thereby lowering the Jsc. In addition, doped a-Si: H films are characterized by high 

defect densities, typically in the range of 1016 to 1018 cm-3, which increase interface 

recombination losses and negatively impact the Voc [5]. Another challenge is their 

limited thermal and UV stability; prolonged exposure to thermal cycling and UV 

irradiation can lead to material degradation, posing a risk to long-term device reliability 

[4]. Furthermore, the low carrier mobility of doped a-Si: H, generally between 1 and 

10 cm²/V·s, contributes to higher series resistance and reduces the FF, ultimately 

constraining the power conversion efficiency of the device. Collectively, these 

limitations impose constraints on both the maximum achievable power conversion 

efficiency and the operational durability of SHJ solar cells. 

2.2.2 Transition Metal Oxides (TMOs) 

To address the inherent limitations of doped a-Si: H layers, considerable research has 

been directed toward TMOs as alternative, dopant-free carrier-selective contacts in SHJ 

solar cells. Materials such as MoOₓ, WOₓ, and V₂Oₓ have emerged as promising 

candidates, particularly for hole-selective applications, due to their intrinsically high 

work functions, typically exceeding 5.5 eV. This property allows for favourable energy 

level alignment with the valence band of c-Si, thereby enhancing hole extraction [6-9]. 

Despite these advantages, several critical challenges persist. TMOs are prone to 

interfacial instability due to potential diffusion or chemical interactions with adjacent 
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layers, which can degrade contact quality over time. Moreover, many TMOs exhibit 

poor lateral (in-plane) electrical conductivity, contributing to higher series resistance 

and reduced fill factor in devices. Their environmental sensitivity also poses concerns, 

as prolonged exposure to light and humidity can lead to material degradation and 

compromised long-term stability [10,11]. Despite these limitations, SHJ solar cells 

incorporating TMO-based hole-selective contacts have demonstrated power conversion 

efficiencies exceeding 22.5% [11]. While these results are encouraging, challenges 

related to stability, scalability, and integration into commercial manufacturing processes 

must still be resolved before TMOs can be widely adopted in industrial SHJ 

architectures. 

2.2.3 Other Emerging Materials 

Beyond TMOs, several other emerging materials have been explored as potential 

carrier-selective layers in SHJ solar cells, each offering unique advantages and facing 

distinct challenges. Doped ZnO, for example, has been investigated due to its excellent 

transparency and electrical conductivity. However, its practical application is hindered 

by its susceptibility to degradation in acidic or humid environments, which raises 

concerns regarding long-term stability. Organic materials, particularly poly(3,4-

ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS), have also been used 

as hole-selective contacts [12]. These materials are attractive for their solution-

processability and compatibility with flexible substrates, but they typically suffer from 

moisture sensitivity and limited thermal stability, which can impact device durability. 

Another notable candidate is nanocrystalline silicon oxide (nc-SiOx: H), which offers 

lower optical absorption compared to doped a-Si: H, along with improved 

environmental stability [13]. However, achieving uniform and reproducible deposition 

of nc-SiOx: H remains technically challenging due to its complex fabrication 

requirements. 

2.3 Desirable Properties for Carrier-Selective Layers 

Carrier-selective layers (CSLs) are critical components in SHJ solar cells, as they 

enable the efficient extraction of the majority carriers, electrons or holes, while 

simultaneously blocking the flow of minority carriers. To perform this dual function 
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effectively, these layers must meet a comprehensive set of criteria encompassing 

electronic, optical, thermal, interfacial, and processing-related properties. 

2.3.1 Electronic Requirements 

From an electronic standpoint, one of the key requirements for CSLs is proper energy 

band alignment with the underlying c-Si. For electron-selective contacts, a large 

conduction band offset (CBO) is desirable to block holes. In contrast, hole-selective 

contacts benefit from a significant valence band offset (VBO) to impede electron flow. 

Additionally, the work function of the contact material should align appropriately with 

the c-Si band edges, ideally below 4.0 eV for electron-selective layers and above 5.2 eV 

for hole-selective ones. High carrier mobility is equally essential to facilitate rapid and 

efficient transport of majority carriers through the contact with minimal electrical 

resistance [7,8,12] 

2.3.2 Optical Transparency 

To ensure maximum light absorption by the c-Si absorber, optical losses within the CSL 

must be minimized. This can be achieved by selecting materials with wide optical 

bandgaps, typically greater than 3 eV, which help to reduce parasitic absorption in the 

visible range [14]. High optical transparency, especially over the 300–1100 nm 

wavelength range, is also crucial, with transmission ideally exceeding 90%. 

Furthermore, minimizing the refractive index mismatch between adjacent layers can 

reduce Fresnel reflections at interfaces, further improving light management within the 

device [15]. 

2.3.3 Thermal and Chemical Stability 

Since CSLs must withstand both fabrication and long-term operational conditions, their 

thermal and chemical stability is of paramount importance. Materials should retain their 

structural and functional integrity under processing temperatures in the range of 200–

300 °C [16,17]. Moreover, they must be chemically inert, exhibiting strong resistance 

to oxidation, corrosion, and degradation when exposed to environmental stressors such 

as moisture, air, or UV radiation. 

2.3.4 Interfacial Passivation 
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Effective interfacial passivation is critical for reducing recombination losses at the c-

Si/contact interface. This requires a low interface defect density (Dit), ideally below 

10¹¹ cm⁻²eV⁻¹, to suppress Shockley-Read-Hall recombination. Minimal Fermi-level 

pinning is also desirable, as it allows for predictable Schottky barrier heights and more 

efficient carrier selectivity [18-20]. 

2.3.5 Scalability and Process Compatibility 

Finally, for CSLs to be practicable in commercial production, they must be compatible 

with scalable and cost-effective fabrication techniques. Low-temperature processing, 

preferably below 250 °C, is advantageous for integration with existing silicon-based 

technologies [21-24]. Solution-processable materials are especially attractive due to 

their potential for large-area, low-cost manufacturing. In addition, mechanical 

flexibility is an increasingly valuable attribute for emerging applications such as 

bifacial and flexible solar modules, where traditional rigid materials may fall short. 

 

2.4 Diamane: A Promising 2D Carbon Material 

Diamane, a recent addition to the family of two-dimensional carbon materials, has 

emerged as a particularly intriguing candidate for next-generation solar cell 

technologies [25-31]. It is synthesized through the chemical functionalization of bilayer 

graphene, commonly by hydrogenation or fluorination, which transforms the carbon 

atoms from sp² to sp³ hybridization [30]. This structural change gives rise to a diamond-

like, atomically thin material that exhibits an exceptional combination of electronic, 

optical, and mechanical properties [25]. Unlike graphene, which is a zero-bandgap 

semimetal, diamane features a wide and tunable bandgap (ranging from 0 to 5.7 eV), 

along with impressive mechanical stiffness, high thermal conductivity, and significantly 

improved chemical stability [28, 32-35]. These properties make it particularly attractive 

for use as a carrier-selective material in SHJ solar cells. While research on diamane is 

still in its early stages, its combination of electronic tunability and physical robustness 

makes it a promising material for future photovoltaic applications, as shown in Fig. 2.1. 

2.4.1 Structural and Electronic Properties 
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Diamane is typically synthesized by exposing bilayer graphene to a hydrogen or 

fluorine plasma, which induces interlayer bonding and converts the carbon atoms to sp³ 

hybridization, shown in Fig. 2.1 [37-38]. This modification results in a two-dimensional 

crystal structure that, despite its atomic thickness, mimics the electronic and mechanical 

properties of bulk diamond. Among diamane’s most attractive electronic features is its 

tunable bandgap, which varies significantly depending on the functionalization method 

and surface chemistry. For instance, fluorinated diamane may exhibit a bandgap around 

0.85 eV, while hydrogenated forms can exceed 5 eV [25]. This flexibility allows 

diamane to be tailored for use as either an electron-selective or hole-selective contact, 

depending on device architecture. 

 

 

Fig. 2.1 Various applications of diamane in optoelectronic devices [36]. 

 

In terms of work function, diamane covers a broad range from approximately 3.5 to 

6.5 eV [25, 30], which enables excellent alignment with both the conduction and 

valence band edges of c-Si. Moreover, theoretical studies suggest high carrier 

mobilities, with values up to ~2732 cm²/V·s for electrons and ~1565 cm²/V·s for holes 

with high thermal conductivity [40,41]. These performance indicators are on par with 

or even exceed those of conventional oxide-based CSLs, aligning closely with the 

requirements discussed earlier in Section 2.3. 
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Fig. 2.2 Atomic structures of (a) graphane and (b) diamane, and (c) the mechanism of 

the diamane nucleus formation on the initial graphene bilayer [37].  

 

2.4.2 Optical and Mechanical Characteristics 

In addition to its electronic advantages, diamane also offers excellent optical and 

mechanical properties. Owing to its atomic thinness, it maintains high optical 

transparency, especially in monolayer and few-layer configurations, crucial for 

maximizing light transmission into the silicon absorber and thereby enhancing JSC [25]. 

Mechanically, diamane benefits from its diamond-like stiffness, with a Young’s 

modulus approaching 493.19 Nm-1, higher than graphene [42]. This makes it highly 

resistant to mechanical deformation, a feature that can be particularly valuable in 

flexible electronic applications [25]. Furthermore, its thermal conductivity remains 

impressive, though somewhat lower than pristine graphene, at values between 1000 and 

1540 W/m·K, supporting effective heat dissipation in high-irradiance environments 

[25, 35]. 

2.4.3 Fabrication Challenges and Research Directions 

Despite its promising attributes, significant challenges remain in realizing diamane-

based devices. One of the foremost issues is scalable synthesis. Techniques such as 

plasma-assisted hydrogenation and fluorination are effective for small-scale samples 

but currently lack the uniformity and scalability required for industrial applications. 

Material stability is another concern. While hydrogenated diamane is more chemically 

robust than pristine graphene, its long-term stability under ambient, thermal, and UV 

exposure conditions needs thorough investigation. Moreover, precise doping and 
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functionalization, essential for tuning work function, are still difficult to control 

reproducibly across large areas. Fig.2.3 shows the block diagram summarizing the key 

methods used for the fabrication of diamanes [43]. 

Finally, integration with crystalline silicon remains a complex task. Achieving low-

resistance, defect-free interfaces without disrupting energy band alignment is a key 

technical hurdle that requires advances in both deposition techniques and surface 

engineering. Nevertheless, ongoing research in CVD, transfer methods, and in-situ 

functionalization continues to push the boundaries of what’s possible with diamane. As 

synthesis and integration techniques mature, diamane holds strong promise as a next-

generation carrier-selective material for high-efficiency and potentially flexible SHJ 

solar cells. 

 

2.5 Scope of the Present Work 

In the pursuit of enhancing the efficiency and material stability of SHJ solar cells, this 

work focused on exploring the application of 2D carbon materials, specifically 

diamane, as carrier-selective contacts. Among the 2D carbon allotropes, diamane 

emerges as a highly promising candidate. Its sp³-hybridized structure endows it with a 

tunable wide bandgap, high mechanical and thermal stability, and excellent charge 

carrier mobility. Unlike zero-bandgap graphene, diamane’s semiconducting properties 

make it intrinsically suitable for use as a carrier-selective contact. Moreover, its work 

function can be modulated over a wide range through doping or functionalization, 

enabling both n-type and p-type applications in SHJ architectures. While 2D materials 

like graphene, carbon nanotubes, and graphdiyne have been previously studied in 

photovoltaic devices, the use of diamane in SHJ or HIT architectures is relatively novel 

and underexplored. To address this, the present work investigated the electronic and 

optoelectronic properties of diamane and its integration as an n-type emitter and p-type 

BSF layer in SHJ solar cells. Theoretical modelling and device simulations were carried 

out using AFORS-HET, where diamane layers with tunable bandgap and adjustable 

work function were systematically incorporated into SHJ and HIT structures. Through 

simulated studies, energy band diagrams, carrier transport behaviour, and 

recombination characteristics at the diamane/Si interface were analyzed. 
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Fig. 2.3 The block diagram summarizing the key methods used for the fabrication of 

diamanes [37]. 

 

The simulation data were validated through variation in material properties such as 

bandgap (0.8–5.7 eV), doping levels, and thickness, which demonstrated substantial 

influence on the PCE, Jsc, Voc, and FF of the devices. An optimum configuration of p-

type diamane as BSF and n-type diamane as emitter layer led to maximum simulated 

efficiency exceeding 29.3% under AM1.5G illumination, with minimal recombination 

and superior charge selectivity. In the most recent contribution, diamane was integrated 

into a passivated emitter BSFHJ design alongside SiO₂/Si₃N₄ dielectric layers, which 

significantly enhanced passivation and anti-reflection, resulting in a record simulated 

efficiency of 30.59%, and further extended to 30.69% for a fully passivated BSFHIT 

cell. Across all studies, material properties such as bandgap, carrier mobility, doping 

concentration, and layer thickness were optimized using AFORS-HET, revealing how 

diamane's tunable band structure and high carrier mobility make it a transformative 

material in photovoltaic applications. This integrated research establishes diamane not 

only as a viable alternative to doped amorphous silicon but also as a high-efficiency, 

stable, and scalable solution for next-generation silicon solar technologies. 
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chapter 3 
APPLICATION OF N-TYPE DIAMANE AS AN 

EFFECTIVE EMITTER LAYER IN CRYSTALLINE 

SILICON HETEROJUNCTION SOLAR CELLS 

 
 

This chapter investigates the application of n-type diamane as a novel emitter layer in silicon-based 

heterojunction solar cells, modelled as: ITO/n-diamane/p-type c-Si/Ag, simulated under AM 1.5 G 

illumination using AFORS-HET v2.5. We have used n-type diamane as an emitter layer, and the nature 

of diamane has been considered 3D in spite of 2D, as well as the electronic nature of diamane is 

considered isotropic. Optimization of emitter and absorber parameters yielded a maximum efficiency 

of 16.84% at 300 K using a single-layer diamane on a 100 μm c-Si wafer. Using commercial silicon 

parameters, the structure achieved 10.41% efficiency. Increasing the number of diamane layers 

slightly reduced performance, with 15.3% efficiency for multilayer diamane, highlighting the 

advantage of thinner layers. Results highlight n-type diamane’s potential as a high-mobility, wide-

bandgap emitter and a promising alternative to doped amorphous silicon. It has been demonstrated 

that n-type diamane might be used as an effective emitter layer in a crystalline Si heterojunction solar 

cell. 

The results reported in this chapter have been published in Naima et. al. Carbon Trends 9 (2022) 

100209.   
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3.1 Introduction  

Recently, a new allotrope of carbon named “Diamane” (Dn) possessing sp3 carbon bonding 

has been synthesized and reported to be 2D, being a physical analogue to “graphene-

graphane” [1–4]. Recently, Bakharev et al. [5] confirmed that diamane exhibited 2D 

electronic system. It was confirmed by estimating the optical band gap of diamane, adopting 

the approach described in previous studies [6, 7] for 2D electronic systems. They found that 

the experimental optical gap value of 3.3-3.4 eV is consistent with the calculated optical gap 

of 2.87 eV obtained for F-diamane. Furthermore, Raman spectroscopy was used to confirm 

the successful synthesis of 2D diamane, and the characterization of its electronic structure 

has also been reported [8, 9]. It has a thermal conductivity of 1960 W/mK, as high as its bulk 

counterpart diamond (1000 W/mK), due to which it is considered a promising material for 

high-temperature electronic applications [1, 10]. Furthermore, density functional theory 

(DFT) calculations reveal that 2D diamane has a smaller effective mass (0.55mo) of 

conduction electrons in comparison to its bulk counterpart, i.e., diamond (0.57mo), which is 

also very promising to use 2D diamane in various electronic applications such as solar cells 

[1]. 2D materials are best used in electronic applications as they have large tunability in their 

bandgaps and they are flexible, strong and extremely thin. It was first predicted by 

Chernozatonskii et al. in 2009 [11], although its experimental synthesis was reported recently. 

The detailed verification of its bonding and electronic structure has also been probed by using 

various characterization techniques like: XPS, UV photo-electron, Raman, UV–Vis and 

electron energy loss spectroscopies, TEM and XRD [5]. Formerly, the instability of diamane 

was marked as a big hurdle for its above-mentioned potential applications. Recently, the 

stability of diamane has been improved by the substitution of N atoms on its surface. The N 

atom has one more electron than the C atom, which forms a lone pair of electrons and behaves 

as a passivation, which stabilizes the structure and extends the band gap [2]. The first principal 

method has investigated the configuration stability and electronic properties of N-doped 

diamane [2]. This novel 2D material has direct band gaps which can be controlled in the range 

from 0.86 to 5.68 eV [4]. Furthermore, due to its large bandgap, the intrinsic carrier 

concentration stays low even at high temperatures. Furthermore, the substitution of N atoms 

makes these films highly n-type, and it is found that N-substituted diamanes are harder than 

fully hydrogenated diamanes [2]. Atomistic simulation demonstrated that diamane carries 
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giant in-plane stiffness (715 N/m) as compared to graphene (238 N/m) and graphane (449 

N/m) [1, 11]. It is noteworthy to mention that diamane possesses high carrier mobility, for 

electrons (2732 cm2/Vs) and holes (1565 cm2/Vs) in the case of fluorinated and hydrogenated 

diamane, which is superior to those of Ⅲ-Ⅳ semiconductor compounds [12] and reported in 

2D materials. The calculated band gap for fluorinated diamane (C4F) (2.93 eV) confirms its 

high transparency [13]. It has to be noticed that the work function of 2D diamane can also be 

turned in the range of 7.24 eV to 0.62 eV after vacuum annealing at 700 °C, and the work 

function of as-grown bilayer graphene was reported to be 4.4 eV [14, 5], which also opens 

up its use in various electronic applications. The above-mentioned unique properties of 

ultrathin 2D diamane film motivate us to explore the potential application of n-type diamane 

as an effective emitter layer in Si-based heterojunction photovoltaic cells. The role of the 

emitter layer in the crystalline silicon heterojunction solar cell is not only to allow the 

maximum photons to pass across the interface but also to develop a built-in potential at the 

diamane/silicon interface, which requires to discrete of the photogenerated charge carriers. In 

recent times, diamane is expected to be used in various areas such as nano-optics, nano-

electronics, nano-electromechanical systems, mechanical resonators, and electronic devices 

at high temperature [5]. In spite of that, the application of diamane in the solar cell has not 

been much investigated yet. This also inspired us to use n-type diamane as an emitter layer 

in the silicon heterojunction solar cell. As the diamane layer number increases from one to 

five, there is a small decrement in the efficiency from 8 to 7.53%. Since this small efficiency 

was not worth obtaining an efficient solar cell, it became more necessary to optimize the 

values of parameters of p-cSi as well, so that an affordable solar cell with less manufacturing 

cost can be achieved with better efficiency. Thus, in the present chapter, the solar cell 

modelled as ITO (front contact)/n-Dn/p-cSi/Ag was optimized under the illumination of 

monochromatic light with a power density of 100 W/cm2 and spectral width of 10 nm by 

using the latest version 2.5 of the software AFORS-HET. This software generally solves the 

1-D semiconductor equations, such as the continuity equation, transport, and Poisson’s 

equation for both holes and electrons, by using finite differences under different conditions. 

In this simulated cell, the n-diamane has been chosen as an emitter layer or conducting 

electrode, while the p-cSi has been chosen as an absorbing layer. The variables of both n-

diamane and p-cSi layers were optimized to achieve notable efficiency for n-diamane/p-cSi 

solar cell. The simulation was performed by considering the isotropic elastic nature of the 
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diamane layer. Since diamane is isotropic therefore the efficiency will remain the same for 

both armchair and zig-zag directions in diamane layer. The purpose of this simulation is to 

analyse the impact of the isotropic nature of diamane and silicon wafer on the functioning of 

the solar cell and to enlighten the cell response. 

 

3.2 Device structure and simulation details 

The proposed structure of the solar cell is shown in Fig.3.1 . To design this structure, we 

have used the current version 2.5 of AFORS-HET software, which uses Shockley-Read-

Hall recombination statistics for different layers of the solar cell [15]. In the proposed 

structure of solar cell, ITO(TCO)/n-diamane/p-crystalline Silicon/Ag (back contact) is 

displayed in Fig. 3.1. 

 

 

 

 

Fig. 3.1 (a) Schematic diagram of the simulated structure, (b) Schematic diagram under 

forward biasing just after the formation of heterojunction showing the transportation of 

electrons and holes. ΦDn, ΦSi and χDn, χSi are the diamane and Si work function and the 

diamane and silicon affinity, respectively. 

 

The ITO was taken as a TCO as well as an anti-reflector to ensure that the maximum 

number of photons gets transmitted. So, as the light incident on the cell photons get 

absorbed in the absorber layer, as photon absorption increases in the active layer, more 

electron and hole pairs will be generated. In this way, to achieve the maximum electron-

hole pairs generation in the absorber layer, we intend to use the material of highest 

transmission efficiency, and to fulfil this purpose, we used ITO as TCO. ITO can be 
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directly deposited on diamane with the help of an electron beam and the PLD technique 

transferred on SiO2/Si pattern substrate [16–19]. Microstructure, surface morphology, 

electrical and optical properties of ITO film can be characterized and analysed by using 

various techniques like XRD, SEM, AFM, and high-resolution transmission electron 

microscopy. The standard transmission line model (TLM) method was used to evaluate 

sheet resistance ITO/n-Si contacts in HJ silicon solar cells [20]. This deposition technique 

might not harm the diamane as well as the SiO2/Si substrate. Ag was chosen as the back 

contact as shown in Fig. 3.1. The [n, k] file for front contact as well as back contact was 

taken as default, which are in-built in the software. All the details about the parameters 

of front and back contacts are tabulated in Table 3.1. 

 

Table 3.1: Information of the parameters used as front and back contact in the designed 

solar cell. 

 

Contact variables Front contact Back contact 

Material  ITO Ag 

Width (m) 8 × 10-8 1 × 10-4 

File ITO.nk Ag. nk 

Metal work function Yes (flat band) Yes (flat band) 

Absorption loss ITO. Abs 0 

External reflection constant 0 0.05 

Surface condition Plane  Plane 

Internal reflection constant 0 0 

 

The proposed structure was illuminated under Air Mass 1.5 G, spectral width 10 nm, with 

the power density of 100 mW/cm2 as a light source. Simultaneously, the temperature of 

the cell was maintained at 300 K. Since we prefer to take the reflection coefficient of the 

front contact as smaller and the reflection coefficient of the back contact as higher to get 

higher efficiency. The front contact should be transparent ideally, so that maximum light 

can pass through the surface and get collected at the absorbing layer. Therefore, in this 

simulation, we have taken the reflection coefficient of the front contact as nearly zero, 

whereas the reflection coefficient of the back contact was taken as 0.05. The generation 

of electron-hole pairs was described by the Lambert-Beer model, which is in-built in the 

software, and the reflection from the diamane/Si interface is not considered [15]. 

Shockley-Read-Hall recombination and/or dangling-bond recombination were 
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considered as a recombination model within the software, including some defect states 

within the bandgap. ITO/n-Dn interface is considered as MS-Schottky front interface, 

and the back interface i.e., p-cSi/Ag is also considered as MS-Schottky. To interpret the 

transportation of charge carriers in diamane layer, the drift and diffusion model was 

applied in the software, where the differential transport equation for both holes and 

electrons was taken as 2-D in nature with carrier densities in A/cm2 [15]. At diamane/Si 

interface, two two-dimensional equations are coupled with three-dimensional equations 

(as we know, diamane is 2D and c-Si is 3D in nature) to act as the transport and boundary 

conditions at the interface. In this simulation, we have not assumed any mismatching of 

lattices between the layers, and the movement of minority charge carriers has been 

considered through the c-axis. Ideally, diamane is 2-dimensional, only if this fulfils the 

condition < t > ≤ λF, where < t > is average thickness of diamane, λF is the Fermi 

wavelength given as √
2Π

n2D
, and n2D is the carrier density in cm–2 [21]. As diamane is 

synthesized by chemical exposure of bilayer graphene to H or F atoms, which results in 

their attachment to the graphene surface, we have taken the value of carrier density 

reported in graphene. By following the condition reported by Sarma et al. [ 22 ], even 

n~105 cm–3 in graphene cannot satisfy the above-mentioned condition. additionally, it has 

also been reported that doping in 2D materials increases the interlayer spacing [21, 23]. 

Therefore, we have considered both graphene as well as diamane as quasi-3D. The 

quantum confinement can be obtained by lowering the thickness. The thickness of a 

single layer diamane is taken as 0.334 nm, and the [n, k] file has been calculated by using 

the data provided in the previous literature [24]. The value of refractive index (n) and 

extinction coefficient (k) are estimated to be 1.5 and 2.7, respectively [24]. Because of 

the isotropic nature of diamane, properties like mobility and effective mass of charge 

carriers are the same in both armchair and zigzag directions. For optimizing the cell 

parameters and to simulate the cell, the bulk and interfacial defect distribution, as well as 

the recombination rate (G), were taken constant in the software. Moreover, the model 

chosen for ITO/n-diamane and p-crystalline Si/Ag interface was the MS-Schottky model, 

and the model chosen for n-diamane/p/cSi interface is drift-diffusion, respectively. The 

parameters which have to be optimized are: ND (donor concentration), NC/NV (effective 

conduction and valence band density), energy bandgap (Eg), χ (affinity), εr (dielectric 
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constant), layer thickness, electron and hole mobilities (μn, μh ). The optimization of the 

above-mentioned parameters for diamane was carried out by taking the set values of 

parameters of the p-cSi layer in the range of reported values in the literature and has been 

tabulated in Table 3.2. 

 

Table 3.2 Ranges of other parameters chosen for the simulation. 

 

Input parameters Diamane p-cSi 

Thickness (cm) 0.3 × 10-7 – 1.5 × 10-7 0.002-0.03   

Dielectric constant (εr) 4-11 11.9 

Electron affinity χ (eV) 3.3-5.2 3.6-4.5 

Band gap, Eg (eV) 0.8-5.6 1.12 

Optical band gap, Eg (eV) 2.8 1.124 

Conduction band density, NC (cm-3) 1 × 1019-1 × 1021 3 × 1019-1 × 1021 

Valence band density, NV (cm-3) 1 × 1019-1 × 1021 3 × 1019-1 × 1021 

Electron mobility, µn (cm2/Vs) 2732 1500 

Hole mobility, µh (cm2/Vs) 743-1565 500 

Acceptor concentration NA (cm-3) 0 1 × 1016 – 7 × 1018 

Donor concentration ND (cm-3) 3 × 1014 – 1 × 1018 0 

Electron thermal velocity, Ve (cms-1) 3 × 107 1 × 107 

Hole thermal velocity, Vh (cms-1) 3 × 107 1 × 107 

Layer density, (gcm-1) 2.328 2.328 

Auger electron recombination 

coefficient, (cm6s-1) 

0 0 

Auger hole recombination 

coefficient, (cm6s-1) 

0 0 

Band-to-band recombination     

coefficient, (cm3s-1)  

0 0 

Defect properties Single acceptor Single acceptor 

Total trap density (cm-3) 1 × 1014 1 × 1014 

Characteristic energy (eV) 0.56 0.56 

 

NC/NV of diamane have been calculated by using the equation as follows: 

𝑁𝐶/𝑉 = 2 (
2𝜋𝑘𝐵𝑇𝑚𝑒 ℎ⁄

∗

h2 )

3

2
                                                                                                         (3.1) 

Where kB is the Boltzmann constant, T is the temperature in Kelvin, m*
h is the hole's 

effective mass, m*
e is the electron's effective mass and h is the Planck’s constant [25, 26]. 

Whereas, the thermal velocity (Vth) of charge carriers has been calculated by using the 

relation Vth =  √
3kBT

me h⁄
∗ . After getting the best optimized results of diamane’s parameters, 
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we have further optimized the various parameters of p-type c-Si wafer, such as: NA 

(acceptor concentration), NC/NV, χ, and wafer thickness by keeping the parameters of n-

Dn at their best optimized values. The range of parameters of n-diamane has been taken 

from the available literature [4, 12, 14, 16, 21, 26], and the range of parameters of p-cSi, 

which we have considered here, are for (100) oriented single crystalline Si [26-29] 

tabulated in Table 3.2. The schematic of the energy band diagram for the proposed 

structure ITO (TCO)/n-Dn/p-cSi/A Ag has been depicted in Fig. 3.1 (b). Since, drift-

diffusion effect is considered at the interface, therefore, the majority of charge carriers, 

i.e., electrons from the n-diamane and holes from the p-cSi, are diffused towards each 

other until thermal equilibrium is developed. This happens because of a concentration 

gradient at the interface; this phenomenon is called the diffusion process. An electric field 

exists in the depletion region, which spreads up to some width called the depletion width 

W, in both p and n regions. Both electrons and holes in this depletion region are carried 

away by this electric field. As a result, a drift current develops, which balances the 

diffusion current and appears due to the difference in electron and hole densities at the 

junction. As a result, thermal equilibrium is established, and the energy bands start 

bending near the Fermi level. The built-in potential (eVbi) is the reason for charge 

segregation across the junction in the solar cell as discussed above. This eVbi in both p-

cSi and n-diamane can be framed in the form of work-functions according to the 

equations as follows: 

 e. Vbi = Φ𝐵𝐼 =  ΦSi−P−type − ΦDn,N−type 

        = −χDn − kT ln (
NC

ND
) + χSi + kT ln (

NA

NV
)                                                        (3.2) 

Where ΦDn  and ΦSi are the work functions of diamane and silicon, respectively. Whereas,  

χDn and χSi are the affinities of diamane and Si, respectively. Moreover, ND is the donor 

concentration and NC is the effective conduction band density for diamane, while NA is 

the acceptor concentration and NV is the effective valence band density for p-cSi [26, 30].  

As n-diamane/p-crystalline Si junction is illuminated, it gives rise to electron-hole pairs, 

which get separated because of the built-in potential. The minority charge carriers flow 

towards the n-diamane and p-cSi, respectively depicted in Fig. 3.1 (b). When an open 

circuit condition is applied, the photo-generated charge carriers intensify the carrier 

density in their corresponding fields, and because of this intensification of charge carriers, 
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the quasi-Fermi level approaches the conduction band in n-diamane and the valence band 

in p-cSi; as a result, VOC develops. In the same manner, under short-circuit conditions, 

these photo-generated charge carriers do not intensify because of the collection of charge 

carriers at their respective electrodes, which results in JSC that flows in the outer circuit. 

 

3.3 Results  

3.3.1 Optimization of n-type diamane layer parameters 

To simulate the above designed cell, first we have optimized the doping concentration 

(ND) of n-type diamane layer ranging from 3 × 1014 cm-3 to 1 × 1018 cm-3 while keeping 

other parameters of diamane and p-type c-Silicon at some reasonable values reported 

in the literatures [4, 12, 14, 16, 21, 26-29] and the results obtained from this 

optimization have been plotted in Fig. 3.2 (a and b). Fig. 3.2 shows that, as ND increased 

from 3 × 1014 cm-3 to 1 × 1018 cm-3, VOC was found to be constant at 521.1 mV. It might 

be happened because as we increase the doping concentration above 3 × 1014 cm-3, 

mobility decreases due to enhance collisions of charge carriers with ionized doping 

atoms which results in decrease of carrier’s lifetime according to the relatio: μi = 
e

m∗ τi 

here, e is the electronic charge and m* is the effective mass of electron. Since, mobility 

and diffusion constant relate by Einstein’s relation given by 
Di

μi
=  

kB

e
T [25, 26] and 

indicates that as mobility decreases diffusion constant also decreases as it is directly 

proportional to the mobility of charge carriers and therefore, diffusion length (Li =

√Diτi) reduces. Diffusion length is the average distance an electron can move and 

recombine; it depends on the recombination time as well as the diffusion constant. In 

this manner, JSC will also decrease and J0 increases following the relations given below: 

JSC = qG(Ln + Lp)                                                                                                               (3.3) 

Where Ln and Lp are the diffusion lengths of electron and hole, respectively. q is the 

electric charge, and G is the electron and hole pair generation rate [26, 31]. 

J0 = eA (
DpPn

Ln
+

Dnnp

Lp
)                                                                                                      (3.4) 
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Where A is the area of the junction [25, 26]. This increment in J0 and a decrement in 

JSC results in a reduction of VOC, followed by the relation: 

 VOC =
nqT

k
ln (

JSC

J0
+ 1)                                                                                                  (3.5) 

here, J0 is the reverse saturation current. But at the same time, Vbi increases according 

to Eqn. (3.2), resulting in higher VOC. These two processes contradict each other and 

maintain the balance to keep VOC at a constant value of 521.1 mV. Another possibility 

for VOC being constant at 521.1 mV is that VOC is independent of ND if it satisfies the 

condition: ∆ no ˃> ND, where ∆ no is the additional electron and hole pairs [26, 32]. 

Further, as we increase ND from 3×1014 cm-3 to 5×1015 cm-3, the conductivity of the 

diamane layer was found to increase, and consequently, JSC increased very slightly from 

20.87 to 20.99 mA/cm2. On further increasing ND from 5×1015 cm-3 to 1×1018 cm-3, JSC 

starts decreasing from 20.99 to 20.67 mA/cm2. This happens because at higher ND, 

diffusion length decreases, and as a result, JSC decreases. Another reason behind this 

decrement in the value of JSC from 20.99 to 20.67 mA/cm2 after ND, 5×1015 cm-3 is that 

on increasing the doping concentration, the work function will reduce, due to this 

reduction in work function, JSC falls off. From Fig. 3.2 (a), it is observed that there is a 

sudden increase in the value of FF and η after ND = 3×1014 cm-3. This might have 

happened because of the decrease in the sheet resistance, which occurred on increasing 

the doping concentration. After ND = 1×1016 cm-3, FF and η decrease very slightly and 

then again start to increases as ND increases. Maximum efficiency, 7.74 % was achieved 

at ND = 1018 cm-3. Therefore, the best optimized value of ND for n-type diamane layer 

is found to be 1×1018 cm-3.  

After optimizing ND at 1018 cm-3, the next parameter NC/NV is optimized by varying in 

the range of 1×1019 cm-3 to 6×1021 cm-3 for ultra-single diamane wafer. On increasing 

NC/NV, the densities of minority charge carriers get reduced. This reduction in minority 

carriers is possibly because of the smaller period of photo-generated carriers and 

trapping of the free charge carriers. Due to this, VOC will remain constant at 521.1 mV 

as we varied NC/NV from 1×1019 cm-3 to 6×1021 cm-3. From Fig. 3.2 (c-d), we notice 

that JSC increases linearly with increasing NC/NV of the diamane layer. This increment 

in JSC is due to the high value of NC, which leads to higher absorption of photons. It is 
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also observed that the FF reduces linearly from 71.88 % to 65.12 % on varying the 

NC/NV from 1×1019 cm-3 to 6×1021 cm-3. Since FF is reducing consequently, η will be 

reduced from 7.74 % to 7.04 %. Maximum efficiency 7.74% was achieved at NC/NV = 

1× 1019 cm-3. Hence, 1× 1019 cm-3 is the best optimized value of NC/NV for single-layer 

n-diamane. After optimizing ND and NC/NV, the next parameter, Eg is optimized in the 

range of 0.86 to 5.6 eV. Here, we have chosen a higher range of bandgap for the 

simulation by keeping in mind that if the UV light present in solar light could contribute 

to the higher bandgap. We have taken this range of bandgap in order to see the effect of 

bandgap on the solar cell’s efficiency for all derivatives of diamane, as it has various 

derivatives of it which possess a range of bandgap depending on the functional group 

they contain, and many other factors too. But we did not notice any change in the 

efficiency of the solar cell after the bandgap of 1.3 eV. It is reported that the dielectric 

constant is inversely proportional to the bandgap energy; therefore, on changing the 

bandgap value dielectric constant also changes. For higher bandgap dielectric constant 

becomes smaller, which consequently increases the recombination losses due to the 

improvement in the exciton binding energy. Therefore, on further increasing the 

bandgap, there will be no improvement in the value of efficiency of the solar cell, and 

it becomes constant at 7.74% after the bandgap of 1.3 eV. In this specific section of the 

manuscript, we discussed only the effect of varying the bandgap because we exclusively 

want to see the effect of varying the bandgap on the performance of the solar cell. 

Therefore, we did not discuss the variation in the dielectric constant here. We have 

discussed the effect of varying the dielectric constant on the performance of the solar 

cell in another section of the manuscript. As we increased Eg, VOC was found to be 

increased and attained a constant value of 521.1 mV at 1.3 eV. Whereas, JSC remains 

constant at 20.67 mA/cm2 as depicted in Fig. 3.2 (f). In Fig. 3.2 (e), it has been shown 

that FF and η increase from 63.96% to 72.09% and 2.79% to 7.74% respectively, for 

the bandgap ranging from 0.86 to 1.25 eV and then attain a constant value of 71.88 % 

for the FF and 7.743 % for efficiency at the bandgap 1.3 eV. Therefore, the bandgap of 

1.3 eV is the best optimized bandgap for a single layer n-diamane. The optimized results 

of the electron affinity in the range from 3.3 eV to 5.2 eV are shown in Fig. 3.2 (g and 

h). As χ increased, a very slight increment in the value of η from 7.92 % to 8 % was 
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Fig. 3.2 Graphic representation of the performance of designed cell after optimization of 

different variables of n-diamane, (a, b) ND (cm–3) donor concentration, (c, d) NC /NV (cm–

3) effective conduction/valence band density, (e, f) bandgap Eg (eV), (g, h) χ (eV) electron 

affinity, (i, j) dielectric constant εr, and (k, l) layer numbers. After fixing the variables of 

p-cSi at some constant values such as: NA = 1 × 1016 cm–3, NC/NV = 3 × 1019 cm–3, χ = 

4.05 eV, and layer thickness = 100 μm. Remaining variables of both p-cSi and n-Dn are 

mentioned in Table 3.2. 
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observed up to the electron affinity 4.4 eV, and then a dramatic reduction in the value 

of efficiency was noticed, as shown in Fig. 3.2 (g). The reason behind this small linear 

increment in the efficiency is that as we increase the electron affinity of single-layer 

diamane above 3.3 eV, the barrier height decreases, which results in the fast movement 

of minority charge carriers; as a result, JSC increases. Thus, η was observed to increase 

linearly up to 4.4 eV. After 4.4 eV, as we increase affinity, the conduction band lowers 

down and starts making rapid transportation of charge carriers across the interface, as 

a result, there would not be any free charge carriers. Consequently, JSC and FF will be 

decreased, which causes the final η to decrease. Here, we found that on increasing χ, 

VOC was improved and attained a maximum value of 524.2 mV at χ = 5.2 eV and 

maximum η 8% was observed for χ = 4.4eV. Thus, 4.4 eV is the best optimized value 

of electron affinity for single layer n-type diamane. After this, we have optimized the 

value of relative permittivity (εr) or dielectric constant. The value of εr for a bilayer 

graphene was found to be in the range from 4 to 9 in different experiments [33]. Here 

we varied the value of εr in the range from 4 to 11, and the performance of the proposed 

solar cell is depicted in Fig. 3.2 (i and j). From Fig. 3.2 (i and j), it is noticed that as the 

dielectric constant increased from 4 to 5, then may be due to the reduction in the 

excitation binding energy the recombination losses decreased, and therefore the 

efficiency increased by a small value from 8.006 % to 8.007 %. But on further 

increasing the value of the dielectric constant, the efficiency falls off from 8.007 % to 

8.006 % rather than increasing, as we know higher dielectric constant reduces the 

exciton binding energy, which consequently results in decreased recombination losses. 

This may be have happened because it is reported that Vbi  ∝  
1

εr
 [25-26, 34]. Therefore, 

an increment in the value of dielectric constant deteriorates Vbi which consequently 

decreases the efficiency [26]. In this manner, these two effects balance each other, and 

no further change in the values of VOC, JSC, FF, and η has been observed. In this way, 

the maximum efficiency of 8.007 % was achieved at a value of 5 dielectric constant. 

After optimizing the relative permittivity, we have further optimized the hole mobility 

of n-Dn layer, ranging from 743-1565 cm2V-1s-1, and we noticed that there is no effect 

of hole mobility on the performance of the photovoltaic cell, because of the ultra-thin 

layer of diamane.  
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To understand the role of layers number of n-diamane in the production of charge 

carriers due to absorption of photons from sunlight by the solar cell with all parameters 

those we have optimized above at single layer diamane, the above simulated cell was 

further optimized up to 5 layers of diamane while keeping the parameters of c-Si at the 

previous constant values that we have taken for previous simulation. It is reported that 

as the layer number increases, both sheet resistance as well as transmittance decrease, 

which results in lowering the electron-hole pair generation rate at the interface that 

depends on the transmittance of diamane. We found that, as the layer numbers of n-

diamane increased, VOC decreased very slightly from 519.5 mV to 518 mV, and a 

variation in the value of JSC was found from 20.63 mA/cm2 to 19.14 mA/cm2. This 

happened because of a smaller electron-hole pair generation rate. The FF was also found 

to decrease slightly from 74.69% to 74.66% and then decrease infinitesimally on further 

increasing the number of layers. Because of the lower value of VOC, JSC, and FF, η also 

decreased from 7.88% to 7.53%. The best optimized efficiency 8% was achieved for a 

single layer n-diamane. Since we found deterioration in the values of VOC, JSC, FF, and 

η on increasing the layer numbers of n-diamane, we can say that the thickness of n-

diamane does not play an important role in improving the efficiency of the solar cell 

and the generation of photo carriers. We also know that on increasing the thickness, the 

bandgap decreases, which increases the dielectric constant, which consequently 

decreases the recombination losses due to a decrease in exciton binding energy. 

Therefore, according to this concept, efficiency should increase with increasing the 

thickness of n-diamane, but this is not seen from the results shown in Fig. 3.2 (k and l). 

This may have happened because of the reduction in transmittance on increasing the 

layer number, which compensates for the effect of reduced bandgap on increasing the 

dimensionality of carbon material (diamane). From Fig. 3.2 (k and l), it is noticed that 

on increasing the layer number of diamane from 1 to 5, the efficiency changed slightly 

from 8% to 7.53%. Therefore, we can say that an increased number of layers of diamane 

does not play a significant role in enhancing the efficiency of a solar cell. It only 

provides the required Schottky junction at the interface for the current movement and 

acts as an effective emitter layer in a c-Si heterojunction solar cell. 

3.3.2 Optimization and simulation of p-crystalline Silicon wafer parameters 
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We further optimized the variables of p-crystalline Si wafer while setting the 

parameters of n-Dn at the best optimized values. To carry out this simulation, first, we 

optimized the acceptor concentration of the p-cSi wafer. This will intensify the 

efficiency of the ITO (TCO)/n-Dn/p-cSi/Ag structured solar cell, the value of NA for 

p-cSi wafer was increased from 1× 1016 cm-3 to 7 × 1018 cm-3, and the desired outputs 

are shown in Fig. 3.3 (a and b). As we increase NA, the Fermi Level in the Si layer 

moves towards the valence band edge and increasing the work function of p-type Si  

(Φp−Si ), and barrier height according to Eqn. (3.2), which will increase both Vbi and 

VOC according to the equations: 

VOC = 
Vbi

q
− 

nkT

q
ln  (

qNVSit

JSC
)                                                                       (3.6) 

Vbi =  
kT

q
ln (

NAND

ni
2  )                                                                                                      (3.7) 

Where Sit is the interface recombination velocity [35-37]. Therefore, as NA increases 

Vbi also increases, which helps the generated charge carriers in approaching their 

respective electrodes, due to which the values of both VOC and JSC is enhanced from 

519.5 mV to 697.7 mV and 20.63 mAcm-2 to 28.71 mAcm-2 respectively, as depicted 

in Fig. 3.3 (b). FF and η were also noticed to increase with NA from 74.69 % to 83.58 

% and from 8 % to 16.74 % respectively, as shown in Fig. 3.3 (a). The increment in FF 

might be related to the decrement in the resistivity of the p-cSi layer [26, 38]. The 

maximum efficiency 16.74 % was achieved at NA = 7×1018 cm-3. Therefore, 7×1018 cm-

3 is the best optimized value of NA for p-cSi layer. After getting best optimized value of 

NA, we carried out the simulation further by optimizing NC/NV of p-cSi ranging from 

3× 1019 cm-3 to 1×1021 cm-3 and the outputs are plotted in Fig. 3.3 (c-d). Here we found 

that the VOC is decreased from 697.7 mV to 516.4 mV as NC/NV increased. As NC/NV 

increases, Vbi increases by following Eqn. 3.2. Therefore, the trapping speed of charge 

carriers inside the Si layer is reduced. On increasing the value of NC/NV, the mobility 

and Li of charge carriers decrease by following the Eqns. (1, 3 and 4). By taking the 

Eqn. (5) in consideration ,we can say that JO also increases with increasing NC/NV. This 

increment in the value of JO as well as Vbi result in the decrement of VOC. The value of 

JSC was found to increased very slightly from 28.71 mAcm-2 to 28.74 mAcm-2 as we 

increased NC/NV of p-cSi from 3× 1019 cm-3 to 5×1020 cm-3, and then becomes constant. 
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This may have happened because the bandgap and photons absorption are highly 

influenced by NC/NV [26, 39]. Therefore, at NC/NV = 3×1019 cm-3, active silicon layer 

absorbed more photons which increased the generation rate (G) of EHP and then 

according to Eqn. (3.3), the higher value of G may balance the lower value of Li which 

results in a constant value of JSC 28.74 mAcm-2. The FF was first found to increase 

slightly from 83.58 to 83.63% and then decrease to 75.58% on further increasing the 

value of NC/NV after 8×1019. The efficiency was found to be decreased linearly from 

16.74% to 11.22% on increasing NC/NV from 3 × 1019 cm-3 to 1 × 1021 cm-3 as depicted 

in Fig. 3.3 (c). The initial increment in FF may be because of an increment in JSC. At 

higher values of NV, FF decreases abruptly because it depends on VOC. Similarly, a 

direct decrement in the value of η was observed because of its direct dependency on 

FF. The maximum value of efficiency, 16.74 % was found at NC/NV = 3×1019 cm-3. So, 

3×1019 cm-3 is the best optimized value of NC/NV for p-cSi layer. After optimizing NA 

and NC/NV to their best optimized values we further optimized the electron affinity of 

the p-cSi layer in the range from 3.6 to 4.5 eV. For this affinity, VOC was found to 

slightly increase from 699.2 mV to 697.7 mV on increasing affinity from 3.6 eV to 3.8 

eV, and then it stayed constant at the value 697.7 mV on further increase in affinity after 

3.8 eV. Whereas, the value of JSC was noticed to decrease straight from 28.95 mA/cm2 

to 28.55 mA/cm2 as depicted in Fig. 3.3 (e-f). The value of FF first increased from 83.19 

% to 83.58 % on increasing the electron affinity from 3.6 eV to 4.1 eV, but on further 

crossing of the value of electron affinity, the FF starts decreasing from 83.58 % and 

reaches 83.21 % at affinity of 4.5 eV. This reduction in FF on increasing the affinity 

from 4.2 eV to 4.5 eV can be understood by the concept of changing the work function 

of p-cSi at the interface by the relation: ФB = Фp−cSi – χ, where ФB is the barrier height 

for p-type semiconductor, Фp−cSi is the work function of p-cSi and χ is the affinity of 

Si, due to which the carrier transportation rate in the p-cSi layer would reduce. This 

reduction will increase the series resistance of both p-cSi wafer and the cell. Therefore, 

the FF reduces after χ > 4.1 eV. The efficiency of the optimized cell was found to 

decrease linearly from 16.84 % to 16.58 % as we increase the affinity in the range 3.6 

to 4.5 eV. In this way, the best optimized cell was obtained at an affinity of 3.6 eV. To 

further analyze the possibility of a cost-effective cell, the next variable we optimized is 

the thickness of p-cSi layer. 
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Fig. 3.3 Graphic representation of the performance of the designed cell after simulation 

of different variables of p-crystalline Si wafer, (a, b) NA (cm–3), (c, d) NC/NV (cm–3), (e-

f) χ (eV), (g, h) wafer thickness (μm), (i, j) layer number of n-Dn at best optimized values 

of p-cSi wafer and (k, l) thickness of Si layer at commercially available values of 

parameters p-cSi wafer, whereas the values of parameters of n-Dn are kept at their best 

optimized values i.e., ND = 1 × 1018 cm–3, NC/NV = 1 × 1019 cm–3, Eg = 2.05 eV, χ = 4.4 

eV, μn = 2732 cm2V–1s–1 and μp = 1565 cm2V–1s–1. 
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We have optimized the thickness of p-cSi wafer ranging from 20-300 µm. From Fig. 

3.3 (g-h), it is visible that for a 20 µm thick p-cSi layer, the efficiency is 15.48 %. Higher 

efficiency, 16.84 % was obtained for a 100 µm thick silicon layer. This is because as 

the thickness increases number of charge carriers increases; consequently, JSC increases. 

For a thicker layer of p-cSi, the lifespan of minority charge carriers gets reduced 

because of its shorter drift length. Additionally, the excess photogenerated charge 

carriers and their recombination rate have been found in proportion in the thicker silicon 

wafer, which overall results in a constant value of VOC 699.2 mV and JSC 28.95 mAcm-

2 after a thickness of 100 µm. The FF and efficiency were also constant after getting a 

value of 83.19 % and 16.84 % respectively, beyond the thickness of 100 µm. Thus, we 

did not notice any change in the value of VOC, JSC, FF and η on further increasing the 

thickness of p-cSi layer after 100 µm and we can say that, these saturated values of VOC, 

JSC and FF have produced a maximum efficiency of 16.84 %, even on increasing the 

thickness of p-cSi wafer up to 300 µm. Another reason for not improving the efficiency 

further on increasing the thickness of p-cSi wafer beyond 100 µm is that in a thick layer 

of p-cSi more dangling bonds are found which become the recombination centers for 

the photogenerated charge carriers due to the increased number of defects on the surface 

of the thick silicon layer. That is why the decreased bandgap on increasing the thickness 

of the layer does not contribute in improving the conversion efficiency of the solar cell. 

Therefore, a large thickness of p-cSi does not appear to play an important role in 

improving the efficiency of the cell. From Fig. 3.3 (g and h) it is shown that during the 

optimization of the thickness of p-cSi layer the efficiency increases from 15.48 % to 

16.84 % only which is not much recommendable.  

After optimization of the silicon wafer’s parameters, the cell was further simulated to 

study the effect of the layer numbers of diamane, and the results are plotted in Fig. 3.3 

(i and j), where we found η to decrease from 16.84 % to 15.6 %. For the best commercial 

appreciation of the simulated cell, we have further optimized the thickness of p-cSi 

wafer by considering the commercially available parameters of Si layer. For this, we 

have taken the values of acceptor concentration = 5×1016 cm-3, effective conduction 

band density = 2.8×1019 cm-3, effective valence band density = 1.04×1019 cm-3, affinity 

= 3.6 eV, electron mobility = 1500 cm2/Vs and hole mobility = 500 cm2/Vs from the 

previously reported data [26, 40-41]. We optimized the thickness of silicon layer in the 
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range from 20 to 300 µm, and the highest efficiency 10.41% was found for a thickness 

of 100 µm, as shown in Fig. 3.3 (k and l). Since front and back contacts play an 

important role in the solar cell as the front contact is required to be highly transparent 

so that maximum photons can reach the active layer and enhance the conversion 

efficiency. Therefore, we preferred the front contact with a low reflection coefficient or 

nearly 0. Hence, we have given more preference to ITO, as TCO in designing our solar 

cell to intensify the effective illuminating area, because ITO increases the optical 

absorption instead of reflection that occurs in other metal contacts, and it possesses low 

sheet resistance, high mobility, and is optically transparent too. Furthermore, in order 

to check the effect of back contact on the solar cell we have changed the back contacts 

by Au (where n is taken as 0.27049 and k is taken as 2.7789) and Tin (where n is taken 

as 1.96 and k is equal to 3.06), these files are present already in the AFORS-HET 

software and we found that maximum efficiency is achieved in case of Au and Ag 

because of their larger work function. This indicates that both the reflection coefficient 

and work function of the front as well as the back constant play a significant role in the 

solar cells. Here, we have given more preference to ITO, as TCO in the design of our 

solar cell to intensify the effective illuminating area, because TCO increases the optical 

absorption instead of reflection that occurs in other metal contacts. 

3.3.3 Spectral response, quantum efficiency and temperature dependency 

Generally, spectral response is conceptually similar to the QE of the solar cell. The QE 

is defined as the ratio of the number of electrons collected by the cell as output to the 

number of photons incident on its surface, whereas spectral response is defined as the 

ratio of current generated by the cell to the optical power incident on its surface [26]. 

Quantum efficiency and spectral response are both used in cell analysis; one uses the 

photon flux and the other uses the power of light at each wavelength, respectively. QE 

can be converted into SR by using the formula: SR = 
qλ

hc
 QE. To analysis the SR, external 

quantum efficiencies (EQE) and internal quantum efficiency (IQE) of the optimized 

cell at efficiencies 8 %, 10.41 % and 16.84 % we performed the simulation in the 

wavelength range 300 nm-1200 nm and the results are shown in Fig. 3.4. We observed 

that, at shorter wavelengths i.e., below 600 nm the diamane layer was found to absorb 

most of the light, this results in less photons passing to p-cSi layer subsequently small 
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amount of current would generate in the shorter wavelengths and the cell response was 

found to be very low. In the wavelength range from 600 nm to 1000 nm, most of the 

photons reach silicon layer where the energy they constitute found equal to the bandgap 

energy of silicon layer, and this energy is then converted into electrical energy inside 

the silicon layer. Therefore, the optimized cell achieved its ideal response at 

intermediate wavelengths. Since silicon is an indirect bandgap semiconductor, there 

will not be any sharp cutoff at the wavelength corresponding to its bandgap (Eg= 1.12 

eV). So, the spectral response falls back to zero at longer wavelengths.  From Fig. 3.4, 

it is visible that for a greater than 100 µm thick silicon layer, the spectral response 

maintained its uniformity. This is because the effective conversion rate remains constant 

as we increase the thickness beyond 100 µm. The IQE and EQE of the optimized cell 

at efficiencies 8 %, 10.41 % and 16.84 % has been observed and the results are being 

shown in Fig. 3.4. IQE do not consider the reflection and transmission of photon outside 

the solar cell while, EQE considers the outcomes of optical losses i.e., reflection and 

transmission. Fig. 3.4 (b and c) reveals that, at an initial wavelength 300 nm EQE and 

IQE is having smaller value this is because of the optical losses at the shorter 

wavelengths. The IQE and EQE are maximum at the wavelength 400 nm and above 

400 nm both efficiencies start falling off and reaches to zero at 1200 nm. Since, 

parameter’s optimization of silicon as well as diamane was unable to nullify the optical 

losses on the surface of the solar cell. Hence, maximum EQE and IQE was noticed for 

the wavelength 400 nm. The higher value of EQE at the wavelength 400 nm suggests 

that as we optimized doping concentration and effective band density then there would 

be an increment in the electron-hole pair generation rate and subsequently, collection 

of surplus charge carriers, due to which the highest efficiency has been achieved at 400 

nm. We found that, IQE and EQE responses of the cell with efficiencies 8 %, 10.41 % 

and 16.84 % are almost the same, which indicates an equal amount of charge carriers 

gathered for this range of wavelengths parallel to the photons absorbed by the solar cell. 

At higher wavelength regions, the recombination rate of the generated charge carriers 

is better; therefore both internal and external efficiencies become negligible at 1200 nm 

wavelength.  
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Fig. 3.4 Wavelength dependency of (a) SR, (b) EQE and (c) IQE of the best simulated 

solar cell at single layer n-Dn/p-cSi ( η = 8%, η = 16.84% with NA = 7 × 1018 cm–3, NC/NV 

= 1 × 1019 cm–3 for 100 μm p-cSi and efficiency = 10.41% with NA = 5 × 1016 cm–3, NV 

= 1.04 ×1019 cm–3 and NC = 2.8 × 1019 cm–3 at 100 μm p-cSi). 

 

 

Fig. 3.5 Dependency of the optimized cell response with temperature variation at η = 

16.84%. (a) efficiency and fill factor, (b) VOC and JSC. 
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In order to realize the effect of varying temperature on the operation of a solar cell we 

have further simulated the best optimized cell comprises an efficiency 16.84 % in the 

environment of 300 to 400 K temperature, and the outputs are depicted in Fig. 3.5 (a-

b). We observed that VOC decreased from 699.2 mV to 552.3 mV while JSC increased 

moderately from 28.95 mA/cm2 - 29.49 mA/cm2 as we increased the temperature. 

Following to Energy-Temperature relation written as: Eg (T) = Eg (0) – (
αT2

α+β
), where 

Eg (T) is the bandgap of semiconductor at any given temperature T, Eg (0) is the 

bandgap at zero temperature and (α, β) are the material constant [26, 31]. As 

temperature elevates band gap declines smoothly. We also know that, as temperature 

increases JO increases, which results in a decrease of VOC [26, 31]. Furthermore, at 

smaller values of Eg large number of absorbed photons have sufficient energy to create 

e-h pairs, which results in an increment in the value of JSC. Since VOC decreases, the 

Fill Factor and efficiency also decrease and the maximum efficiency η = 16.84 % found 

at a temperature of 300K. The optimized results of the designed solar cell are shown in 

Table 3.3. 

Table 3.3 Overview of the variables of the finest simulated solar cell. 

Cell 

variables 

n-diamane layer 

optimized cell 

n-Diamane layer 

and p-cSi layer 

optimized cell 

p-cSi layer 

optimized cell for 

practically available 

Si parameters 

VOC (mV) 519.5 699.2 593 

JSC (mAcm-

2) 

20.63 28.95 21.66 

FF (%) 74.69 83.19 81.05 

η (%) 8 (@ p-crystalline Si 

wafer at NA = 1×1016 

(cm-3), NC/NV = 3×1019 

(cm-3), χ = 4.05 (eV), 

and thickness = 100 

µm 

16.84 (@ p-

crystalline Si 

wafer at NA = 

7×1018 (cm-3), 

NC/NV = 3×1019 

(cm-3), χ = 3.6 

(eV), and 

thickness = 100 

micrometer 

10.41 [@ p-cSi wafer 

at NA = 5×1016 (cm-

3), NC = 2.8×1019 

(cm-3), NV = 

1.04×1019 (cm-3), χ = 

3.6 (eV), and 

thickness = 100 

micrometer] 

 

3.4 Summary 
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In this article, we have proposed the structure (TCO) ITO/n-Dn/p-cSi/ (back contact) 

Ag. The independent consequences of optimizing seven parameters of n-type diamane 

wafer on the operation of solar cell were investigated and only single parameter: hole 

mobility (µp) was noticed not to influence its working whereas other parameters were 

directly affecting the behavior of the proposed cell. After optimizing the parameters of 

diamane as well as silicon, the maximum efficiency of 16.84 % was achieved, and the 

formation of Schottky junction at n-Dn/p-cSi interface was found to play a major role 

in the processing of the cell as it helps in carrying current across the junction. This 

junction is responsible for the current movement across n-Dn/p-cSi interface. As the 

work function of diamane can be varied in the range 7.24 eV to 0.62 eV and the work 

function of p-type silicon layer is found in the range 4.9-5.1 eV. Here, we have taken 

the work function of diamane as 4.4 eV smaller than the work-function of p-type silicon 

which supports the formation of Schottky junction at the interface. We also compared 

the optimized values with the reported experimental values and found satisfactory 

results. Higher thickness of both diamane as well as silicon was not found to contribute 

to improving the efficiency of the solar cell on a large scale. It has been found that the 

thickness of front and back contacts does not play an important role in the performance 

of the modelled heterojunction cell. The results of the modelled cell have also not 

changed much on changing the metal contacts at the front and back sides of the cell. 

Finally, it has been concluded that if we could reduce the sheet resistance of diamane 

and increase its work-function by any technique like chemical doping, then few layers 

n-diamane can work more efficiently as an emitter layer in Si heterojunction solar cell. 
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chapter 4 
SIGNIFICANCE OF NOVEL 

GRAPHENE/DIAMANE INTERFACE IN SILICON 

HETEROJUNCTION WITH INTRINSIC THIN 

LAYER (HIT) SOLAR CELL 

 
 

This chapter presents a simulation-based study of a novel HIT solar cell incorporating a 

graphene/n-diamane interface, modeled as: graphene (TCO)/n-diamane/a-Si:H(i)/p-cSi/Ag, 

using AFORS-HET v2.5. Here, n-type diamane functions as the emitter, and graphene serves 

as the transparent conductive electrode. The a-Si:H(i) layer ensures interface passivation 

and built-in potential. After optimizing key parameters, the structure achieves a peak 

efficiency of 31.2%. In comparison, replacing graphene with ITO lowers efficiency to 

27.15%, while using commercial c-Si parameters yields 24.15%. The optimal performance 

occurs with a 3 nm a-Si:H(i) layer and a 1.6 eV bandgap. These findings highlight the 

promise of 2D carbon materials as multifunctional components in next-generation solar 

cells. 

The results reported in this chapter have been published in Naima et. al. Computational 

Materials Science 226 (2023) 112252. 
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4.1 Introduction 

The holy grail hurdle in the profitable expansion of photovoltaic solar cells is to make 

them cost-effective as well as exhibit high efficiency. For this motive, many solar cells 

have been explored and fabricated with different materials to increase their efficiency 

[1,2]. Recently, a new 2D material called diamane (Dn) has been used as an emitter layer 

by Naima et. al. [3] and elaborated the significance of using diamane in silicon 

heterojunction solar cells for enhancing its efficiency to a good extent. To further explore 

the possibility of achieving higher efficiency, we have explored a HIT (heterojunction 

solar cell with intrinsic thin layer) module where 2D carbon material (diamane) is used 

as an emitter layer. It is reported that 26.6 % and more than 30 % efficiency can be 

achieved for different HIT modules [4,5].  

Furthermore, to ease the movement of photons from the emitter layer to the external 

circuit, a TCO is needed, which must be highly transparent as well as have low sheet 

resistance and high carrier mobility. In this search, graphene is found to be a potential 

candidate which possesses 97.4 % optical transparency with sheet resistance of 

approximately 125 Ωsq-1 [6] for monolayer graphene and its work function can be 

manipulated in the range 3.10 eV to 5.57 eV [7,8]. It is reported that the HIT module with 

graphene/MoS2 interface is commendable for achieving a higher efficiency 25.61 % [9]. 

Similarly, another HIT cell has also been simulated previously, in which up to 20.23 % 

efficiency has been reached for a 156 mm active layer [2]. Therefore, it is plausible to use 

graphene/diamane interface in HIT solar cells to improve efficiency. Previously, 

numerous studies have been done on the excellent optoelectronic properties of various 

2D materials and their heterojunctions [10-12]. In 2009, 2-D ultra-thin layer of diamond 

called diamane was predicted and studied [13,14]. The effective mass of conduction 

electrons in diamane is very small (0.55 m0), and it has a wide bandgap, which is diverse 

ranging from 3.1 eV to 4.5 eV [14,15]. In addition, the carrier’s mobility in diamane is 

also very high as 2732 cm2/Vs for electrons and 1565 cm2/Vs for holes for its different 

forms [15]. Its work function can also be tuned in the range 6.78 eV to 7.24 eV by vacuum 

annealing at 350 0C [16]. Doping of diamane with nitrogen makes it an n-type and highly 

stable material which can be used in different electronic applications. Also, diamane is a 

sp3 hybridized C2H based layered structure on the bilayer graphene, which is also sp3 
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hybridized and the neighbouring carbon atoms of both materials are covalently bonded 

with the hydrogen atoms located out there. In this way, we can state that the 

graphene/diamane interface would be stable [13], and this heterostructure can find 

applications in electronic devices. 

Since, to the best of our knowledge, this material has not been tested in a solar cell’s 

structure yet, we have selected this material as the emitter layer in HIT solar cell and 

studied the patentability of novel graphene/diamane interface. The nature of diamane 

layer is considered isotropic during the entire simulation [15]. The motive of this 

simulation is to attain the maximum possible efficiency of HIT solar cell by optimizing 

various parameters of both doped and one intrinsic layer, as well as front and back 

contacts a minimum possible thin substrate. The main objective of this chapter is to 

examine the effect of graphene layer as TCE and diamane layer as an emitter layer in HIT 

solar cells for higher efficiency and to achieve the highest conversion efficiency of HIT 

solar cells by using the thinnest possible silicon substrate or wafer. 

 

4. 2. Simulation and structural details and junction formation  

4.2.1. Simulation and structural details 

For all simulation work, a software called AFORS-HET version 2.5 is used in this 

chapter, which automatize the simulation for heterostructures. This software is a one-

dimensional numerical computer program which modelled multi-layer hetero as well as 

homojunction solar cells and also do modelling for some common solar cell 

characterization methods [17]. This software usually solves one-dimensional 

semiconductor equations for both carriers’ electrons and holes by using finite difference 

at different conditions [17]. Within each semiconductor layer, the Poisson equation and 

the transport and continuity equations for electrons and holes have been solved in one-

dimension, given by: 

Poisson´s equation, 

εoεr

q
 
∂2φ (x,t)

∂x2  = p (x, t) – n (x, t) + ND (x) - NA (x) + ∑ ⍴traptrap  (x, t)                               (4.1)                                                                                  

where p (x, t) and n (x, t) are the local particle densities in the system, q is the electronic 

charge, and εo and εr are the absolute and relative permittivity, respectively.  

Continuity and transport equations for electrons and holes to be solved in one dimension: 
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- 
1

q
 
∂jn (x,t)

∂x
 = Gn (x, t) - Rn (x, t) - 

∂

∂t
 n (x, t) + 

1

q
 
∂jp (x,t)

∂x
  

     = Gp (x, t) - Rp (x, t) - 
∂

∂t
 p (x, t)                                                                           (4.2) 

Where, Gn (x, t) and Gp (x, t) are the electron and hole super-bandgap generation rates 

and Rn (x, t) and Rp (x, t) are their corresponding recombination rates [17].  

In the presented report, the electronic nature of both diamane as well as graphene has 

been considered as 3D instead of 2D. To make sure that a Schottky junction will form at 

the interface, we have intentionally made the electric contacts along the c-axis so that the 

maximum number of charge carriers can collect. The intrinsic amorphous silicon can be 

deposited on a SiO2 patterned silicon substrate by using PECVD method or hot wire CVD 

method [2] at a low temperature to prevent thermal damage to the silicon layer. After 

deposition of the amorphous silicon on the patterned substrate, few layer graphene can 

be directly transferred by chemical methods used by Sukang Bae et.al [6], and these 

transferred few graphene can be converted to a diamane layer by using a chemical 

fluorination route [14, 16]. Furthermore, another layer of graphene can also be directly 

transferred onto diamane [6]. Finally, the back electrode (Ag) at the back surface may be 

screen printed or deposited to extract the light-generated current [2]. In this way, we have 

a structure Gr / n-Dn / a-Si: H (i) / p-cSi / Ag shown in Fig. 4.1 (a). 

Furthermore, we have explored the HIT solar cell by optimizing the values of some 

parameters in their possible ranges and by taking some parameters to their default values 

as well. We have used both electrical and optical simulation. The HIT structure of solar 

cell modelled here is: Graphene (TCE) / n-Dn / a-Si: H(i) / p-cSi / Ag, shown in Fig. 4.1 

(a). The front and back contacts are selected taking the account their optical transparency 

as well as conductivity. The ranges of parameters for these two contacts have been taken 

from the literature available [18-22]. The details of front and back contacts are given in 

Table 4.1, and details about the interfaces are given in Table 4.2. The parameters of 

different layers used in the simulation are given in Table 4.3. MS-Schottky interface is 

considered for Graphene / n-Dn and p-cSi / Ag interfaces similarly drift-diffusion 

interface is chosen for n-Dn / a-Si: H(i) and a-Si: H(i) / p-cSi the interfaces, respectively. 

The drift-diffusion model drives the interface current. No defects are considered for the 

interface regions except drift-diffusion interface to avoid additional recombination 

centres. The electron and hole recombination velocities are taken as 4 × 107 cm/sec at 
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the MS- Schottky interface and tunnelling is kept activated (new feature added in 

AFORS-HET software version 2.5) during the simulation. The simulation is carried out 

by taking 20 steps to get better accuracy.  

Table 4.1 List of parameters used as front and back contacts [18-22]. 

 

The front contact of the cell is taken at positive terminal , whereas the negative terminal 

is assigned for the back contact of the solar cell. The simulation is carried for the boundary 

voltage of 0.7 V at a temperature 300 K. The front contact of the cell is illuminated with 

Parameters Front contact Back 

contact 
Before 

simulation 

After simulation 

Material Graphene ITO Al Ag 

Thickness 1L–5L 

(1L=0.334 nm) 

80 nm 80 nm           10 µm 

Optical 

properties 

n = 2.7, k = 1.45 ITO nk (default) 

                                   

n=1.19 

k=7.05 

 

Ag nk 

(default) 

 

Work function 

(eV) 

4.3 - 4.9 4.4 – 4.5                         4.06-4.26 4.64 – 

4.74 

 

Absorption 

loss 

0.023  ITO abs (default) 0.056 0 

External 

reflection 

1L = 0 

2L = 0.023 

3L = 0.046 

4L = 0.070 

5L = 0.092 

ITO Ref (default) 0.868 0 

Surface 

condition 

Plane Plane Plane Plane 

Internal 

reflection 

0 0 0 0 
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monochromatic light of photon flux 1 × 1016 cm-2s-1, spectral width of 10 nm with power 

density 100 mW/cm2 under the AM 1.5. 

 

Table 4.2 List of range of values of parameters used [32-35]. 

 

Parameter n-Dn                               a-Si: H (i) p-cSi 

Thickness 1L – 5L (1L = 0.34 

nm) 

3-10 nm 50-500 µm  

Dielectric constant (𝜀𝑟) 8 - 11 11.9 11.9 

Electron affinity χ (eV) 3.6 – 4.1 3.9 4.05-4.5 

Band gap 𝐸𝑔  (eV) 0.3 – 1.4 1.6-1.7 1.12 

𝑁𝐶  (𝑐𝑚−3) 9 × 1017 to 1 × 1021 0 3 × 1019 to 3 ×
1021 

𝑁𝑉 (𝑐𝑚−3) 9 × 1017 to 1 × 1021 0 3 × 1019 to 3 ×
1021 

μ𝑛 (𝑐𝑚2𝑉−1𝑠−1) 2732 20 1104 

μ𝑝 (𝑐𝑚2𝑉−1𝑠−1) 1565 5 420 

𝑁𝐴 (𝑐𝑚−3) 0 0 1 × 1016 to 1 ×
1019 

𝑁𝐷 (𝑐𝑚−3) 2 × 1012 to 8 × 1017 0 0 

𝑉𝑒  (𝑐𝑚 𝑠−1) 1 × 107 1 × 107 1 × 107 

𝑉ℎ  (𝑐𝑚 𝑠−1) 1 × 107 1 × 107 1 × 107 

Layer density (𝑔 𝑐𝑚−1) 2.328 2.328 2.328 

Auger electron 

recombination 

coefficient (𝑐𝑚6𝑠−1) 

0 0 2.20 × 10−31 

Auger hole 

recombination 

coefficient (𝑐𝑚6𝑠−1) 

0 0 9.90 × 10−31 

Band- to- band 

recombination 

coefficient (𝑐𝑚3𝑠−1) 

0 0 9.50 × 10−15 

Defect type                                                                                Conduction tail Single Valence tail 

Defect charge Donor Acceptor Acceptor 

Total defect density 

(𝑐𝑚−3)  
1 × 1014 2.75 × 1016 1 × 1010 

Specific defect density 

(𝑐𝑚−3 𝑒𝑉−1) 

6.67 × 1014 2.75 × 1016 1.43 × 1011 

Defect level energy 

(eV) 

0.15 (Urbach) 0.6 0.07 (Urbach) 

Electron and hole 

capture cross section 

(𝑐𝑚−2) 

1 × 10−14 7 × 10−19 1 × 10−14 

Optical properties n = 1.4, k = 0.75 a-Si nk 

(default) 

c-Si nk (default) 
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Fig. 4.1 (a) Schematic of the designed HIT module. (b) Energy band diagram for the 

designed HIT structure showing separation of charges at the interfaces. 

When the cell is operated under these conditions an amount of light or photon flux is get 

absorbed by the upper-bandgap of the semiconductor layer which creates electron-hole 

pairs and to calculate this upper-bandgap generation rate Gn = Gp (
hc

λ
 ≥  Eg) Lambert-

Beer absorption optical model has been chosen [17] which specifies the reflectivity of the 

semiconductor and calculates the resulting absorption within the semiconductor layer by 

using only the specified values of extinction coefficient k(λ). In this model, the generation 

rate Gn is calculated from the resulting absorption, integrating over the entire incident 

wavelength range. There are some models to describe the recombination in 

semiconductors, in a diamane layer, the recombination is described by Shockley-Read-

Hall recombination model [Sze & Kwok, 2007]. In p-cSi semiconductor, dangling bond 

recombination model is used to describe the recombination [Sah & Shockley, 1958]. The 
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structure designed as Graphene (TCE) / n-Dn / a-Si: H(i) / p-cSi / Ag is displayed in Fig. 

4.1 (a). Amorphous and crystalline silicon solar cell technologies are used to design it 

[23]. Single-layer graphene is chosen as the front contact or transparent conducting 

electrode, which allows maximum photon flux to pass through it, and no internal and 

external reflection is chosen for this layer to avoid efficiency loss at the front contact of 

the cell. The front surface is textured by anisotropic etching to reduce reflection [5]. 

Additionally, no mismatching between the layers of the cell is considered. An ideal 2D 

semiconductor follows to, condition < t > ≤  λF, where λF is the Fermi wavelength 

given by √
2π

n2D
 nm here n2D is the carrier density in cm-2 [24]. It is reported that graphene 

does not satisfy this condition [25] and the interlayer space increases due to doping [26]. 

Therefore, both diamane and graphene are considered quasi 3D in nature despite being 

considered 2D. To improve JSC, the quantum confinement is accomplished by controlling 

the number of layers of diamane and the carrier transport is taken along the c-axis. To 

avoid the efficiency losses due to defects present on the surface of p-cSi layer, an intrinsic 

hydrogenated amorphous silicon layer is inserted on the p-cSi layer, which develops a p-

n heterojunction. This intrinsic silicon passivates the defects of crystalline silicon, which 

reduces the chances of tunnelling through the localised states present on the doped 

crystalline silicon due to defects, which makes VOC decrease. In this manner, the 

passivation of intrinsic amorphous silicon just improved VOC and consequently the 

efficiency of the HIT solar cell and gives an excellent temperature coefficient. The 

intrinsic amorphous silicon also reduced dangling bonds and recombination rate, which 

also became the reason for improved VOC [27]. No thermal losses are considered as the 

deposition is done by CVD under low temperature [28]. An insulating SiO2 layer is used 

to avoid surface recombination between the front contact and silicon layer, as shown in 

Fig. 4.1(a). For diamane layer donor concentration, effective conduction and valence 

band density, band gap, electron affinity, dielectric constant and layer numbers are being 

optimized by keeping the parameters of remaining layers to some specified values. For 

the intrinsic hydrogenated amorphous silicon layer, the parameters which have been 

optimized are; NC/NV, Eg and thickness of the thin intrinsic layer. Further, the optimized 

parameters in the case of p-cSi are: NA, NC/NV, χ, thickness of the p-cSi wafer. Layer 

number as well as work function of graphene layer is also being optimized as well as the 
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material and work function of front and back contact have also been optimized. The 

details of front and back contacts as well as the details of all three optimized layers are 

tabulated in Tables 4.1 and 4.2.  

 

Table 4.3 List of parameters used at interfaces. 

Interface  Model applied 

Graphene/n-Dn MS-Schottky contact 

n-Dn/a-Si:H (i) Drift diffusion model 

a-Si:H (i)/p-cSi Drift diffusion model 

p-cSi/Ag MS-Schottky contact 

 

4.2.2 Junction formation 

In n-Dn /p-cSi heterojunction, the diamane and crystalline silicon interface plays main 

role in the conversion of energy. When n-diamane and p-cSi comes in contact, which has 

a work-function difference, then the electrons in the silicon layer get depleted and the 

energy band gets bent close to the Fermi level to form a built-in electric field. The energy 

band diagram is shown in Fig. 4.1(b). The built-in potential further separates the excess 

electrons and holes generated by the light incident and then converts light energy into 

electrical energy in the form of current flows in the external circuit. The built-in potential 

(eVbi) is given by; 

(eVbi) =  Eg(Dn) + ∆ EV + kT ln (
NAND

NV(Si)NC(Dn)
) 

            =  Eg(Si) − ∆ EC + kT ln (
NAND

NV(Si)NC(Dn)
)                                                             (4.3) 

Where, e is the electric charge, Eg, ∆ EV and ∆ EC are the bandgap, valence band offset 

and conduction band offset, respectively and k, T are Boltzmann constant, temperature 

[K]. NA and ND are the acceptor and donor concentration, and NC and NV are the 

conduction and valence band density, respectively [9].  

At the graphene/diamane interface there Schottky junction is formed and a barrier for the 

transportation of hole is built corresponding to the potential energy of eVbi given by; 

eVbi =  e(ϕDn −  ϕGr)                                                                                                                       (4.4) 

where ϕDn and ϕGr are the work-function of diamane and graphene, respectively [29]. 

Since the work-function of the graphene layer can be modulated between 4.5 eV and 4.9 
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eV [7, 30], then with a large work-function, the built-in potential gets amplified at the 

junction, which consequently, increases the capacity of collecting the photo-generated 

charge carriers of the heterojunction. The shift in the Fermi level of graphene at 

heterojunction graphene/diamane performs better in conduction [31]. Since the dangling 

bonds over the p-cSi layer degrade the VOC and also the efficiency of the solar cell, 

therefore a perfect passivation is required to improve the overall efficiency. For this type 

of passivation, an intrinsic hydrogenated amorphous silicon wafer is pressed between the 

heterojunction n-Dn / p-cSi which successfully prevents the tunnelling through localised 

states present in p-cSi layer because of the presence of many defects and decreases the 

recombination rate and hence improves the efficiency of the HIT solar cell. 

 

4.3 Results and discussion   

4.3.1 Optimization of diamane layer 

In this section, the influence of various parameters of n-type diamane on the performance 

of the HIT solar cell has been examined. To do so, the very first parameter we optimized 

here is the ND of the n-type diamane layer while keeping the remaining parameters at 

some viable values, and the results are shown in Fig. 4.2 (a and b). The values of 

parameters used for diamane are taken from the previous literature [32-35]. The a-Si: H 

(i) layer (3nm thick) and c-Si layer (500µm thick) are kept constant at values given in 

Table 4.4. The range in which ND is being varied is 2×1012 cm-3 - 8×1017 cm-3, and it is 

noticed from Fig. 4.2 (a and b) that VOC, JSC, FF and η remained almost constant during 

the optimization. There is a very slight change observed in the case of FF only. The FF is 

infinitesimally increased from 83.95 % to 83.96 % as the value of ND increased from 

6×1017 cm-3 - 8×1017 cm-3. Therefore, the optimum donor concentration for n-Dn is 

8×1017 cm-3. The reason behind the constant value of VOC (698 mV) is that it does not 

depend on ND until and unless it does not follow the condition ∆no ≫  ND, where ∆𝑛𝑜 

denotes the excess electron-hole pairs [36]. JSC remained constant during the optimization 

at 53.04 mA/cm2, this is because, as we increase the donor concentration mobility of 

photo-generated charge carriers does not change and therefore there is not slight change 

observed in the value of JSC as shown in Fig. 4.2 (b). Since there is observed no variation 

in the values of VOC, JSC and FF on increasing ND within the range 2×1012 cm-3 - 8×1017 
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cm-3 therefore, the value of efficiency will also remain the same at 31.08 % as shown in 

Fig. 4.2 (a). The best optimized value of ND we have noticed here is 8×1017 cm-3, which 

we will keep constant throughout the further optimization of the HIT cell. 

Table 4.4 List of initially taken values of parameters. 

 

After getting the best optimized value of ND for the designed HIT solar cell, we will now 

further optimize the parameter conduction and valence band density (NC/NV) in the range 

from 9×1017 cm-3 to 1×1021 cm-3 and the result obtained is shown in Fig. 4.2 (c and d). 

From the Figure, it is observed that, as the value of NC/NV is increased in the chosen limit 

there is a continuous decrement in the value of VOC from 699.7mV to 580.6 mV, this is 

because of the reduction in barrier height, which offers fewer charge carriers near the 

junction. As a result, a small built-in potential is formed near the junction, resulting in 

lower VOC. The value of JSC is found to be constant at 53.04 mA/cm2 as NC/NV goes from 

9×1017 cm-3 to 3×1019 cm-3 and then starts decreasing and reaches 52.97 mA/cm2 at 

1×1021 cm-3. The reason behind the JSC being constant may be the decrease in the minority 

carrier density which probably declines due to the short life-time of photogenerated 

charge carriers and trapping of free charge carriers across the interface. Another reason 

behind the constant value of JSC can be the recombination of photogenerated charge 

carriers across the interface due to which these new photogenerated charge carriers do 

not play an active role in the process. On further increasing the value of NC/NV, the barrier 

height decrease according to Eqn. (4.3) and therefore JSC decreased after NC/NV reached 

3×1019 cm-3. These reductions in the values of VOC and JSC could be the reason for the 

reduction in the values of FF and η from 84.06 % to 79.71 % and 31.2 % to 24.51 %, 

Parameter                                 a-Si: H (i)                            p-cSi 

Thickness                                   3 (nm)                                  500 µm 

Dielectric constant (𝜀𝑟)              11.9                                      11.9 

Electron affinity χ (eV)              3.9                                        4.05 

Band gap 𝐸𝑔  (eV)                       1.6                                        1.12 

 𝑁𝐶  (𝑐𝑚−3)                                 2 × 1021                              3 × 1019 

𝑁𝑉 (𝑐𝑚−3)                                  2 × 1021                              3 × 1019 

 𝑁𝐴 (𝑐𝑚−3)                                 0                                           1 × 1019 

𝑁𝐷 (𝑐𝑚−3)                                  0                                           0 
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respectively. In this way 9×1017 cm-3 is the optimum value of NC/NV where we got 

maximum efficiency 31.2 %.  

 

 

Fig. 4.2 Simulation of diamane layer by keeping the parameters of remaining layers at 

values given in Table 4.4. (a and b) optimization of ND (cm-3), (c and d) optimization of 

NC (cm-3), (e and f) optimization of Eg (eV), (g and h) optimization of χ (eV), (i and j) 

optimization of εr, (k and l) optimization of layer numbers of diamane by keeping its other 

parameters at optimum set of values. 

After optimizing the parameters ND and NC/NV, the next parameter we have optimized 

here is the bandgap of the n-type diamane layer within the range 0.3 eV to 1.4 eV and the 

results obtained are displayed in Fig. 4.2 (e and f). It is observed from the figure that, as 

the bandgap increased from 0.3 eV to 1.1 eV, no variation is found in the values of VOC, 

JSC, FF, and η, they remained constant at 577.1 mV, 52.95 mA/cm2, 79.8 % and 24.38 %, 

respectively. On further increasing the range of bandgap from 1.2 eV to 1.4 eV, the values 

of all these parameters get increase because of the increment in the barrier height 

according to Eqn. (4.1) as increased Vbi separates the photogenerated charge carriers very 
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effectively across the interface and hence increases the value of JSC. In this way, the best 

efficiency, 31.2 % was found at the bandgap 1.4 eV. 

The next parameter after ND, NC/NV and bandgap, we have simulated the electron affinity 

of the diamane layer within 3.6 eV- 4.1 eV and the results are shown in Fig. 4.2 (g and 

h). On increasing electron affinity, barrier height increases resulting in increment in the 

value of VOC from 532.8 mV to 699.7 mV, higher barrier height increases the minority 

charge carriers which consequently increase the current density from 52.95 mA/cm2 to 

53.04 mA/cm2, and therefore the FF and the efficiency also get increased from 75.35 % 

to 84.06 % and 21.25 % to 31.2 %, respectively as shown in Fig. 4.2 (g and h).  

The optimization of the parameter, dielectric constant (εr) of the diamane layer is shown 

in Fig. 4.2 (i and j). We have optimized the value of dielectric constant within the values 

8 to 11. It is observed from the figure that, as the dielectric constant increases from 8 to 

11, VOC and efficiency get increase from 697.4 mV to 699.7 mV and from 31.02 % to 

31.2 % respectively, as efficiency was found largely dependent on VOC. The reason 

behind the increment of VOC is the more electron-hole pair generation in the diamane 

layer on increasing dielectric constant according to the Coulomb’s law; F ∝  
1

εr
, where F 

is the electrostatic force between the electrons and holes [29]. From the Figure it is found 

that JSC is constant at 53.04 mA/cm2 throughout the variation of relative permittivity and 

FF is slightly increased from 83.87 % to 84.06 %. Therefore, the maximum efficiency of 

31.2 % we obtained at dielectric constant (εr) value of 11.  

After optimizing various parameters as mentioned above, the number of diamane layers 

was optimized to see its effect on the working of the HIT solar cell. The layers were 

varied up to 5 and the result obtained is shown in Fig. 4.2 (k and l). As the layers number 

increased, the transmittance decreased [9], which raise difficulty for photons in reaching 

the junction, and therefore the electron-hole pair generation rate decreased which 

resulting in poor efficiency. Therefore, VOC decreased from 699.7 mV to 689.4 mV, JSC 

decreased from 53.04 mA/cm2 to 51.72 mA/cm2 and efficiency decreased from 31.2 % 

to 29.44 % as the number of layers increased from 1 to 5. Since the sheet resistance 

decreases on increasing the number of layers. Therefore, the value of FF also gets reduced 

from 84.06 % to 82.57 % as shown in Fig. 4.2 (k). In this way, maximum efficiency of 

31.2 % was achieved at a single layer diamane. 
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4.3.2 Optimization of a-Si: H(i) layer 

Since an extremely high-quality thin a-Si: H(i) layer plays the main role in proving HIT 

solar module better than a general heterojunction solar cell module, because it passivates 

the defects present in the silicon layer, which causes the poor conversion efficiency of 

heterojunction solar cells. The placing of a thin a-Si: H(i) layer enhances VOC because it 

decreases the interface recombination velocity [23,27]. This thin layer also contributes in 

the depletion region, drift current and electric field strength as well [37]. Therefore, it 

became essential to inspect the effect of optimizing the parameters of this thin layer on 

the working of HIT solar cell. To do this simulation, the optimized parameters of diamane 

layer are used, and the parameters of p-cSi and the remaining parameters of a-Si: H (i) 

are kept at their initial taken values. To do so, we first have optimized the effective 

conduction and valence band density (NC/NV) of a-Si: H(i). We have optimized NC/NV in 

the range 1.5×1021 cm-3 - 3×1021 cm-3 by keeping the thickness of a-Si: H(i) at 3 nm and 

bandgap at 1.6 eV. The obtained results are depicted in Fig. 4.3 (a and b). It is noticed 

from the figure that on increasing the value of NC/NV, VOC and JSC remain constant at 

699.7 mV and 53.04 mA/cm2. The value of FF gets slightly increased from 84.04 to 84.06 

and therefore there was certainly tiny increment observed in the value of efficiency also, 

it increased from 31.19 % to 31.20 % which is a really tiny increment. Therefore, the 

optimization of the parameter NC/NV of a-Si: H(i) does not seem to have any major effect 

on the efficiency of the HIT solar module and the maximum efficiency of 31.2 % was 

obtained in the range 1.5×1021 cm-3 - 3×1021 cm-3.  

By assigning a value 2×1021 cm-3 to the NC/NV we further have optimized the bandgap of 

a-Si: H(i) at two values, 1.6 eV and 1.7 eV, and the results are shown in Fig. 4.3 (c and 

d). From Fig. it is noticed that on increasing the bandgap from 1.6 eV to 1.7 eV, VOC get 

decreased from 699.7 mV to 696.3 mV. The values of JSC, FF and efficiency were also 

decreased from 53.04 mA/cm2 to 53.02 mA/cm2, 84.06 % to 82.43 % and 31.2 % to 30.43 

%, respectively. The deterioration in the value of JSC is because the number of photons 

which get absorbed only when their energy is less than the bandgap of intrinsic 

hydrogenated amorphous layer, decreases. This decrement in the absorbed photon 

numbers leads to a decrease in the number of electron-hole pairs, which consequently 

decreases JSC. For the better performance of the HIT solar cell, 1.6 eV is the best 

optimized bandgap for a-Si: H(i) at which efficiency is maximum 31.2 % as shown in Fig 
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4.3 (c). This may be because of the absorbed photons by the diamane layer corresponding 

to the bandgap value of a-Si: H(i) layer [9].   

 

 

Fig. 4.3 Simulation of a-Si: H (i) at optimized diamane and other layers at the previous 

set of values (Table 4.4). (a and b) optimization of NC/NV (cm-3), (c and d) optimization 

of Eg (eV), (e and f) optimization of thickness (nm). 

After getting our best optimized values of NC/NV and bandgap for a-Si: H(i), next we 

have optimized the thickness of a-Si: H(i) which majorly effects the performance of HIT 

solar cell module. The thickness of a-Si: H(i) is optimized between 3 nm to 10 nm and 

the obtained results are shown in Fig. 4.3 (e and f). As the thickness increases from 3 nm 

to 7 nm VOC remains constant at 699.7 mV, but as the thickness increases further it 

decrease from 699.7 mV to 698.6 mV as shown in Fig. 4.3 (f). This happens because as 

the thickness of amorphous layer increases more dangling bonds will affect the efficiency 

of the solar cell, as more photogenerated charge carriers get trapped by these dangling 

bonds which causes the deterioration of VOC [27]. The JSC was also found to decreases 

from 53.04 mA/cm2 to 44.67 mA/cm2 as shown in Fig. 4.3 (f). This decrement in the 

value of JSC is because of the increased sheet resistance in thicker intrinsic layer [9]. The 

FF decrease from 84.06 % to 83.68 % which consequently leads to the decrease in the 

conversion efficiency from 31.2 % to 26.11 % on increasing the thickness from 3 nm to 

10 nm, results are shown in Fig. 4.3 (e). Therefore, on increasing the thickness of the a-

Si: H (i) layer the power conversion efficiency of the HIT solar cell decreases. In this 

way, the best optimized efficiency is achieved at the thickness 3 nm shown in Fig. 4.3 (e). 

The passivation is done by using the high quality thinnest possible intrinsic hydrogenated 

amorphous silicon layer in HIT structured solar cells.   
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4.3.3 Optimization of p-cSi layer 

Since, an intrinsic amorphous silicon layer is introduced in between two doped layers of 

diamane and crystalline silicon like; Graphene (TCE) / n-Dn / a-Si: H(i) / p-cSi / Ag 

displayed in Fig. 4.1 (a) therefore, the processing of c-Si layer of achieving good 

efficiency get improved as the effective lifetime of the cell becomes lower which 

improves efficiency with higher VOC. The inserted intrinsic layer basically passivates 

crystalline silicon layer, which drastically changes the working principle of c-Si wafer or 

active layer, which affects the power conversion efficiency of the HIT structured solar 

cell in a positive way. This passivation improves the efficiency of cell in a such a way 

that the active layer effectively separates the generated charge carriers which reduce the 

recombination velocity at the interface and improve VOC. This improved VOC then 

improved the efficiency and temperature coefficient of the HIT solar cell [38].  If the 

recombination velocity is low as in the case of HIT solar cells, then it becomes easy for 

a thinner silicon wafer to maintain excess carrier density and that is how VOC improves 

[28] and more cost-effective solar cell is achieved. In this section , we have discussed the 

effect of optimization of the parameters of the p-cSi wafer on the power conversion 

efficiency of HIT structured solar cell. While doing the simulation up on the p-cSi wafer 

the parameters of n-Dn layer and a-Si: H(i) layer was fixed to their best optimal values. 

For doing so, initially we have simulated the acceptor concentration NA of p-cSi wafer in 

the rage 1×1016 cm-3 to 1×1019 cm-3 and the results are depicted in Fig. 4.4 (a and b). VOC, 

JSC, FF and η was found to increase from 622.6 mV to 699.7 mV, 39.88 mA/cm2 to 53.04 

mA/cm2, 83.06 % to 84.06 % and 20.62 % to 31.2 %, respectively. The improvement in 

the value of VOC is because of the increment of barrier height on increasing the acceptor 

concentration according to Eqn. (4.3). Since the higher eVbi deteriorates the 

recombination rate due to which photo-generated charge carriers move rapidly from the 

depletion region to the contact region and no trapped effect is experienced by the carriers 

in the neutral region [9,39]. Therefore, JSC get increased which reduces the sheet 

resistance; consequently, FF increases. The increment in these parameters leads to an 

increased efficiency. In this way, the maximum efficiency of 31.2 % was obtained at NA 

1×1019 cm-3.  

After obtaining the best optimized value of NA, we have optimized the value of NC/NV of 

p-cSi layer from 3×1019 cm-3 to 3×1021 cm-3 and the results are shown in Fig. 4.4 (c and 
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d). From Figure it is shown that, as NC/NV increases VOC decreases linearly from 699.7 

mV to 485.6 mV. It is because according to Eqn. (4.1), barrier height decreases as NV of 

p-cSi increases which makes VOC to decrease. The value of JSC was found to remained 

constant at 53.04 mA/cm2 as we go from 3×1019 cm-3 to 3×1021 cm-3 this might be because 

of the recombination and trapping of carriers across the interface. The FF on increasing 

the NC/NV gets decrease from 84.06 mA/cm2 to 79.15 mA/cm2 which leads to decrease 

the efficiency from 31.2 % to 20.39 %. Therefore, the optimum value of NC/NV for p-cSi 

wafer is 3×1019 cm-3. 

The next parameter to get optimized in this report after optimizing NA and NC/NV of p-

cSi layer is the electron affinity of p-cSi layer. The electron affinity we have optimized in 

the range from 4.05 eV to 4.5 eV and the desired results are depicted in Fig. 4.4 (e and f). 

The figure shows that on increasing the χ, VOC decreased from 699.7 mV to 604.7 mV 

and FF decreased from 84.06 % to 49.52 % and therefore the efficiency also dropped 

from 31.2 % to 15.89 %. The reason behind this deterioration is may be the variation in 

the work-function of p-cSi layer which consequently reduces the transportation of the 

charge carriers across the p-cSi layer. This reduction in the transportation rate of charge 

carriers through the p-cSi layer increase the series resistance in the p-cSi layer due to 

which FF and η decreased. A tiny increment was observed in the value of JSC from 53.04 

mA/cm2 to 53.05 mA/cm2 as shown in Fig. 4.4 (f). 

Since, in this report we have simulated the result keeping in mind to reduce the production 

cost of solar cell therefore the next parameter we have optimized here is the thickness of 

p-cSi wafer because the thickness of p-cSi wafer enhanced the manufacturing cost of 

solar cell. So, we have simulated the keeping the thickness of p-cSi wafer within the range 

of 50 µm to 300 µm and the result is shown in Fig. 4.4 (g and h). As we increase the 

thickness, the VOC does not change at all and it remains uniform throughout, maintaining 

the value 699.7 mV as shown in Fig. 4.4 (h). As the thickness increases, photogenerated 

charge carriers increase but at the same time, the recombination and trapping of these 

charge carriers also increase due to the defects present in the p-cSi layer, which restricts 

the VOC either to get increased or decreased therefore it remains constant as the thickness 

increases. Further, JSC was found to slightly increase from 52.89 mA/cm2 to 53.04 

mA/cm2 as the thickness increased. This is because of the increased photogenerated 

charge carriers on increasing the thickness of layer. The FF and η also get slightly 
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increased from 84.04 % to 84.06 % and 31.1 % to 31.2 %, respectively, as shown in Fig. 

4.4 (g). The reduction in series resistance of the p-cSi layer may be the reason behind this 

small improvement in the value of FF [9]. Since HIT structure solar cell has a tendency 

of getting good efficiency even for thin silicon wafer therefore, the best efficiency of the 

solar cell is achieved at the thickness 90 µm which makes it comparatively less costly. 

After achieving the best optimized parameters of n-Dn, a-Si: H (i) and p-cSi layers, the 

cell then again simulated by optimizing the layer numbers of diamane and thickness of 

intrinsic amorphous silicon to see the effect of changing the layer number of n-Dn and 

the thickness of a-Si: H (i) wafer on the best simulated solar cell and the results are shown 

in Fig. 4.4 (i and j) and (k and l) respectively. From Fig. 4.4 (i and j) it is shown that, all 

the parameters such as VOC, JSC, FF and η decreased as the number of diamane layers 

increased from 1 to 5. VOC decreased from 699.7 mV to 689.4 mV, JSC decreased from 

53.04 mA/cm2 to 51.71 mA/cm2, FF varied from 84.06 % to 82.57 % and efficiency 

decreased from 31.2 % to 29.44 %. This deterioration in the values of these parameters 

is because of the reduction of absorbed photons as the transmittance increases on 

increasing the layers. 
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Fig. 4.4 Simulation of p-csi layer at optimized diamane as well as a-si: H (i) layer. (a and 

b) optimization of NA (cm-3), (c and d) optimization of NV (cm-3), (e and f) optimization 

of χ (eV), (g and h) optimization of thickness (µm), (i and j) optimization of layer 

numbers of diamane at fully optimized cell, (k and l) optimization of thickness (nm) of 

a-Si: H (i) again at fully optimized cell. 

 

From figure it is shown that as the thickness of a-Si: H (i) wafer increases from 3 nm to 

10 nm the values of VOC, JSC, FF and η decreases from 699.7 mV to 698.6 mV, 53.04 

mA/cm2 to 44.67 mA/cm2, 84.06 % to 83.68 % and 31.2 % to 26.11 % respectively. This 

happened probably because of addition of more dangling bonds and less excitations of 

charge carriers on increasing the thickness of intrinsic layer [40]. Minimum efficiency 

26.11 % was seen at the thickness 10 nm and therefore the maximum efficiency of 31.2 

% was achieved for 3 nm thick a-Si: H (i) layer. 

4.3.4. Optimization of the TCE (graphene) parameters 

In this section, we have optimized the work-function as well as the layer numbers of 

graphene, which is used as a transparent conducting electrode in the present article. It is 

now well established that graphene can be transferred on another substrate by using a 

chemical route [41]. To study the influence of the work function and layer numbers of 

graphene layer (TCO) on the efficiency of solar cell we have varied the layer from 1 to 5 

and the work function in the range from 4.3 eV to 4.9 eV and the results are shown in 

Fig. 4.5 (a and b) and (c and d) respectively. From Fig. 4.5 (a and b) it is shown that, as 

the layer numbers increases from 1 to 5 where the thickness of single layer graphene is 

0.334 nm and the external reflection, we have considered zero for single layer graphene, 

the value of VOC decreased from 699.7 mV to 111.4 mV and JSC decreased from 53.04 

mA/cm2 to 48.02 mA/cm2. The FF and the efficiency also decreased from 84.06 % to 

49.97 % and from 31.2 % to 2.672 % as shown in Fig. 4.5 (a and b). The reason behind 

this decrement in the value of efficiency is that as the layer number increases the 

reflection coefficient of the graphene layer increases which opposes the photons from 

entering into the cell and therefore the efficiency gets decline. Fig. 4.5 (c and d) shows 

that, on increasing the work function of the graphene layer at single layer diamane and 

graphene at 90 µm thickness of c-Si layer, the VOC decreases from 699.7 mV to 114.3 mV 

on increasing the work function of graphene from 4.30 eV to 4.90 eV. JSC decreases very 

slightly from 53.04 mA/cm2 to 53.01 mA/cm2. Furthermore, a noticeable decrement in 
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the value of fill factor is also noticed from 84.06 % to 50 % while increasing the value of 

work function from 4.30 eV to 4.90 eV. As a result, the overall efficiency of the HIT cell 

decreased from 31.2 % to 3.028 % as work function decreased the considered range of 

values. The deterioration in the value of VOC on increasing the work function of the 

graphene layer is maybe due to the reduction of the potential barrier energy eVbi of 

graphene/n-Dn following Eqn. (4.4). It is also reported that if the work function of TCO 

in the case of Si HIT cells, is low then the direction of eVbi of TCO/n-type emitter and n-

type emitter/p-type Si will be in the same direction [9]. Conversely, if the work function 

of TCO is high then eVbi of TCO/n-type emitter will be in the opposite direction that of 

n-type emitter/p-type Si [9]. Furthermore, the increment in the work function of the TCO 

in case of Si HIT cells causes the depletion in the emitter regions to gets wider which in 

results the overlapping of TCO/n- diamane emitter region and n-type emitter/p-cSi region 

coincide if the emitter layer is also not sufficiently thick [42]. Therefore, an increment in 

the work function of the graphene layer may increase the chances of overlapping between 

the graphene/n-type emitter depleted region and n-type emitter/p-cSi depleted region and 

subsequently an overall deterioration in the value of VOC can be seen [9] from Fig. 4.5 

(d). The reason for JSC being decreased can be understood by the fact that on increasing 

the work function of graphene layer, since the depletion region of graphene/n-type emitter 

and n-type emitter/p-cSi gets overlap which causes the eVbi of n-Dn/p-cSi layer to get 

influenced or decreased which in turn reduces the built-in electric field and this poor 

electric field gets unable to push the photogenerated charge carrier to its respective 

electrode under short circuit condition. Therefore, the JSC gets declined as shown in Fig. 

4.5 (d). Since, there is a decrement in the values of VOC and JSC is found therefore the 

overall efficiency and FF will also suffer and gets declines on increasing work function 

from 4.30 eV to 4.90 eV as shown in Fig. 4.5 (c). In this manner, the highest efficiency 

31.2 % was achieved at the lowest value 4.30 eV of work function for pristine graphene. 

The optimization is further carried out to optimized value of work function and thickness 

of graphene layer for commercially available parameters of crystalline silicon layer and 

the results are shown in Fig. 4.5 (e and f) and (g and h), respectively. This optimization 

is carried at the single layer graphene and single layer diamane. During this optimization 

of graphene’s work function the thickness of p-cSi is taken as 90 µm and for optimizing 
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the thickness of silicon layer, the best optimized work function 4.31 eV is considered as 

revealed from Fig. 4.5 (e and f) and (g and h), respectively. 

 

 

Fig. 4.5 Simulation of graphene (TCE) at optimized cell. (a and b) optimization of layer 

numbers, (c and d) optimization of ф (ev) at single layer graphene, (e and f) optimization 

of ф (ev) of graphene layer by taking commercially available values of p-csi layer. (g and 

h) thickness of p-csi layer at single layer graphene with ф = 4.31 eV (other parameters of 

p-cSi layer are at a practically available set of values). 

 

We have extended this work to validate the best simulated results and to make a 

comparison at all best optimized parameters of diamane and a-Si: H (i) and the 

commercially available data of p-cSi layer is picked from the available literature [43]. 

From Fig. 4.5 (e and f) it is shown that, the maximum efficiency of 19.98 % is achieved 

at the smaller value of work-function 4.30 eV as we increase it from 4.30 eV to 4.9 eV. 
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This indicates that as the work function of graphene layer increased the efficiency 

decreased in the same manner as happened for our best optimized results, shown in Fig. 

4.5 (c and d) and the best optimized value of work function 4.30 eV in Fig. 4.5 (e and f) 

is also so close to the best optimized results, Fig. 4.5 (c and d). In the same manner, it is 

found from Fig. 4.5 (g and h) that the maximum efficiency 24.15 % is obtained for 500 

µm thickness of p-cSi layer which is also valid for the best optimized cell as shown in 

Fig. 4.4 (g and h). 

4.3.5. Optimization and simulation of front and back contact material  

To investigate the effect of the material selected as the front contact and the back contact 

on the performance or efficiency of the photovoltaic cell, we have further done the 

simulation by varying the material used as the front and back contact and its parameters. 

The simulation is done at the fully optimized cell with single layer diamane and 90 µm 

thick p-cSi layer and the results are shown in Fig. 4.6.  

 

 

 

Fig. 4.6 Simulation of front as well as back contact surfaces for final optimized cell. (a 

and b) optimization of the work function (eV) of ITO at thickness 80 nm, (c and d) 

optimization of work function (eV) of Al (front contact) at thickness 80 nm, (e and f) 

optimization of work function (eV) of Ag (back contact) at thickness 10 µm. 

 

A comparison has been made between the front contact materials: graphene, ITO and 

aluminium by varying their work function to find the optimum material with its optimum 

work function. The work function of graphene is already optimized in the above section 

of the report and we have found that the maximum efficiency 31.2 % is gained at work 

function 4.3 eV whereas, the maximum efficiency attained by ITO is 27.15 % at the work 

function 4.4 eV and in case of Al the maximum attainable efficiency is found to be 2.27 
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% at 4.06 eV of work function as shown in Fig. 4.6 (a and b) and (c and d), respectively. 

The thickness of ITO was taken 80 nm and its work function is varied in the range 4.40 

eV-4.50 eV [44] whereas, the work function of aluminium is varied within the range 4.06 

eV-4.26 eV. These results clearly show that the optimum material for to use as the front 

contact is graphene with its work function of 4.3 eV. After deciding the optimum front 

contact material, the next optimization is carried out around the work function of the back 

contact Ag. The work function of Ag is varied from 4.64 eV and 4.74 eV and the thickness 

is considered as 10 µm. The results are shown in Fig. 4.6 (e and f). It is seen from the 

Figure that, the VOC and JSC is constant at values 699.7 mV and 53.04 mAcm-2 as the 

work function is increased from the value 4.64 eV to 4.74 eV whereas, the value of FF  

Table 4.5 Crystalline silicon-based solar cells. 

Study 

type 

Structure 

Type 

Area/Wafer 

Thickness 

𝐕𝐎𝐂 𝐉𝐒𝐂 FF η Ref. 

Experim

ental 

ITO/Gr/

MoS2/n-

cSi/Ag 

3 mm × 3 mm 590 

mV 

36.8 

mA/cm2 

73 % 15.

8 

% 

46 

Experim

ental 

TCO/p-

aSi/(i) 

aSi:H/n-

cSi/(i) 

aSi;H/n-

aSi/TCO 

100.5 cm2 725 

mV 

39.09 

mA/cm2 

79.1

0 % 

22.

30 

% 

47 

Experim

ental 

ITO/p-

MoOx/(i) 

aSi:H/n-

cSi/(i) 

aSi:H/n-

aSi/ITO/Ag 

3.93 cm2 725.4 

mV 

38.60 

mA/cm2 

80.3

6 % 

22.

50 

% 

48 

Theoreti

cal 

Ag/TCO/p-

aSi/(i) 

aSi:H/n-

cSi/(i) 

aSi:H/n-

aSi/TCO/A

g 

161 μm 747.1 

mV 

39.56 

mA/cm2 

84.9

8 % 

25.

11 

% 

49 

Theoreti

cal 

Gr/n-

MoS2/a-

Si:H/p-

cSi/Au 

500 μm 697 

mV 

44.25 

mA/cm2 

82.9

5 % 

25.

61 

% 

11 
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Experim

ental 

TCO/(i)aSi:

H/n-cSi/(i) 

aSi;H/(n/p) 

aSi/Electrod

e 

165 μm 744 

mV 

42.30 

mA/cm2 

83.8

0 % 

26.

30 

% 

50 

Experim

ental 

TCO/(i)aSi:

H/n-cSi/(i) 

aSi;H/(n/p) 

aSi/Electrod

e 

180 cm2 740 

mV 

42.50 

mA/cm2 

84.6

0 % 

26.

60 

% 

51 

Theoreti

cal 

Gr/n-Dn/a-

Si:H(i)/p-

cSi/Ag 

90 μm 699.7 

mV 

53.04 

mA/cm2 

84.0

6 % 

31.

20 

% 

Our 

Work 

 

and efficiency are increased from 83.99 % to 84.06 % and 31.17 % to 31.2 %, 

respectively. Therefore, the maximum efficiency 31.2 % is achieved at the work function 

4.74 eV. In this way, Ag is chosen as the back contact with optimum work function 4.74 

eV.  

Finally, to validate the method applied in our work, we have also simulated previously 

reported model as Gr/MoS2/c-Si in [45] and we have attained an efficiency of 15.68 % 

with VOC = 468 mV, JSC = 42.93 mA/cm2 and FF = 78.08 %. These results are found to 

be much convincing with the reported values of the conversion efficiency 15.8 %, VOC = 

590 mV, JSC = 36.80 mA/cm2 and FF = 73 %. Similarly, another evidence regarding this 

method has already been provided by our research group in their report [25] in which 

they have attained an efficiency of 9.81 % which was in close approximation of 

experimentally obtained results (η = 9.27 %) [46]. Furthermore, to show the novelty of 

the presented work a comparison between our work and previously reported similar work 

on Si-based solar cells, along with their sizes and parameters, has been tabulated in Table 

4.5. Additionally, to our knowledge to date, no one has used the graphene/diamane 

interface in silicon-based solar cells except for our work. 

 

4.4 Summary  

In this work, we have examined the potential of the graphene/diamane interface in Si-

HIT solar cells. we have also made a comparison between ITO and graphene to be used 

as TCO and diamane as emitter layer, which has not ever done so far. Also, various 
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parameters of the hydrogenated intrinsic thin amorphous silicon layer have also been 

optimized, except its bandgap. Due to which the efficiency of the considered HIT cell is 

influenced and found to increase from 25.61% to 31.2% from the previous report. 

Furthermore, a comparison has been made between the theoretical and commercially 

possible cell to validate the obtained results, which are found to be in accordance. The 

maximum efficiency for the commercially possible cell is reported to be  24.15 % at 

graphene (TCO) work function 4.3 eV, single layer diamane and 500 µm thick silicon 

wafer, which is matched with the theoretical results. The independent effect of different 

parameters of n-diamane and p-cSi layer has also been studied. The variation in layer 

numbers of graphene has also been carried out, and it is found that the maximum 

efficiency of 31.2 % can only be achieved for single-layer graphene. The obtained results 

suggest that graphene and diamane can be used as a good transparent conducting 

electrode and emitter layer. 
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chapter 5 
DOPED DIAMANE: AN EFFICIENT 

ELECTRON/HOLE COLLECTION LAYER IN 

SILICON SOLAR CELLS 

 
 

This chapter presents the optimization of electron/hole collection layers, buffer, and absorber 

layers in a HIT solar cell using AFORS-HET simulation. The study introduces doped 

diamane as both n-type and p-type carrier-selective contacts, replacing conventional doped 

a-Si:H layers to enhance carrier selectivity and reduce parasitic losses. The optimized 

structure achieves 27.88% efficiency, with a VOC of 691.1 mV, JSC of 49.3 mA/cm², and FF of 

81.83%. Simulations highlight the impact of front contact absorption and texturing on 

performance, demonstrating the potential of doped diamane for high-efficiency HIT solar 

cells. 

The results reported in this chapter have been published in Naima et. al. Materials Science 

& Engineering B 310 (2024) 117754. 
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5.1 Introduction 

Photovoltaic solar cell is the only eco-friendly and constant energy source that has the 

capability of meeting the world’s rising energy demand [1]. In this context, numerous 

research have been done to improve the efficiency of solar cells by using crystalline 

silicon as the active layer. It has been found that HIT solar cells with BSF may provide 

higher conversion efficiency with a comparably thin layer of c-Si [1–6]. Previous 

research has demonstrated that crystalline silicon-based HIT solar cells can offer more 

than 25 % conversion efficiency [7]. An efficiency of 25.6 % has reportedly been 

attained on a cell area of 143.7 cm-2 with 1 solar illumination. This might happen 

because of the passivation of the c-Si layer, which has lowered recombination losses at 

the interface. This passivation is carried out by inserting an extremely thin intrinsic 

hydrogenated amorphous silicon layer over the crystalline silicon layer [7]. Also, an 

efficiency of 31.07 % was reported for 15 µm thick crystalline silicon layer by 

optimizing the doping concentration as well as by passivating the rear surface on the 

optimized geometry of interdigitated back contacts (IBC) [8]. In conventional silicon 

heterojunction solar cells, the conversion efficiency was strongly manipulated by the 

electron/hole collection layers, where these layers were made of inversely doped 

amorphous silicon layers [9,10]. Due to the lower bandgap (approximately 1.7 eV) and 

high defect density of these layers, the parasitic light absorption occurs throughout the 

solar spectrum’s ultraviolet and visible range [11]. This absorption deteriorates the 

efficiency of the cell. Therefore, alternative materials having a wider bandgap and lower 

defect density are needed. These wider band gap layers will be beneficial for the 

electron/hole collection under illumination. Because the high Schottky barrier in the 

voltage range (>0.7 V) resulted in the formation of a significant space charge region or 

inversion layer between the hole selective layer (MoOx) and c-Si interface. This barrier 

influenced how well photo-generated carriers were captured, resulting in good 

transverse trans portation which enhanced the VOC and FF [12]. We believe that the 

development of HIT solar cells is not yet complete, and cells’ overall efficiency might 

still be increased. But the parasitic light absorption losses that occur at interfaces are 

the main impediment to enhance the conversion efficiency of HIT solar cells. It was 

reported that the electron/hole collection layers of doped amorphous silicon can be 
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replaced by wide-bandgap transition metal oxide to reduce the parasitic light absorption 

loss in HIT solar cells [13]. In this direction, it has been suggested that titanium dioxide 

(TiO2) and zinc oxide (ZnO) can be employed as hole transporting layer materials, and 

copper (I) thiocyanate (CuSCN) as an electron transporting layer material and an 

efficiency of 25.02 % has been attained [14]. Furthermore, TMDs are reported to 

possess adequate work function with high optical transparency which is required for 

gathering charge carriers, so adding of TMDs layer between the p-type amorphous 

silicon and the TCO electrode as window layer maylead to better optical gains [15,16]. 

A coating of molybdenum oxide also applied to replace p type amorphous silicon in 

SHJ cell in the liter ature [13] and act as a proof of concept, and an efficiency of 22.5 

% with a fill factor of more than 80 % was achieved [13]. This novel MoO/c-Si interface 

based heterojunction solar cells have an inherent potential of high efficiency [12]. The 

annealing process was conducted at temperatures exceeding 130 ◦C while printing the 

metal contacts [13]. This heating significantly increases the thickness of the 

molybdenum oxide/hydrogenated indium oxide (MoOx/InO:H) interface and possibly 

be the cause of the hole-blocking behaviour. This also affected how charge carriers were 

transported in MoOx layer. So, to make sure that the holes flowed smoothly in the 

heterojunction solar cell, the hole carrier layer which should not react with TCO, has to 

be added. It is noteworthy to mention that electron-hole pairs are generated only in the 

active layer of silicon, and the electron/hole collection layers play a vital role in the 

separation and transportation of these charge carriers. Therefore, to enhance the 

performance of the HIT solar cell, it is necessary to carefully select a suitable material 

for the electron/hole collection layer. According to reports, the material used for the 

electron/hole collection layer should possess the following characteristics: high 

reflectivity of minority carriers at the interface, high electrical conductivity, minimal 

series resistance, tunable band gap, low recombination velocity, and thermal, chemical, 

and mechanical stability [12,14–16]. Recently, Bakharev et al. [17] reported that they 

have synthesized a new 2D carbon material called diamane. Diamane, also commonly 

referred to as ultrathin diamond film, is a promising quasi-2D material with strong 

chemical stability, exceptional wear resistance, and high stiffness, significantly higher 

than that of most other 2D materials [18]. It was found to possess high carrier mobility 

for both electrons (2732 cm2/V.s) and holes (1565 cm2/V.s), superior than the carrier 
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mobility of III-IV semiconductor compounds [19], whether they are fluorinated or 

hydrogenated. Fluorinated diamane (C4F) possesses a band gap of 2.93 eV, resulting in 

12 % optical transparency in the visible and NIR regions, comparable to that of diamond 

[20]. The work function of 2D diamane can also be varied in the range of 6.5eV to 3.5 

eV, following from monolayer up to six layers, supports its application in electronic 

devices [21]. The bandgap of diamane (0–3.52eV) can be modulated by doping with 

boron and nitrogen dopants [22]. Additionally, diamane has abroad adjustable band gap 

ranging from 0.86 to 5.68 eV [23], allowing it to encompass the entire spectrum. 

Moreover, the thermal conductivity of 1960 W/mK [24,25] makes this material highly 

promising for high temperature electrical applications. Our research group also found 

that diamane can be used as the TCE in heterojunction solar cells and as the emitter 

layer in HIT solar cells, respectively, and that this can improve the efficiency of the 

solar cells [26–28]. Taking account of these exceptional properties, diamane has the 

potential to serve as a promising material for electron/hole collection layers. Being 

motivated, we have designed the HIT structure using n-type diamane as the emitter 

layer and p-type diamane as the BSF layer. 

 

5.2 Structural model and junction formation 

The modelled structure is: Graphene/n–type Diamane/a Si:H (i)/p–type crystalline Si/p-

Diamane/Au, shown in Fig. 5.1. This HIT cell is then simulated by using the AFORS-

HET software under AM 1.5G spectrum of monochromatic light with photon flux 

1×1016 cm2s-1 and 10 nm spectral width in the range 300 nm 1200 nm at power density 

100 mW/cm2 and temperature 300K. AFORS-HET is a 1D numerical computer 

programme that models multi-layer homo as well as heterojunction solar cells and 

characterisation methods. This solves one-dimensional semiconductor equations 

(Poisson’s equation, transport and continuity equations for electrons and holes) with 

finite differences under different conditions. The programme enables arbitrary tuning 

of parameters and multi-dimensional parameter comparing to match simulated and real 

measurements [29]. Six layers have been stacked to ensure that the maximum number 

of photons can effectively reach the active layer when uniformly illuminated under 

AM1.5G. During simulation, we did not take into account the carriers’ ability to tunnel 
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at interfaces or the formation of defects between the absorber and the electron and hole 

collection layers in order to avoid further recombination. For electron and hole 

transportation drift–diffusion model is selected, and Shockley-Read-Hall 

recombination is chosen to describe the recombination in different semiconductor 

layers. The details are mentioned in Table 5.1.  

 

 

Fig. 5.1  (a) Schematic depicting the structure of the HIT solar cell under AM 1.5 G light 

that was simulated. (b) Simulated energy band diagram of the proposed HIT structure as 

generated by the software. 

 

The optical absorption was calculated by adopting the optical model Lambert-Beer 

absorption model because we have taken the textured surfaces. The user defined angle 

has been set to 90◦ for the textured crystalline silicon layer. 



 

  95 

Table 5.1 List of models applied at different interfaces between the layers used in the 

structure of the designed solar cell investigated in this report. 

Interface Model applied 

Graphene/n-Dn MS-Schottky contact 

n-Dn/a-Si:H (i) Drift diffusion model 

a-Si:H (i)/p-cSi Drift diffusion model 

p-cSi/p-Dn Drift diffusion model 

p-Dn/Au MS-Schottky contact 

 

The absorption of photons at position x in the stack is determined by using the 

absorption coefficient αx(λ) = 4πk(λ)/λ of the semiconductor layer, which can be 

calculated from the layer’s extinction coefficient (λ) [29]. Additionally, we have 

thoroughly investigated the interfaces diamane/Si and diamane/Au in order to 

understand the formation of junctions at these different interfaces. The schematic of the 

energy band alignment diagram is constructed and presented in Fig. 5.1 (b). Since 

diamane is an ultra thin layer of diamond, the diamane/silicon interface can be 

understood as an alogous of diamond/silicon interface. It is reported that the interface 

bonding between diamond–Si is covalent and more stable. Charge depletion was found 

to occur in the region near the Si atoms and charge accumulation at the interface near 

the C atoms. This resulted charge gradient that leads to a significant number of electrons 

transfer from the Si to the C atoms. This might happen due to the difference in charge 

density at the interface [30] and suggests that diamane-Si interface has potential 

application in HIT solar cell. Similarly, the diamane/Au interface can also be 

understood by the interface between diamond and Au as reported in Ref. [31]. The 

interface between diamond and Au has Schottky nature [31]. As it is reported that due 

to the higher work function of gold than that of diamond electrons will transfer from 

diamond to gold and develop positive space charge region close to the diamond surface. 

We have used a SiO2 layer as an insulator to ensure that charge carrier transport takes 

place only in a radial direction, i.e., through the planer diamane layer, and no carrier 

transport occurs in the transverse direction i.e., between TCO and the p-c-Si layer [32]. 
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In addition, a metallic contact (Au) is employed as the back contact to facilitate the flow 

of the output current in the external circuit. To do so flatband metal/semiconductor 

contact boundary model has been chosen for both front/back boundaries, specifying 

work-function 4.3 eV (front boundary) and 5.4 eV (back boundary). The details for the 

front and back surfaces are given in Table 5.2.  

Table 5.2 Values of parameters of front and back contacts used in the designed solar cell 

investigated in this work [18–20,55-56,63]. 

Parameter  Front contact Back contact 

Material Graphene Au 

Thickness 0.334 nm 10 µm 

Absorption loss 0 0 

Work function (eV) 4.3 eV 5.4 eV 

Refractive index 2.7 0.1 

Extinction coefficient 1.45 3 

Internal reflection 0 0 

External reflection 0 0 

Surface condition Textured  Textured  

Angle of incidence (δ) 90° 90° 

 

The initial set of values for different layer’s parameters has been tabulated in Table 5.3, 

which are then varied in the viable ranges while performing the simulation. These 

values have been taken from the available literature [21,26,33–44]. The parameters of 

the emitter layer and BSF layer optimized during simulation are ND/NA, Eg, NC/NV, χ, 

εr, and thickness. The optimized parameters of p–type c-Si layer and a-Si: H(i) are: NA, 

NC/NV, and thickness, as well as Eg, NC/NV, and thickness, respectively. After optimizing 

the emitter layer and BSF layer, the optimum conversion efficiency achieved was 

35.57% which is then increased up to 35.58% after optimizing hydrogenated 

amorphous intrinsic silicon layer. At last, after optimizing the active layer (p-cSi) the 

efficiency reached up to 36.95%. While performing the simulation on the emitter layer, 

the parameters of the remaining layers were kept constant at their initial values from 

Table 5.3. On the other hand, while moving on to the simulation of the next layer the 

parameters of the previously optimized layer were kept at their best optimum values. 
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Table 5.3 List of initial set of values of parameters used for different layers before 

optimization [21, 29, 36- 47]. 

Parameter n-Diamane                             a-Si: H (i) p-cSi p-Diamane                             

Thickness 0.34 nm 3 nm 500 µm  0.34 nm 

Dielectric constant 11 11.9 11.9 11 

Electron affinity (eV) 4.1 3.9 4.05 4.1 

Band gap (eV) 1.4 1.6 1.12 1.4 

𝑁𝐶  (𝑐𝑚−3) 1 × 1018  3 × 1021 3 × 1019  1 × 1018  

𝑁𝑉 (𝑐𝑚−3) 1 × 1018  3 × 1021 3 × 1019  1 × 1018  

μ𝑛 (𝑐𝑚2𝑉−1𝑠−1) 2732 20 1104 2732 

μ𝑝 (𝑐𝑚2𝑉−1𝑠−1) 1565 5 420 1565 

𝑁𝐴 (𝑐𝑚−3) 0 0 1 × 1019  9 × 1017 

𝑁𝐷 (𝑐𝑚−3) 9 × 1017  0 0 0 

𝑉𝑒  (𝑐𝑚 𝑠−1) 1 × 107 1 × 107 1 × 107 1 × 107 

𝑉ℎ  (𝑐𝑚 𝑠−1) 1 × 107 1 × 107 1 × 107 1 × 107 
Layer density 

(𝑔 𝑐𝑚−1) 

2.328 2.328 2.328 2.328 

Auger electron 

recombination 

coefficient (𝑐𝑚6𝑠−1) 

0 0 2.20 
× 10−31 

0 

Auger hole 

recombination 

coefficient (𝑐𝑚6𝑠−1) 

0 0 9.90 
× 10−32 

0 

Band- to- band 

recombination 

coefficient (𝑐𝑚3𝑠−1) 

0 0 9.50 
× 10−15 

0 

Refractive index (n) 1.75 (default) (default) 1.4 

Extinction coefficient 

(k) 

0.8 (default) (default) 0.7 

 

5.3 Results and discussion 

5.3.1 Evaluation of approach 

It is vital to validate the reported work with previously reported experimental results 

because we have only simulated the HIT solar cell. So, we have simulated the previously 

designed solar cell's structure to corroborate our findings. To do this, we simulated the 

structure using the AFORS-HET software in this section. In this order, first we have 

simulated the cell Ag/ITO/n-type a-Si:H/intrinsic a-Si:H/n-type textured c-Si/intrinsic a-

Si:H/MoOx/Ag fabricated by Li et al. [12]. The simulated results under the same 

condition AM 1.5, and at the same values of parameters reported by Li et al. [12] are 𝑉𝑂𝐶 
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= 699.1 mV, 𝐽𝑆𝐶 = 66.22 mA/cm2, FF = 51.7% and η = 23.93 %. The simulated results 

are found in correlation with the results obtained by Li et al. (i.e., 𝑉𝑂𝐶 = 713 mV, 𝐽𝑆𝐶 = 

37.50 mA/cm2, FF = 78.92 % and η = 21.10 %) [12]. The notable difference in the values 

of JSC and FF may be due to the variation in values of parameters that are not reported in 

this work. We have taken an estimated value from the literature. Therefore, this difference 

may be overlooked. Furthermore, our research group has previously presented more proof 

of this approach in their articles [26]. These results proved the validation of software used 

and justified our approach of simulation. 

5. 3.2. Fabrication details 

Fig. 5.1 depicts the structure of the HIT solar cell that can be fabricated by using the p-

type textured wafer of crystalline silicon. An intrinsic thin layer of hydrogenated 

amorphous silicon a-Si: H(i) can be deposited on the front side of the crystalline silicon 

substrate by using any of the techniques such as CVD, glow discharge, laser 

decomposition and sputtering [45]. Subsequently, on the both sides of the substrate CVD 

grown bilayer graphene is transferred by using the chemical methods discussed in ref. 

[46]. The transferred layers of bilayer graphene are then converted into diamane by 

exposing to H radicals produced by the hot- filament process [47] which are then doped 

with nitrogen and boron in order to get stable n and p-type diamane [25, 48]. After that 

single layer graphene is transferred on the front side of the stack formed which is working 

as TCE or antireflecting layer by using chemical methods [46]. In this study, we employed 

single-layer graphene as TCE in place of the commonly used ITO. We chose graphene 

for its high transparency of about 97.4%, low sheet resistance of around 125 Ω/□, and 

superior quantum efficiency in the ultraviolet spectrum [46, 49]. An extremely thin SiO2 

layer is introduced between graphene and n-type diamane to avoid direct transportation 

of charge carriers between the graphene layer (TCE) and the active layer in order to avoid 

recombination losses and parasitic absorption losses. Finally, Au deposited or screen 

printed on the back side of the cell formed called the back surface or the metal electrode, 

which is responsible for the execution of current across the external circuit [50]. 

5.3.3 Optimization of emitter layer  

This study is being carried out in order to attain the maximum conversion efficiency by 

using a designed multi-layered solar cell. For this purpose, first we designed the cell’s 
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structure and then simulated its different layers parameters. The emitter layer, which is n-

type diamane, is the first simulated layer. 𝑁𝐷, 𝐸𝑔, 𝑁𝐶/𝑁𝑉, χ, 𝜀𝑟 and the layer thickness are 

the parameters that were optimised; the results are plotted in Fig. 5.2. Initially, the 

efficiency was found to be 34.48 % at some random set of values given in Table 5.3. The 

simulation results of 𝑁𝐷 of n-Dn are shown in Fig. 5.2 (a and b) and found to be in the 

range 1 × 1016  𝑐𝑚−3 - 2 × 1020  𝑐𝑚−3. It is observed that as 𝑁𝐷 increases, the efficiency 

increases linearly and it reaches to 35.06 %. This can be understood like that as the 

photons enter the structure, the electron and hole pairs are first formed in the active layer 

of c-Si and then get separated in a formed depletion region. Since the graphene and 

semiconductor interface ideally forms a Schottky barrier, a built-in voltage (Vbi) develops 

in the depletion region. This Vbi was the consequence of different interfaces' work 

functions. In this order, the electron and hole majority barrier height at the interface is 

related as follows: 

ΦBn
Schottky

 = q {Ф𝑓𝑟𝑜𝑛𝑡/𝑏𝑎𝑐𝑘 - 𝜒𝑓𝑟𝑜𝑛𝑡/𝑏𝑎𝑐𝑘}                                                                        (5.1) 

ΦBp
Schottky

 = q {𝐸𝑔 − Ф𝑓𝑟𝑜𝑛𝑡/𝑏𝑎𝑐𝑘 + 𝜒𝑓𝑟𝑜𝑛𝑡/𝑏𝑎𝑐𝑘}                                                             (5.2)  

Where, 𝐸𝑔 is the bandgap, Ф𝑓𝑟𝑜𝑛𝑡/𝑏𝑎𝑐𝑘 is the work function of front/back contact and 

𝜒𝑓𝑟𝑜𝑛𝑡/𝑏𝑎𝑐𝑘 is the electron affinity of the front/back contact [29]. This built-in voltage at 

the interface separates the photogenerated charge carriers formed in the depletion region 

as well as from those carriers formed around a diffusion length distance from the space 

charge region, which is then subsidised to the solar cell current [51]. From Fig. 5.2 (b), it 

is noticed that for the initial range of values of 𝑁𝐷, i.e., from 1 × 1016  𝑐𝑚−3 to 3 × 1018 

𝑐𝑚−3 𝑉𝑂𝐶 is constant at 677.8 mV. This is because for smaller values of 𝑁𝐷, 𝑉𝑂𝐶 does not 

depend on it until and unless it does not satisfy the condition ∆𝑛𝑜 >> 𝑁𝐷, where ∆𝑛𝑜 is 

the concentration of excess electron and hole pairs which contribute to the open-circuit 

voltage [52]. Beyond 𝑁𝐷 = 3 × 1018 𝑐𝑚−3, the value of 𝑉𝑂𝐶 was found to increase because 

as the doping concentration increases, the built-in potential (e𝑉𝑏𝑖) increases in accordance 

with the equation written below [53]: 

e𝑉𝑏𝑖 = e (Ф𝑛−𝐷𝑛 - Ф𝐺𝑟)                                                                                              (5.3)     

where, e𝑉𝑏𝑖 is given by, 
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e𝑉𝑏𝑖 = 𝐸𝑔(𝑛−𝐷𝑛)+ ∆𝐸𝑉 + 𝑘𝑇 ln (
NAND

NV(p−cSi)ND(n−Dn)
) 

         = 𝐸𝑔(p−cSi) − ∆𝐸C + 𝑘𝑇 ln (
NAND

NV(p−cSi)ND(n−Dn)
)                                                 (5.4)     

 

Where k and T is the Boltzmann constant and the temperature in Kelvin, respectively, 

and e is the electronic charge, 𝐸𝑔 is the bandgap, ∆𝐸𝑉 & ∆𝐸𝐶 are the conduction band 

offset and valence band offset, respectively. While 𝑁𝐴 & 𝑁𝐷 represent the concentration 

of the acceptor and donor, respectively, and 𝑁𝐶 & 𝑁𝑉 stand for the density of the 

conduction band and the valence band, respectively [54]. The short circuit current density 

𝐽𝑆𝐶 is noticed to remain almost constant at 62.41 mA/𝑐𝑚2 as 𝑁𝐷 increased. It might have 

happened because the photogenerated carriers' mobility is constant even as the doping 

concentration increases [55]. According to Ref [55], only NC and NV had an impact on 

mobility. With increasing doping concentration, it was found that the FF and efficiency 

increased from 81,49% to 81.78% and from 34.47% to 35.06%, respectively. This may 

have happened because as 𝑁𝐷 increases work function (Ф𝑛−𝐷𝑛) increases, which results 

in an increase of barrier height and reduction in sheet resistance [56]. The simulation is 

further proceeded to the effective conduction and valence band density (𝑁𝐶/𝑁𝑉) from 6 × 

1017 𝑐𝑚−3 to 7 × 1021 𝑐𝑚−3 while taking 𝑁𝐷 at its optimum value and the results are shown 

in Fig. 5.2 (c and d). As 𝑁𝐶/𝑁𝑉 increased, 𝑉𝑂𝐶 was found to be abruptly decreased from 

698 mV to 473.5 mV as shown in Fig. 5.2 (c). This might be due to a reduction in barrier 

height. This change is a consequence of a decrease in the density of free charge carriers 

near the interface, which caused the built-in voltage to drop, resulting in a smaller 𝑉𝑂𝐶. 

On the other hand, 𝐽𝑆𝐶 was found to be decreased very slightly as 𝑁𝐶/𝑁𝑉 goes up from 7 

× 1020 𝑐𝑚−3 to 7 × 1021 𝑐𝑚−3. This is because of the deterioration in the minority carrier 

density, which may have happened because of the shorter lifetime of photogenerated 

carriers and the entrapping of free charge carriers [56]. The FF as well as the conversion 

efficiency were found to be decreased on the large scale from 81.65 % to 73.07 % and 

35.57 % to 21.57 %, respectively, as 𝑁𝐶/𝑁𝑉 increases as shown in Fig. 5.2 (c). This 

decrement can be understood as by the sharp decrement in the barrier height that occurs 

when 𝑁𝐶/𝑁𝑉 increases. As a result, the optimum efficiency 35.57% was obtained at the 

smallest value of 𝑁𝐶/𝑁𝑉 i.e., 6 × 1017 𝑐𝑚−3. Further optimization is carried out by varying 
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the bandgap of emitter layer (n-Dn) in the range of 0.3 eV - 1.4 eV [25] and the result 

showing the possible outcomes is plotted in Fig. 5.2 (e & f). 

 

Fig. 5.2 Results obtained for optimising the emitter layer (n-Dn) (a & b) optimization of 

𝑁𝐷 within the range 1 × 1016 𝑐𝑚−3 - 2 × 1020 𝑐𝑚−3, (c & d) optimization of 𝑁𝑐/𝑁𝑉 within 
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the range 6 × 1017 𝑐𝑚−3 – 7 × 1021 𝑐𝑚−3, (e & f) optimization of 𝐸𝑔 within 3.2 eV - 4.1 

eV, (g & h) optimization of χ in the range 3.2 eV - 4.1 eV, (i & j) optimization of 𝜀𝑟 in the 

range 4 – 11. (k & l) Optimization of the number of layers of n-Dn from 1 – 7.  

It is noticed that as 𝐸𝑔 elevates, the value of all parameters increases. This may have 

happened because, as the bandgap increases, the electric field in the depletion region of 

c-Si layer increases[57]. Thus, as the bandgap of the emitter layer is increased, the 

effective interface recombination reduces, which results in higher parameter values. In 

this manner, the emitter layer's optimum bandgap value of 1.4 eV, which corresponds 

to an optimal efficiency of 35.57%, is found. After getting the best optimized bandgap 

for emitter layer, the optimization is carried out by adjusting the values of electron 

affinity in the range 3.2 eV to 4.1 [28] eV and the possible achieved outcomes are 

plotted in Fig. 5.2 (g and h). From Fig. 5.2 (g and h), it is noticed that as the affinity 

increases 𝑉𝑂𝐶 and 𝐽𝑆𝐶 increase linearly. Similarly, the FF as well as efficiency were 

found to increase with affinity. The improvement in all these values can be understood 

from the fact that as affinity increased, the barrier height will also increase, which 

probably elevated the transference of minority carriers, consequently raised 𝐽𝑆𝐶 [56]. 

Also, a little improvement in the ∆𝐸𝐶 was seen with the increment in χ [55], resulting 

in an increased VOC and JSC at χ = 4.1 eV. In this way, the optimized electron affinity 

for n-type diamane is found to be 4.1eV, attaining an efficiency of 35.57%. After 

determining the best optimized value for χ, the next parameter we optimised was the 

dielectric constant or relative permittivity εr, which was optimized from 4 to 11 and the 

corresponding results are given in Fig. 5.2 (i and j). From Fig. 5.2 (i and j), it can be 

seen that as εr increases from 4 to 11, the value of 𝑉𝑂𝐶, FF, and η increase linearly, while 

the value of 𝐽𝑆𝐶 remains almost constant. The growth of the electron-hole pair in the 

diamane layer increases with a rise in εr, according to Coulomb's law as F ∝ 1/εr, where 

F represents the electrostatic force between the electrons and holes; however, the 

increase in εr simultaneously decreases eVbi. Consequently, we achieved a stable JSC. 

The optimum value of dielectric constant is found to be 11 having efficiency of 35.57%. 

To investigate the impact of the thickness of the emitter layer on the cell's performance, 

the cell was further simulated up to seven layers of n-Dn. The results obtained are 

shown in Fig. 5.2 (k and l). The results showed that as the layer number increased, JSC 

reduced significantly from 62.41 mA/cm2 to 59.85 mA/cm2 whereas, VOC decreased 
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slightly from 677.8 mV to 676.7 mV. This may have happened due to a decrease in 

transmittance with an increase in layer numbers, which in turn caused a reduction in 

the rate at which electron-hole pairs are formed. Additionally, it was found that FF 

decreased from 81.5% to 79.81%. Consequently, the conversion efficiency was also 

observed to decrease from 34.48% to 33.03%. Thus, at a single layer n-Dn maximum 

efficiency is observed. Niu et al. [15] reported that in diamane, N atom occupies 

substitutional site rather than the interstitial site, and this configuration is the most 

stable when the N atom is positioned at the external substitutional site without hydrogen 

saturation. They also found that B and N atoms co-doped in diamane exhibited a 

preference for forming a covalent bond, where N being saturated by H. The stability of 

a lone pair of electrons in nitrogen is diminished by the boron dopant. These co-dopants 

B and N may adjust the bandgap within the range of 0–3.52 eV. This band gap tuning 

opens the possibility of controlling 𝑁𝐷, 𝑁𝐶/𝑁𝑉, χ, 𝜀𝑟. Here it is worthy to mentioned 

that, these parameters can also be controlled for a-Si: H(i) layer but in case of p-cSi 

only doping concentration can be controlled. 𝑁𝐶/𝑁𝑉 depends on effective mass of 

charge carriers and temperature by relation: 

𝑁𝐶/𝑉 = (
2ΠkBm∗

e/h

h2 )

3

2
                                                                                                           (5.5) 

Here, 𝑘𝐵 is the Boltzman’s constant and 𝑚∗
𝑒/ℎ is the effective mass of the electron/hole. 

5.3.4 Optimization of BSF layer 

Furthermore, to investigate the effect of BSF layer on the efficiency of the designed solar 

cell, the cell is further investigated by optimizing various parameters of p-type diamane. 

The 𝑁𝐴 is the first parameter that has been optimized. During the simulation the optimum 

values of n-Dn have been taken into account, and the remaining parameters has been set to 

the values tabulated in Table 5.3. The values of parameters of the emitter layer (n-Dn) are 

set at their optimized values. 𝑁𝐴 of p-Dn is varied within 1 × 1016 𝑐𝑚−3 - 1 × 1021 𝑐𝑚−3 and 

the corresponding results are plotted in Fig. 5.3 (a and b). As demonstrated in Fig. 5.3 (a 

and b), the acceptor concentration of p-Dn has no effect on the cell performance. This 

demonstrates that the excess number of holes has no effect on the process of generating 

current in the solar cell and the output of the simulated cell is not significantly affected by 

extra collections of holes in the BSF. 
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In the next step, the parameter 𝑁𝐶/𝑁𝑉 is being optimized in the range of values from 1 × 

1012 𝑐𝑚−3 - 9 × 1021 𝑐𝑚−3 and the results are shown in Fig. 5.3 (c and d). The results show 

that the maximum value of efficiency is achieved at 𝑁𝐶/𝑁𝑉 3 × 1015 𝑐𝑚−3, after that it 

remained constant on further increasing the value of 𝑁𝐶/𝑁𝑉. This may have happened 

because as the 𝑁𝐶/𝑁𝑉 increases, the minority carrier density reduces perhaps, as a result of 

the smaller lifetime of photogenerated charge carriers and entrapping of free charge carriers 

[56], resulting in constant 𝐽𝑆𝐶. The values of FF and consequently the conversion efficiency 

increase till 𝑁𝐶/𝑁𝑉 3 × 1015 𝑐𝑚−3 and attain their optimum values 81.65 % and 35.57 %, 

respectively. 

After optimizing these two parameters of BSF, the next parameter we have optimized here 

is the band gap of BSF to see the effect of optimizing its values in the wider range from 0.8 

eV to 1.8 eV on the performance parameters of the cell. The outcomes are shown in Fig. 

5.3 (e and f) and it has been observed that the optimum value of bandgap is 1.4 eV. The 

conversion efficiency was found to first increase with bandgap till 1.4 eV and then start 

decreasing with further improvement in bandgap. One possible explanation for this 

decrement is a wider band gap, which obstructs the movement of majority carriers and 

simultaneously acts as an obstacle for minority carriers. In this way, the best simulated 

value of η was found to be 35.57 % at a bandgap of 1.4 eV.  

After complete observation of the bandgap on the efficiency of the HIT solar cell, further 

optimization is carried out on the χ of the BSF layer. The range we have taken here for χ is 

3.6 eV - 4.5 eV, and the outcomes are shown in Fig. 5.3 (g and h). 𝑉𝑂𝐶 was found constant 

at 698 mV whereas 𝐽𝑆𝐶 was found to increase with χ, and the FF as well η were found to 

first increase with χ and then decrease, as shown in Fig. 5.3 (g and h). From the results, we 

have considered 4.1 eV as the best simulated value of χ for p-Dn. Next, we have optimized 

the 𝜀𝑟 of p-Dn in the range 4-11 and the observed results are shown in Fig. 5.3 (i and j). It 

is perceived from the graph that εr of BSF material does not play a responsive role on the 

output of HIT solar cell. Furthermore, the impact of changing the number of p-Dn layers 

from 1 to 7 on the HIT cell's performance has been investigated, and the outputs are shown 

in Fig. 5.3 (k and l). Here, we found that the values of all the parameters stayed constant 

with thickness. This suggests that the thickness of the BSF material has no appreciable 

impact on the output of the HIT solar cell. 
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5.3.5 Optimization of buffer layer 

After simulating both the emitter layer as well as BSF, the simulation is further carried 

out on the intrinsic layer of hydrogenated amorphous silicon, which is being used to 

passivate the active layer from dangling bonds present on its surface. Till both the emitter 

layer and BSF have been optimized, an efficiency of 35.57 % was noticed as the highest 

efficiency. Furthermore, in order to improve the obtained efficiency further, the 

simulation is first carried out on 𝑁𝐶/𝑁𝑉 and the desired outcomes are depicted in Fig. 5.4 

(a and b). The value of 𝑁𝐶/𝑁𝑉 is varied in the range from 1 × 1021 𝑐𝑚−3 - 3 × 1021 𝑐𝑚−3, 

and the results can be observed from Fig. 5.4 (a and b). The findings indicate that a lower 

value of 𝑁𝐶/𝑁𝑉 corresponds to increased efficiency. The optimal value of NC/NV for a-Si: 

H(i) is found to be constant in the range from 1.5×1021 cm-3 to 2.5×1021 cm–3, resulting 

in a maximum efficiency of 35.58%. After simulating the value of 𝑁𝐶/𝑁𝑉 for a-Si: H (i) 

the subsequent parameter that we have optimized is the bandgap of the intrinsic layer in 

the range 1.6 eV - 1.7 eV [55] and the results are shown in Fig. 5.4 (c and d) which shows 

that the value of 𝑉𝑂𝐶 and 𝐽𝑆𝐶 are decreasing with bandgap although, the variation in the 

value of 𝐽𝑆𝐶 was minimal. Furthermore, FF as well as η were found to decrease drastically 

with bandgap. It has been observed that, at the optimum bandgap of 1.6 eV, the efficiency 

holds its highest value i.e., 35.58 % as shown in Fig. 5.4 (c and d). This could be because 

the emitter layer only absorbs photons that match this value of bandgap of the a-Si: H (i) 

layer i.e., 1.6 eV [55]. The final parameter optimised for a-Si: H (i) is its thickness, which 

has been adjusted between 3 and 10 nm. Fig. 5.4 (e and f) presents the results, which 

clearly show that as the thickness of a-Si: H (i) layer is increased, the efficiency of the 

designed HIT cell decreases and the optimum value of thickness is found at its minimum 

value taken initially as 3 nm. At the smallest thickness of a-Si: H (i) the conversion 

efficiency was found to be 35.58 % which is the optimum value. All the parameters of 

HIT module were found to decrease with increased thickness of a-Si: H (i) as shown in 

Fig. 5.4 (e and f). This deterioration in the value of performance parameters of the cell 

can be understood by the reported fact that as the intrinsic layer becomes thicker, the 

series resistance of the cell increases [58]. Therefore, the JSC decreases, which 

consequently results in decreased FF and η [58].  

5.3.6 Optimization of active layer 
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Fig. 5.3 Results obtained for the optimization of BSF (p-Dn) (a & b) optimization of 𝑁𝐴 

within the range 1 × 1016 𝑐𝑚−3 - 1 × 1021 𝑐𝑚−3, (c & d) optimization of 𝑁C/𝑁V  within the 

range 1 × 1012 𝑐𝑚−3 - 9 × 1021 𝑐𝑚−3, (e & f) optimization of 𝐸𝑔 within 0.8 eV - 1.8 eV, (g 

& h) optimization of χ in the range 3.6 eV – 4.5 eV, (i & j) optimization of 𝜀𝑟 in the range 

4 – 11. (k & l) Optimization of the number of layers of p-Dn from 1 – 7. 
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Fig. 5.4 Results obtained for the optimization of buffer layer a-Si: H(i) (a&b) 

optimization of Nc/NV within 1×1021 cm3 - 3×1021 cm3, (c & d) optimization of Eg within 

the range 1.6 eV – 1.7 eV, (e & f) optimization of thickness of a-Si: H(i) within the range 

3 nm – 10 nm. 

 

The c-Si layer was also optimised following the optimisation of all the previously 

described layers' parameters. In this layer, all photogenerated charge carriers split and 

flow as output current in an external circuit. The maximum efficiency attained prior to 

optimising the active layer's parameters was 35.58%. So, at this point, additional 

simulation is further initiated by maintaining the values of all other parameters of 

different layers at their optimal values. The first parameter we optimized for the c-Si layer 

was 𝑁𝐴 in the range of 2 × 1016 𝑐𝑚−3 – 1.5 ×1019 𝑐𝑚−3.  

 

Fig. 5.5 Results obtained for the optimization of active layer p-cSi (a & b) optimization 

of 𝑁𝐴 within 2 × 1016 𝑐𝑚−3 – 1.5 × 1019 𝑐𝑚−3, (c & d) optimization of 𝑁𝑐/𝑁𝑉 within the 

range 2.5 × 1019 𝑐𝑚−3 - 9 × 1021 𝑐𝑚−3, (e & f) optimization of thickness of p-cSi layer 

within the range 30 µm to 300 µm. 
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The plotted data in Fig. 5.5 (a and b) depict that 𝑉𝑂𝐶 as well as JSC increase linearly with 

𝑁𝐴. The linear enhancement in both values of 𝑉𝑂𝐶 and 𝐽𝑆𝐶 led to an improvement in the 

value of FF and η. The increase in FF may be ascribed to the decrease in sheet resistance, 

which also leads to an increase in JSC [55]. Thus, the maximum efficiency of 36.89 % is 

attained at value of 𝑁𝐴 1.5 × 1019 𝑐𝑚−3. In order to further improve the efficiency, the 

simulation is carried out on 𝑁𝐶/𝑁𝑉. The optimized range of values of 𝑁𝐶/𝑁𝑉 is 2.5 × 1019 

𝑐𝑚−3 - 9 × 1021 𝑐𝑚−3, results are plotted in Fig. 5.5 (c and d). It was observed that as 

𝑁𝐶/𝑁𝑉 increase, the parameters 𝑉𝑂𝐶, 𝐽𝑆𝐶, FF and η are first increased and attain their 

optimum value at 3 × 1019 𝑐𝑚−3 and then decrease linearly. Therefore, the optimal value 

of 𝑁𝐶/𝑁𝑉 for p-cSi is found to be 3 × 1019 𝑐𝑚−3. This outcome can be elucidated by Eqn. 

(5.4), where an increase in the NV of the p-cSi layer results in a decrease in eVbi, which 

subsequently leads to a corresponding reduction in VOC [54- 55]. Furthermore, we have 

optimised the p-cSi layer’s thickness, varying it between 30 and 300 µm. The outcomes 

are displayed in Fig. 5.5 (e and f). The Fig. 5.5 (e and f), reveals that the efficiency is 

decreasing from 36.95 % to 36.89 % as the thickness rises from 30 to 300 µm. 

Subsequently, the values of 𝑉𝑂𝐶 as well as 𝐽𝑆𝐶 were also found to decrease with thickness 

from 699.7 mV to 699.1 mV and from 64.78 mA/𝑐𝑚2 to 64.68 mA/𝑐𝑚2, respectively. 

Therefore, the optimum value of the thickness of the active layer was found to be 30 µm. 

The variation in results might come from variations in the recombination of the carriers 

generated by photons under open circuit conditions. 

After conducting simulations and optimizing the emitter, buffer, active, and BSF layers, 

we achieved a maximum efficiency of 36.95%. Furthermore, to ensure commercially 

viable conversion efficiency, we performed another round of simulation. During the 

simulation, we used reported values from literature [59-60] to set the parameters for the 

crystalline silicon layer. The values of the parameters are as follows: 𝑁𝐴 = 9 × 1016  𝑐𝑚−3, 

𝑁𝐶 = 2.8 × 1019 𝑐𝑚−3, 𝑁𝑉  = 1.12 eV at thickness = 30 µm. While conducting this 

simulation, the parameters of the remaining layers such as emitter layer (n-type 

Diamane), active layer, buffer layer, and BSF layer (p-type diamane) were kept at their 

optimum values. Following our analysis, the values for 𝑉𝑂𝐶, 𝐽𝑆𝐶, FF, and η were found to 

be 699.7 mV, 44.21 mA/𝑐𝑚2, 81.11%, and 25.09%, respectively. 
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The designed structure's maximum efficiency of 36.95% with open circuit voltage of 

699.7 mV, current density of 64.78 mA/𝑐𝑚2, and fill factor of 81.52 % is surprisingly 

exceeding the modern Shockley–Queisser limit ~33% [61]. If we ignore absorption loss 

at the front contact, which in practice appears to be impossible, we obtain these high 

values. It should be noted that we used a silicon surface with a 90° texturing angle is a 

further factor contributing to the current density and efficiency values exceeding 

expectations. In order to understand how the texturing angle affects the performance of 

the designed cell, we have also simulated the cell and optimised the texturing angle for 

monolayer graphene throughout the range of 0 to 90° at an absorption loss of 2.3%. The 

results are shown in Fig. 5.6 (a and b). The optimised texturing angle is determined to be 

90°. It appears that the closed packing density on the textured surface increases internal 

multiple reflection of light and increases absorption loss, both of which contribute to 

collecting extra charge carriers. This leads to the finding that the cell's conversion 

efficiency increases linearly with texturing angle [62]. After that, we optimized the 

monolayer graphene's absorption loss from 0 to 0.239, and the results are shown in Fig. 

5.6 (c and d).  

 

 

Fig. 5.6 (a & b) Results obtained for the optimization of the angle at which texturing is 

done (texturing angle). (c & d) Results obtained for the optimization of absorption loss at 

the front contact (single layer graphene) while taking the texturing angle at 90°. 
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Fig. 5.6 (c and d) demonstrates that the value of both current density and conversion 

efficiency drops as a larger absorption loss occurs at the solar cell's front contact. This 

might have happened as a result of the front layer's absorption loss, which prevents more 

photons from entering the active layer and generating fewer photogenerated carriers 

therein [63-64]. It finds out that the designed solar cell at 90° texturing angle has a 

maximum physically achievable conversion efficiency of 27.88% with a current density 

of 49.3 mA/cm2. It indicates that the conversion efficiency and current density values 

decline and approach the modern SQ efficiency limit when the absorption loss in the 

single-layer graphene is taken into account, which also supports our findings. 

 

5.4 Summary  

To improve the efficiency of the HIT cell, we have simulated various parameters of the 

materials used in the cell. These materials include c-Si, a-Si: H(i), n-diamane, p-diamane, 

and graphene. We achieved the highest theoretical conversion efficiency of 27.88 %, 

accounting for absorption losses at the front contact, by using a 30 μmthick textured c-Si 

wafer under 1.5 G illumination. we have investigated the crucial role of texturing angle 

and absorption loss found at front contact, on the performance of the solar cell. If there 

are no losses at the front contact and with an optimized texturing angle of up to 90◦, the 

efficiency can be increased beyond the current SQ limit of approximately 33 %. In this 

study, we have explored the patentability of oppositely doped diamane layers to be used 

as the electron/hole collection layers. We found that diamane can effectively replace 

amorphous silicon and other TMD materials used for electron/hole collecting layers, due 

to its tunable band gap. This study is expected to contribute to further advancements in 

the field of HIT cells. 
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chapter 6 
SIGNIFICANCE OF PASSIVATING C-SI LAYER IN 

SILICON HETEROJUNCTION SOLAR CELLS 
 

 

This study examines the impact of layer thickness and bandgap variation on the performance 

of single-junction HJ and HIT solar cells using AFORS-HET simulations. Both designs use 

c-Si as the absorber with a BSF layer for improved carrier reflection and passivation. The 

optimized HJ cell achieved 26.86% efficiency, while the HIT solar cell showed further 

improvement, reaching an efficiency of 29.38% through comprehensive parameter 

optimization. The ideal emitter bandgap was found to be ~1.4 eV, ensuring efficient carrier 

selectivity and minimal recombination. Key parameters include VOC of 631.2 mV, JSC of 

51.16 mA/cm², and FF of 83.16% for the HJ cell; and VOC of 683 mV, JSC of 52.74 mA/cm², 

and FF of 81.55% for the HIT cell. Additional analyses such as J–V characteristics, spectral 

response, and quantum efficiency, were also carried out to validate and understand the 

performance behavior of both cell types. 

The results reported in this chapter have been published in Naima et. al. Semicond. Sci. 

Technol. 39 (2024) 125021.  
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6.1 Introduction  

The greatest challenge in the world at present is to find a green energy source that can meet 

the world’s growing energy needs and decrease its dependence on traditional energy sources, 

which are harmful to both human beings and the environment, especially fossil fuels [1]. To 

meet climate goals by the end of this century, we must move promptly to a green economy. 

This means transitioning the world economy from being dominated by the fossil-fuelled 

(brown) sector to being dominated by the low-emission (green) sector. By utilising PV 

technology, the sun, which is a prominent energy source across the globe, may be effectively 

utilised to generate electricity. This technology has the ability to fulfil the growing need for 

power. As we know that primary renewable energy sources with zero operating carbon 

emissions are PV solar cells [2, 3]. Consequently, photovoltaic solar cell is acknowledged as 

an indispensable energy source, and their viability is essentially evaluated by their power 

conversion efficiency, commonly referred to as PCE. Wafer-based c-Si solar cell is the 

dominant technology in the global photovoltaic market due to their cost-effectiveness, robust 

stability, and high PCE [2]. The c-Si wafer accounts for around 20% of the overall production 

cost of the PV module [4]. Thus, the production cost of PV modules can be reduced by 

systematically decreasing the thickness of wafers and, consequently, the amount of crystalline 

material used will be lowered [4, 5]. Recently, there has been a major emphasis on to design 

and manufacture of extremely efficient solar cells by utilising innovative materials and 

topologies. Various materials have been explored and utilised [6–10] to enhance efficiency 

and reduce the overall cost of solar cells. In a recent study published by our group, Naima et 

al [9, 10] utilised a new 2D material called diamane in solar cells. They examined and studied 

the potentiality of Dn as TCE and emitter layer in HJ as well as HIT solar cells, respectively, 

to significantly enhance the PCE. However, [9, 10] did not take into account Auger electron 

and hole recombination as well as band-to-band recombination. Furthermore, it has been 

reported that in HIT architectures, the thickness of the active wafer can be reduced despite 

having excellent efficiency. In the HIT structure, the primary reason for contributing to 

enhanced efficiency is the utilisation of an extremely thin layer of a-Si: H (i) that mitigates 

defects on the surface of the crystalline silicon wafer. By depositing a-Si: H (i) layers onto 

the c-Si wafers, we may achieve efficient passivation of the hetero-interface, consequent a 

remarkably low density of interface defects [1, 11-12]. However, it is essential to precisely 
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calibrate the thickness of the passivating layer in order to have a strong passivation, while 

avoiding any adverse effect on the potential drop across the layer. In addition, researchers 

have also improved the efficiency of the cell by around 27% through simulation studies by 

optimizing the basic parameters [1]. Still, there remains ample potential to improve the 

efficiency of solar cells by methodically improving their fundamental components. As we 

know that the optimal performance of a photovoltaic system typically relies on three factors: 

the quantity of incident light that enters the absorber layer, the passivation of surface 

imperfections, and the efficient accumulation of photo-generated charge carriers. In the 

present study, we have replaced the standard ITO in solar cells with single-layer graphene to 

enhance light absorption towards the absorber [13, 14]. Recently, it has been demonstrated 

that graphene can be used as an efficient TCE material in both hybrid inorganic-organic 

tandem (HIT) and simple heterojunction solar cells [15, 16]. This is due to its remarkable 

transparency, which reaches approximately 97.4% [17]. According to reports, the 

transmittance of monolayer CVD graphene is approximately 97.4%. However, this value 

declines as the layer numbers increase. Therefore, in this study, we exclusively utilised single-

layer graphene with an atomic thickness. Furthermore, crystalline silicon surfaces were also 

passivated employing thin layers of a-Si: H (i) on both the front and rear surfaces. The 

primary reason for passivating the front and rear layers of c-Si is the significant conduction 

band bending and mere reduction of interface sites [18]. An additional layer known as the 

BSF layer was employed on the back side of p-type c-Si to further enhance the progress in 

PCE of HJ & HIT cells [12]. The HJ and HIT solar cell with BSF layer deposited on the back 

side of the Si wafer is named as HJBSF and HITBSF. This BSF layer decreases 

recombination losses, which effectively blocks minority charge carriers from making contact 

with the a-Si: H/c-Si interface on the rear side [12]. A HJBSF cell is designed by introducing 

an extra p-doped a-Si: H (i) layer to the backside of the p-doped c-Si wafer in a HJ solar cell. 

Another cell, which is HITBSF made by adding a p-doped a-Si: H (i) BSF layer to the 

backside of a p-doped c-Si wafer in a standard HIT solar cell [1]. The HJBSF cell achieved 

its highest efficiency of 25.56% when the c-Si thickness was 98 µm. It is worth mentioning 

that the HITBSF cell achieves the highest efficiency, 24.85% with a 58 µm thick layer of c-

Si [1]. Thus, bifacial cells taking c-Si are highly significant and advantageous since they 

effectively reduce the thickness of the silicon layer as well as the making cost of solar cells. 

Recently, Brendel et al claimed a world record efficiency of 29% for bifacial solar cells [19]. 
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Furthermore, cell efficiency is reduced when parasitic photon absorption occurs in doped 

hydrogenated amorphous silicon, since the active layer’s ability to generate photo carriers is 

greatly reduced [20, 21]. Therefore, alternative materials for doped a-Si: H layers need to be 

investigated. It was recently demonstrated by Bivour et al that doped a-Si: H might be 

replaced in HIT solar cells by WOx and MoOx, which have a wide bandgap and a high work 

function [7]. Furthermore, diamane possesses a tunable bandgap (0–3.52 eV), high electron 

(2732 cm2/Vs) and hole (1565 cm2/Vs) mobility, larger work function (3.5–6.5 eV), and 

stable doping with nitrogen and boron atoms [22–25]. Because diamane has these 

extraordinary properties, and can be used instead of doped a-Si: H layers in HJ and HIT cells, 

simulated by using AFORS-het software [26]. It is well known that a heterojunction is formed 

when two semiconducting materials with different band gaps are joined together, resulting in 

the creation of band offsets and band discontinuities. The potential of heterojunctions became 

apparent in the 1950s, when they were initially employed in various technologies such as 

solar cells, light-emitting diodes, and lasers [12, 27]. Furthermore, HJ solar cell technology 

integrates the exceptional efficacy of c-Si cell technology combined with the cost-effective 

a-Si: H cell technology in a single cell configuration. Nevertheless, the efficiency of this 

technology is hindered by a significant recombination rate at the interface involving a-Si: H 

and c-Si, leading to a decline in performance. To address this constraint, a layer of intrinsic 

a-Si: H has been inserted between the doped a-Si: H and c-Si layers. The solar cell with this 

specific configuration was referred to as the HIT solar cell [1]. Furthermore, it has been 

reported that silicon HIT solar cells with heterojunction back contact (HBC) can achieve a 

remarkable efficiency of 27.09% [28], making it suitable for commercial-scale production. 

Recently, LONGi Green Energy Technology Co. Ltd, a module manufacturer, has announced 

that silicon HBC technology has achieved 27.30% efficiency [29]. In the presented chapter, 

the AFORS-HET programme was used as a computer simulation tool for analysing the 

performance of HJ and HIT cells. Two solar cell configurations were simulated: (i) a HJ solar 

cell with a p-type diamane as the BSF layer and an n-type diamane as the emitter layer; and  

(ii) a HIT solar cell with a-Si: H (i) layers used for passivation and p-type and n-type diamane 

as the BSF and emitter layers, respectively to efficiently suppress the recombination of 

minority carriers near the contacts. In both configurations, single-layer graphene was used as 

a TCE, while gold was used as the metal electrode on the back. Utilising the AFORS-HET 

software [26], we evaluated the performance of both HJBSF and HITBSF solar cells, 
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optimising critical parameters such as bandgap energy and layer thicknesses in the single-

junction HJBSF and HITBSF configurations, which are shown in Fig. 6.1 (a) and (b) as (i) 

Gr/Dn(n)/c-Si(p)/Dn(p)/Au and (ii) Gr/Dn(n)/a-Si: H(i)/c-Si(p)/a-Si: H(i)/Dn(p)/Au. HJBSF 

and HITBSF models are studied in this paper, which further reveals how passivation affects 

solar cell efficiency. Furthermore, in the presented study, Auger electron and hole 

recombination as well as band-to-band recombination for diamane and a-Si: H (i) layer were 

not taken into account.  

 

6.2 Simulation model and junction formation  

AFORS-HET has proved to be a valuable simulator for accurately modelling silicon HJ and 

HIT solar cells. AFORS-HET software provides methods for simulating as well as evaluating 

the performance of solar cells [26]. This program addresses the 1-D semiconductor equation, 

specifically Poisson’s equation, transport and continuity equations related to Shockley-Reed 

Hall statistics. It uses finite differences to calculate solutions under various conditions, 

including the (a) equilibrium mode, (b) equilibrium state, (c) equilibrium state with slight 

additional sinusoidal perturbations, (d) simple transitory mode, which permits any change in 

external quantities. This allows the selection of multiple boundary conditions, including 

metal/insulator/semiconductor contacts, or flat band or Schottky-like metal/semiconductor 

contacts. In addition to this, one can also select insulating boundary contacts. The system’s 

interface is designed to be simple to understand and allows customisation of parameter values 

to analyse the performance of the cell. The simulated HJBSF structure is modelled as Gr/n-

Dn/p cSi/p-Dn/Au, while the HITBSF cell structure is modelled as Gr/n-Dn/intrinsic type a-

Si: H/p-cSi/intrinsic type a-Si: H/p-Dn/Au, as seen in Fig. 6.1 (a) and 6.1 (b). Solar cell 

modelling of both HJBSF and HITBSF has been organised into the following subsections: 

(1) optimisation of the thickness and bandgap of the HJBSF & HITBSF structure, which 

includes the emitter, absorber, and BSF layers. (2) The thickness and Eg of the intrinsic a-Si: 

H passivation layer have been optimised. The plausible values of the parameters reported in 

the literature have been used in the simulations for both the HJBSF and HITBSF models, 

tabulated in Tables 6.1 and 6.2 [30–49]. Since minority carrier concentrations in doped 

semiconductors are much lower than majority carrier concentrations, we did not consider 

them in this analysis. 
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Fig. 6.1 Schematic of the designed HJBSF (a) and HITBSF (b) cells. The band bending 

diagram showing the separation of charges at the hetero-interfaces for the HJ (c) and HIT 

(d) cell. 

 

This is because the dopant concentration in these layers is typically substantially greater than 

the intrinsic carrier concentration (ni) of doped silicon or doped diamane. Since acceptor 

atoms are not intentionally added to n-Dn, they are considered insignificant, so acceptor 

density (NA) can be taken to zero. The analysis is made simpler by concentrating only on the 

majority carriers, which are electrons. In the same vein, the donor density (ND) in p-Dn is 

taken to be zero since donor atoms are not intentionally added, so their concentration is 

negligible. The values of parameters of front and rear contacts have been fixed at values given 

in Table 6.3, which are kept the same for both HJBSF and HITBSF solar cells [48,50]. To 

determine the no. of electrons and holes generated by absorption of light at a specific position 

(x) and time (t), per unit volume and per second, we have used the Lambert-Beer model. This 

selection was made due to the presence of a textured surface in this particular scenario. In the 

presented simulation, we considered metal contact flatbands. 
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Table 6.1 List of the initial values of all parameters used for performing the simulation 

in HJBSF cell [30–49]. 

Parameter N-type 

Diamane 

P–type c–Si P–type 

Diamane 

Thickness 0.34 nm 80 µm 2.04 nm 

Dielectric constant 11 11.9 11 

Electron affinity (eV) 4.1 4.05 4.1 

Band gap (eV) 1.4 1.12 1.6 

NC (cm−3) 3 × 1018 3 × 1019 1 × 1019 

NV (cm−3) 3 × 1018 3 × 1019 1 × 1019 

µn (cm2V−1s−1) 2732 1104 2732 

µp (cm2V−1s−1) 1565 420 1565 

NA (cm−3) 0 1 × 1018 5 × 1018 

ND (cm−3) 1 × 1018 0 0 

Ve (cms−1) 1 × 107 1 × 107 1 × 107 

Vh (cms−1) 1 × 107 1 × 107 1 × 107 

Auger electron 

recombination coefficient 

(cm6s−1) 

0 2.2 × 10−31 0 

Auger hole recombination 

coefficient (cm6s−1) 

0 9.9 × 10−32 0 

Band- to- band 

recombination coefficient 

(cm3s−1) 

0 9.5 × 10−15 0 

 

The illumination source employed is solar radiation of AM 1.5 and 100 mWcm−2 of power 

density. To achieve optimal ohmic contact at the metal-semiconductor interface, the flat band 

Schottky front and back interfaces were considered. The Shockley-Read-Hall recombination 

algorithm is applied to elucidate the process of recombination in various semiconductor 

layers, also the drift-diffusion model is chosen for electron and hole transportation. 

 

Table 6.2 List of the initial parameter values of all layers used for performing simulation 

over HITBSF cell [30–49]. 

Parameter n-Dn Front a-

Si: H (i) 

p-cSi Back a-

Si: H (i) 

p-Dn 

Thickness 0.34 nm 3 nm 30 µm 3 nm 1.7 nm 

Dielectric constant 11 11.9 11.9 11.9 5 

Electron affinity (eV) 4.1 3.9 4.05 3.9 4.1 

Band gap (eV) 1.4 1.6 1.12 1.6 1.4 

NC (cm−3) 1 × 1018 1 × 1021 3 × 1019 3 × 1021 1 × 1019 

NV (cm−3) 1 × 1018 1 × 1021 3 × 1019 3 × 1021 1 × 1019 
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µn (cm2V−1s−1) 2732 20 1104 20 2732 

µp (cm2V−1s−1) 1565 5 420 5 1565 

NA (cms−1) 0 0 1 × 1018 0 5 × 1019 

ND (cms−1) 1 × 1020 0 0 0 0 

Ve (cms−1) 1 × 107 1 × 107 1 × 107 1 × 106 1 × 107 

Vh (cms−1) 1 × 107 1 × 107 1 × 107 1 × 106 1 × 107 

Auger electron 

recombination coefficient 

(cm6s−1) 

0 0 2.2 × 10−31 0 0 

Auger hole 

recombination coefficient 

(cm6s−1) 

0 0 9.9 × 10−32 0 0 

Band- to- band 

recombination coefficient 

(cm3s−1) 

0 0 9.5 × 10−15 0 0 

 

The proposed solar cell configurations exhibit concentration gradients at the n-Dn/p-cSi 

interface. This gradient results in the dispersion of surplus carriers, while the stationary ions 

stay in the interface vicinity. A space-charge region is created at the contact due to the 

presence of stationary ions, which generates an electric field. The presence of this electric 

field in the space charge region is responsible for the band bending observed at the interfaces, 

as seen in Fig. 6.1 (c) and (d). The positioning of Fermi levels at the junction is the 

consequence of the bending of energy levels. The valence and conduction level experience a 

sudden shift at the junction as a consequence of the space charge effect. This band offset 

configuration allows for the selective carriage of one type of minority carrier while impeding 

the movement of the other type of minority carrier. Consequently, the photo-generated 

carriers are separated by using a carrier-selective layer, which leads to a lower recombination 

rate of charge carriers [30]. Therefore, HJ and HIT solar cells consist of carrier-selective 

layers, have been discovered to have a crucial impact in enhancing the conversion efficiency 

of solar cells. Therefore, differently doped diamane layers are being used as the carrier-

selective layers or the emitter and BSF layers. 

 

Table 6.3 Values of parameters of front and back contacts used in the designed solar cells 

(both HJBSF & HITBSF) investigated in this work [48, 50]. 

Parameter Front 

contact 

Back 

contact 

Material Graphene Au 
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Thickness 0.334 nm 10 µm 

Work function 

(eV) 

4.3 eV 5.4 eV 

Internal 

reflection 

0 0 

External 

reflection 

0 0 

Surface 

condition 

Textured Plane 

Texturing angle 

(δ) 

89◦ 0◦ 

Absorption loss 0.023 0 
 

 

Table 6.4 Optimum values of the simulated parameters of layers, n-Dn, p-Dn, p-cSi and 

front/back passivation layers of HJBSF and HITBSF cell. 

 HJBSF 

cell 

    HITBSF 

cell 

 

Optimized 

parameter 

n-Dn p-c-Si p-Dn  n-Dn Front 

a-Si: H 

(i) 

p-c-Si Back 

a-Si: H 

(i) 

p-Dn 

Thickness 1.36 

nm 

80 µm 2.04 nm  0.34 nm 3 nm 35 µm 7 nm 0.34 

nm 

Eg (eV) 1.4 

eV 

1.12 eV 1.6 eV  1.4 eV 1.6 eV 1.12 

eV 

1.6 eV 1.4 eV 

NA (cm−3) 0 1 × 1018 5 × 1018  0 0 1 × 

1018 
0 5 × 

1019 

ND (cm−3) 1 × 

1018 
0 0  1 × 1020 0 0 0 0 

NC/V 3 × 

1018 

3 × 1019 1 × 1019  1 × 1018 1 × 1021 3 × 

1019 

3 × 

1021 

1 × 

1019 

χ 4.1 4.05 4.1  4.1 3.9 4.05 3.9 4.1 

εr 11 11.9 11  11 11.9 11.9 11.9 5 

 

 

6.3 Results and discussion 

6.3.1 Fabrication details 

This particular design can be developed on an industrial scale by using relatively thin 

silicon wafers, hence decreasing the overall production cost of solar cells. HJ solar cells 

may be fabricated by using a p-type textured crystalline silicon wafer. Bilayer graphene 
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synthesised using CVD [51] can be transferred onto both sides of the p-cSi wafer using 

the chemical methods described in [48]. Furthermore, hydrogenation of graphene by the 

chemisorption of H generated from the dissociation of H2 in a hot filament reactor at low 

temperature and low pressure results in subsequent structure conversion of bilayer 

graphene into highly hydrogenated genuine diamane [49]. To create stable n and p-type 

diamane, these layers are then doped with boron and nitrogen [22, 23]. Subsequent to 

that, a single layer of graphene is chemically transferred to the front of the stack to serve 

as the TCE, or antireflecting layer [48]. Finally, the metal electrode of Au that is 

responsible for conducting current across the external circuit is made by screen printing 

or deposited on the front and rear surfaces of the cell [52]. In this way, the simple 

heterojunction with BSF layer has been fabricated as shown in Fig. 6.1 (a). The main 

distinction between a HJBSF and HITBSF solar cell is the process of passivation of the 

absorbing layer, to stop recombination losses arising because of dangling bonds present 

on c-Si. This passivation can be done by using any of the methods, such as CVD, glow 

discharge, laser decomposition, and sputtering [47]. Two intrinsic thin layers of a-Si: H, 

are deposited on both the front and rear surfaces of the c-Si substrate, and the BSFHIT 

structure can be fabricated as shown in Fig. 6.1 (b) [47]. 

 

6.3.2 Optimisation of the thickness of the n-Dn, p-Dn, and p-cSi layers in HJBSF 

and HITBSF cell 

In this part, we have first optimised the thickness of n-Dn, p-Dn and p-cSi layers of HJBSF 

and HITBSF cells, and the expected results are shown in Figures 6.2–6.4, respectively. For 

a heterojunction solar cell, the initially optimized efficiency at the values given in Table 6.1 

was 26.86% at a single layer n-Dn. To analyse the effect of emitter layer thickness on 

HJBSF cell’s efficiency and have varied the n-type Dn’s layer number from one to six. Fig. 

6.2 (a) and 6.2 (b) depict the optimization of n-type diamane layer thickness of HJBSF cell 

concerning VOC, JSC, FF and η. During the optimisation process, the thicknesses of the p-c-

Si layer and the p-Dn BSF layer are maintained at 80 µm and 2.04 nm, respectively. 

However, all the remaining parameters are maintained at their initial values given in Table 

6.1. It is seen from Fig. 6.2 (a) and 6.2 (b), a noticeable deterioration was found in the 

conversion efficiency from 26.86% to 25.99% as the emitter layers vary from 1 to 6. The 

decline in efficiency can be attributed to the simultaneous decrease in FF from 83.14% to 
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82.5% & JSC from 51.17 mA cm−2 to 48.76 mA/cm2 as layer’s thickness increases. When 

the emitter layer’s thickness increases, a high density of injected carriers may enhance the 

scattering of the carriers that limits the carrier’s conduction. Consequently, JSC & η were 

observed to decrease. Conversely, the VOC was shown to have increased from 631.2 mV to 

646.2 mV as the emitter layer number increased from 1 to 6. Reducing the emitter layer’s 

thickness can increase JSC by allowing extra photons to reach the active layer, minimising 

parasitic absorption, and facilitating effective transfer of the photo-generated charge carrier 

through the layer due to lower resistance. Therefore, the best optimized thickness of the 

emitter layer for HJBSF cell was determined to be 0.34 nm. After optimizing the emitter 

layer’s thickness of HJBSF cell, we have also optimized emitter layer’s thickness in 

HITBSF solar cell within the same range, specifically from layer 1 to layer 6 as depicted in 

Fig. 6.2 (c) and 6.2 (d). Furthermore, it was observed that when the emitter layer’s thickness 

expands, VOC got slightly increase from 682.4 mV to 683 mV and then remain constant 

whereas, JSC, FF and η were noticed to deteriorate from 52.27 mAcm−2 to 52.01 mAcm−2, 

81.57% to 80.82% & 29.09% to 28.71%, respectively with an increase in thickness. The 

behaviour of JSC, FF, and η is similar to that observed HJBSF solar cell structure; i.e., their 

values continuously decline, which might also be related to surface absorption losses [30]. 

Because of the low resistance, photo-generated charge carriers can more easily move across 

the thin emitter layers and enhance the efficiency [53]. Furthermore, VOC remained 

consistent at ∼683 mV for all variations in emitter layer thickness, which ranged from layer 

2 to layer 6. This uniformity in the VOC value can be attributed to the passivation that 

occurred as a result of the insertion of a thin a-Si: H (i) layer, which decreases the chances 

of recombination [30]. The optimized value for the emitter layer’s thickness was observed 

as 0.34 nm. Therefore, we have set the thickness of n-Dn to 0.34 nm for both HJ and HIT 

cells in order to conduct further simulations on both cells. After optimizing the thickness of 

emitter layer for both HJBSF and HITBSF cell, the second parameter that we have 

optimized here is the thickness of BSF layer i.e., p-type diamane layer for both cells and 

the obtained outcomes are shown in Fig. 6.3 (a)–6.3 (d). To examine the impact of 

thicknesses of BSF layer on the efficiency of the HJ & HIT cell, we have simulated the 

number of p-Dn layers for both cells. The range of layer numbers tested was from 1 to 6, 

as depicted in Fig. 6.3 (a) – 6.3 (d). 
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Fig. 6.2 Optimization of the thickness of emitter layer of HJBSF cell showing the 

variation of VOC, JSC (a) and FF, η (b), respectively. Optimization of the thickness of the 

emitter layer of HITBSF cell showing the variation of VOC, JSC (c) and FF, η (d), 

respectively, with layer numbers of n-type diamane, acting as the emitter layer. 

 

For the HJ cell, it has been observed that as the thickness of the BSF layer increased, all the 

parameters such as JSC, FF, and η were also found to increase. Specifically, JSC increases 

from 50.86 mAcm−2 to 51.17 mAcm−2, fill factor increases from 83.11% to 83.14%, and η 

increases from 26.68% to 26.86%. However, the VOC parameter stays constant at 631.2 

mV, as shown in Fig. 6.3 (a) and 6.3(b). Additionally, we have also carried out the 

simulation to optimize the BSF layer thickness of the HIT cell, while maintaining 

previously simulated parameters at their optimal values. In order to conduct the simulation, 

we have systematically changed the number of layers of p-Dn from 1 to 6. The results of 

this variation may be observed in Fig. 6.3, specifically in figures 6.3(c) and 6.3(d). It has 

been observed that VOC remains constant at 683 mV as layer number increases. JSC, FF, and 

η exhibit similar behaviour, with their values being constant at 52.74 mAcm−2, 81.55%, 

and 29.38%, respectively, regardless of thickness variation. This can be understood as the 

electric field at the n-Dn/p-cSi is unaffected by the insertion of BSF layers. However, at p-
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cSi/p-Dn junctions, the BSF enhances the field effect passivation, causing the expulsion of 

minority carriers from the interface between c-Si/Dn at the rear side. This results in a further 

reduction of recombination losses. 

 

 

Fig. 6.3 Optimization of the thickness of BSF layer of HJ cell showing the variation of 

VOC, JSC (a) and FF, η (b), respectively. Optimization of the thickness of BSF layer of 

HIT cell showing the variation of VOC, JSC (c) and FF, η (d), respectively with layer 

numbers of p-type diamane, acting as the BSF layer. 

 

So, it can be stated that the efficiency of both HJBSF as well as HITBSF cells is 

significantly increased by the insertion p-type BSF layer into a basic HJ and HIT cell. This 

can be explained as the p-type BSF layer introduces a barrier for the transport of electrons, 

preventing them from entering the p-region. Therefore, the presence of BSF reduces the 

probability of recombination. The optimal thickness for the BSF layer was determined to 

be 2.04 nm for both types of cells. This led to the highest possible efficiency of 26.86% for 

the HJBSF cell and 29.38% for the HITBSF cell, respectively. After that, we optimised the 

p-cSi’s layer thickness, here it is working as the active and absorbent layer in the HJBSF 

and HITBSF solar cells, respectively. 
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Fig. 6.4 Optimization of the thickness of active layer (p-cSi) in the range from 15 to 80 

µm for HJBSF cell showing the variation of VOC, JSC (a) and FF, η (b), respectively. 

Optimization of the thickness of active layer (p-cSi) in the range from 15 to 35 µm for 

HITBSF cell showing the variation of VOC, JSC (c) and FF, η (d), respectively.  

 

The range of thickness varies from 15 to 80 µm for HJBSF and from 15 to 35 µm for 

HITBSF. The resulting outcomes are shown in Figures 6.4(a) and 6.4(b) for HJBSF and 

Figures 6.4(c) and 6.4(d) for HITBSF. As shown in Figures 6.4(a) and 6.4(b), as the 

thickness of the p-cSi layer increases, all the performance parameters of the cell also 

increase. Such as, VOC increases from 626 mV to 631.2 mV, JSC increases from 46.34 

mAcm−2 to 51.17 mAcm−2, FF increases from 83% to 83.14%, and η increases from 

24.08% to 26.86%, respectively. Consequently, a maximum efficiency of 26.86% was 

attained by optimizing the c-Si thickness to 80 µm. As seen in Fig. 6.4(b), there is a 

fluctuation in the FF values, which first dropped at 55 µm of thickness before increasing 

again at 60 µm. In the range of thickness from 55 µm to 60 µm for p-Si thickness, FF 

fluctuation can be attributed to the slight change of series resistance (RS) from 0.5 Ωcm−2 

to 0.51 Ωcm−2 and shunt resistance (Rsh) from 8.7 kΩcm−2 to 8.8 kΩcm−2 in the range of 

thickness from 55 µm to 60 µm for p-Si thickness. By examining figures 6.4(c) and 6.4(d), 
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it is evident that the performance parameters of the HITBSF cell increase in a linear fashion 

as the thickness of the active layer increases. The VOC, JSC, FF and η all experience an 

improvement from 681.9 mV to 682.4 mV, from 49.84 mAcm−2 to 52.69 mAcm−2, from 

81.48% to 81.58% and from 27.69% to 29.33%, respectively. The analysis of the results 

reveals that the highest efficiency, 29.38%, is attained when the thickness is 35 µm. The 

reason behind an increase in JSC with larger thickness of the c-Si base appears to be 

associated to the generation of more electron-hole pairs, which in turn enhance the 

efficiency [1]. The remaining parameters may get enhanced with c-Si thickness as the 

number of photo-generated carriers increases. The absorption of incident light increases 

with c-Si layer thickness. As a consequence, the enhanced generation of charge carriers 

increases the flow of carriers across the junction, potentially leading to a significant 

increase in current density. The findings show that the optimal thickness for the active layer 

in the HJBSF solar cell is 80 µm, whereas for the HITBSF solar cell it is 35 µm. 

6.3.3 Optimisation of the band gap of the emitter and BSF layer in HJBSF and 

HITBSF cells 

Here, we performed a simulation to analyse the bandgap of the emitter and BSF layer for 

both HJ and HIT cells. We have kept the thickness of all layers at their optimal values. The 

results of the simulation are shown in figures 6.5(a)–6.5(d) and figures 6.5(a)–6.5(d). First, 

we have optimised the bandgap of the emitter layer in the HJBSF solar cell within the range 

of 0.8 eV to 1.4 eV by keeping the thickness of the n-Dn, p-Dn, and p-cSi at 0.34 nm, 2.04 

nm, and 80 µm, respectively. These values remained constant throughout the entire 

simulation process. The results of this optimisation are shown in Figures 6.5 (a) and 6.5 (b). 

As shown in Figures 6.5 (a) and 6.5 (b), VOC increased from 250.1 mV to 631.2 mV when 

Eg varied from 0.8 eV to 1.4 eV. A slight increment in the value of JSC was observed, 

increasing from 51.02 mAcm−2 to 51.17 mAcm−2. Fill factor increased from 66.95% to 

83.14% as the bandgap varied. As shown in Figures 6.5(c) and 6.5(d), the overall efficiency 

of the HJBSF cell increases as the bandgap increases, reaching up to 26.86%. This is 

because the conversion efficiency, which is the product of the current density and open 

circuit voltage, is positively affected by the increase in bandgap. Therefore, the optimum 

bandgap value for the n-type diamane layer of the heterojunction solar cell is found to be 

1.4 eV. Afterwards, we have modified the bandgap of the HITBSF cell’s n-Dn layer within 
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the range from 0.8 eV to 1.4 eV. The corresponding results may be seen in Figures 6.5(c) 

and 6.5(d). The efficacy of the HITBSF cell was evaluated using a similar methodology to 

that of the HJBSF cell. All of the parameters exhibited an increase in correlation with the 

bandgap, and the optimal value of the bandgap for the emitter layer in the HITBSF cell was 

found to be the same as that of the HJBSF cell, which is 1.4 eV. The maximum η of 29.38% 

% was achieved for HITBSF cell at 1.4 eV of bandgap of the emitter layer. Furthermore, 

we performed a simulation on the BSF layer (p-Dn) for both the HJBSF and HITBSF cells. 

We varied Eg of the BSF layer from 1.2 eV to 1.9 eV. The end outcomes are depicted in 

figures 6.6 (a)–6.6(d). Firstly, the simulation is performed on the HJBSF solar cell, and the 

results are depicted in Figures 6.6 (a) and 6.6 (b). From the results that were obtained, it is 

evident that the VOC remained constant at 631.2 mV until the bandgap reached 1.6 eV. After 

that, it decreased to 497.1 mV as the bandgap increased to 1.9 eV. The initial JSC increased 

from 51.02 mAcm−2 to 53.47 mAcm−2 until the bandgap reached 1.8 eV. As the bandgap 

increased further to 1.9 eV, the JSC decreased to 2.88  mAcm−2. With an increasing bandgap, 

from 1.5 eV to 1.6 eV, FF as well as η increased from 83.14% to 83.16% and from 26.77% 

to 26.86%, respectively. Thus, optimized bandgap value for the p-Dn layer of HJBSF is 

determined to be 1.6 eV. In order to determine the optimised value of the band gap of the 

BSF layer in the HITBSF cell, we performed further simulations for HITBSF. These 

simulations varied the Eg of the p-Dn layer from 1.2 eV to 1.9 eV, and the obtained results 

are presented in Figures 6.6 (c) and 6.6 (d). The figure shows that VOC as well as JSC 

remained nearly consistent at 683 mV and 52.74 mA/cm2, respectively, as Eg increased 

from 1.2 eV to 1.7 eV. Yet, the fill factor and efficiency slightly decreased from 81.55% to 

81.54% and from 29.38% to 29.37%, respectively, with the increment in bandgap. When 

the bandgap reaches 1.9 eV, both FF & η decline to 74.02% and 26.64%, respectively. Thus, 

the optimized bandgap for the p-Dn layer in the HITBSF cell is found to be 1.3 eV. 

Increasing further the value of the band gap does not have any impact on the working 

parameters of the HITBSF cell, as illustrated in Figures 6.6 (c) and 6.6 (d).  

3.2.4 Optimisation of the thickness and band gap of the front and rear/back layers of 

a-Si: H(i) in HITBSF cell 

In this part, we altered the thickness and bandgap of the passivating layers, specifically the 

a-Si:H(i) layers, which are deposited at the front and rear side of c-Si active layer.  



 

  131 

 

Fig. 6.5 Optimization of the bandgap of emitter layer (n-Dn) of HJBSF cell showing the 

variation of VOC, JSC (a) and FF, η (b), respectively in the range from 0.8 eV to 1.4 eV. 

Optimization of the bandgap of emitter layer of HITBSF cell in the range from 0.8 eV to 

1.4 eV, showing the variation of VOC, JSC (c) and FF, η (d), respectively. 

 

The objective was to examine how these modifications impact the performance of the 

HITBSF cell. The results of this simulation are displayed in Figures 6.7 and 6.8. Initially, 

we have optimized the thickness of the front intrinsic layer employed for the intention of 

passivating the front side of the active layer. The optimisation of thickness of the intrinsic 

a-Si:H has been performed within a range of 3 nm to 10 nm. The results that were 

obtained can be observed from figures 6.7 (a) and 6.7 (b). Evidently, both the VOC and 

JSC decrease significantly from 682.4 mV to 676.7 mV and from 52.27 mAcm−2 to 47.04 

mAcm−2, respectively, when the thickness increases from 3 nm to 10 nm. An increase in 

the thickness of the front intrinsic a-Si: H results in a decrease in both the FF and the 

conversion efficiency. Specifically, the FF decreases from 81.57% to 81.3%, while the 

conversion efficiency decreases from 29.09% to 25.88%. The optimal thickness for the 

front passivating layer a-Si: H(i) is found to be 3 nm. At this thickness, the highest values 

of the VOC, JSC, and η are achieved.  
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Fig. 6.6 Optimization of the bandgap of BSF layer (p-Dn) of HJBSF cell showing the 

variation of VOC, JSC (a) and FF, η (b), respectively, in the range from 1.2 eV to 1.9 eV. 

Optimization of the bandgap of BSF layer of HITBSF cell in the range from 1.2 eV to 

1.9 eV, showing the variation of VOC, JSC (c) and FF, η (d), respectively. 

 

In addition, we carried out further simulations to determine the optimal thickness for the 

rear passivating layer of the HITBSF cell. We examined the thickness of the back a-Si: H 

(i) layer in the range of 3 nm to 10 nm, which is the same range used for the front a-Si: 

H(i) layer. The results were obtained, are shown in Figures 6.7(c) and 6.7(d). To conduct 

the simulation, the remaining parameters of other layers, namely the emitter layer and the 

front a-Si: H(i) layer, have been set to their optimized values. The figure shows there is 

no change in the VOC value as the layer thickness changes from (3–10 nm). The VOC 

remains consistent at a value of 683 mV, as depicted in Figures 6.7 (c) and 6.7 (d). 

Furthermore, there is no additional change observed in the value of JSC. Its value remains 

constant at 52.74 mAcm−2 across the whole range of thicknesses. The current density 

shows a minor rise from 52.69 mAcm−2 to 52.74 mAcm−2 when the thickness varies from 

3 nm to 6 nm. Similarly, at 4 nm the FF was found to decrease from 81.58% to 81.49% 
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and then at 5 nm it increased to 81.55%, and then remained constant as the thickness 

continued to increase up to 10 nm. This may have happened because of the decrease in 

Rsh (from 4.3 kΩcm−2 to 4.2 kΩcm−2) at 4 nm [53]. Thus, the overall conversion 

efficiency exhibited a similar trend, as it is the result of the multiplication of the FF and 

JSC. The efficiency decreased by 29.38% when the thickness of the back intrinsic a-Si: H 

layer was increased. The increase in the thickness of the rear passivation layer a-Si: H(i) 

leads to an increase in the η of the HITBSF module, as seen in Figures 6.7 (c) and 6.7 (d). 

Therefore, the optimal thickness for the rear a-Si: H(i) was found to be 7 nm, which 

exceeds the optimised thickness of 3 nm for the front a-Si: H(i) layer. Furthermore, we 

have adjusted the bandgap of the front a-Si: H(i) layer within the range of 1.6 eV–1.72 

eV. The results that were obtained are depicted in Figures 6.8 (a) and 6.8 (b). It has been 

observed that as the bandgap increases from 1.6 eV to 1.72 eV, both VOC and JSC decrease. 

Specifically, VOC decreases from 683 mV to 645 mV, and JSC decreases from 52.74 

mAcm−2 to 52.68 mAcm−2, as depicted in Fig. 6.8 (a) and 6.8 (b). Since both VOC and 

JSC have decreased, it is expected that FF will also diminish, resulting in a reduction in 

conversion efficiency. According to the results, there is a clear decrease in the FF and η 

value. 
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Fig. 6.7 Optimization of the thickness of front intrinsic a-Si: H layer in the range from 3 

nm to 10 nm for HITBSF solar cell showing the variation of VOC, JSC (a) and FF, η (b), 

respectively. Optimization of the thickness of back intrinsic a-Si: H layer in the range 

from 3 nm to 10 nm for HITBSF solar cell, showing the variation of VOC, JSC (c) and FF, 

η (d), respectively.  

 

In particular, the FF value decreases from 81.55% to 79.98%, and the η value decreases 

from 29.38% to 27.18%. As a consequence, the maximum attainable conversion 

efficiency has been attained when the bandgap is 1.6 eV. Thus, 1.6 eV is the most optimal 

value of Eg for the front passivating layer in the HITBSF solar cell. Next, we have 

optimised the bandgap of the rear or back intrinsic layer of a-Si: H ranging from 1.6 eV 

to 1.72 eV, as depicted in figures 6.8 (c) and 6.8 (d). The plots in figures 6.8 (c) and 6.8 

(d) demonstrate the correlation between Eg of the rear intrinsic layer of a-Si: H and the 

variations in VOC, JSC, FF, and η. The VOC & JSC remain almost constant at 683 mV and 

52.74 mAcm−2, respectively as the band gap increased. The FF and η of the HITBSF cell 

observe a slight decrease, from 81.55% to 81.49% and from 29.38% to 29.36%, 

respectively, as the Eg increases from 1.6 eV to 1.72 eV. Hence, the optimal bandgap 

value for the rear side passivating layer is determined to be 1.6 eV. Based on these results, 

we concluded that the optimal bandgap value for both the front and rear a-Si: H(i) layer 

is 1.6 eV. Yet, the optimised thickness for the front layer is 3 nm and for the rear layer is 

7 nm. The addition of a 3 nm thin passivating layer of intrinsic a-Si:H, led to a boost of 

cell efficiency from 26.86% to 29.38%. This may have happened because of the increased 

carrier lifetime and decreased carrier recombination rate of photo-generated carriers, 

which further lead to improved values of performance parameters of the HITBSF cell 

[53–56].  

In the final analysis, it has been found that the implementation of these optimal cell 

parameters may contribute to the fabrication and modelling of highly efficient 

heterojunction and HITBSF cells. Table 6.4 presents the input parameters of the most 

efficient heterojunction and HITBSF cells. 

6.3.5 Spectral response, J-V curve and quantum efficiency of HJBSF & HITBSF 

Cell 
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In this section, we have studied the J–V curve, SR and the quantum efficiency IQE as 

well as EQE of heterojunction as well as HIT solar cells. Key parameters like Rs, Rsh, and 

the density of interface traps (Dit) or surface states (Nss) have a direct impact on the 

efficiency, FF, and current-voltage (I–V) properties of silicon HJ and HIT solar cells. 

Series resistance mostly influences the FF and power output, but it also affects the solar 

cell’s I–V characteristics. The thermionic emission equation illustrates the impact of RS: 

I = Io exp (
q (V−IRS

nkT
) [1 − exp (

− q (V−IRS)

kT
)]                                                                    (6.1) 

where Io stands for reverse saturation current, I for output current, V for output voltage, 

n for ideality factor, k for Boltzmann constant, T for temperature, and q for electron 

charge, in that order [57, 58]. The output current (I) decreases as Rs increases, decreasing 

the FF and overall efficiency. Taking series resistance into account, the fill factor can be 

approximately calculated as follows: 

FF ≈ FFideal × (1 −  
Rsh  × ISC

VOC
)                                                                                              (6.2) 

where, FFideal stands for fill factor without resistive losses, ISC for short-circuit current, 

and Voc for open-circuit voltage. A higher Rs leads to a high decline in FF and efficiency. 

The effect of Rsh on FF can be expressed as: 

FF ≈ FFideal × (1 −  
VOC

Rsh  × ISC
)                                                                                              (6.3)  

where Rsh is the sheet resistance. This indicates that a lower Rsh reduces the fill factor 

[59]. For HIT solar cells, the intrinsic a-Si layer helps to passivate these traps, lowering 

Dit/Nss and reducing recombination losses. Lower Nss values lead to reduced 

recombination current, higher VOC, and improved overall efficiency. The reduction in 

recombination current due to surface passivation can be described by: 

Jo  α  
q

τeffNSS
                                                                                                                       (6.4) 

where Nss is the surface state density, τeff is the effective carrier lifetime, and J0 is the 

reverse saturation current [58]. 
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Fig. 6.8 Optimization of the bandgap of front intrinsic a-Si: H layer in the range from 1.6 

eV to 1.72 eV for HITBSF solar cell showing the variation of VOC, JSC (a) and FF, η (b), 

respectively. Optimization of the bandgap of back intrinsic a-Si: H layer in the range from 

1.6 eV to 1.72 eV for the same HITBSF cell, showing the variation of VOC, JSC (c) and 

FF, η (d), respectively. 

 

Furthermore, factors like RS, Rsh, and Dit/Nss have a direct impact on a solar cell’s 

efficiency. The overall efficiency is defined as the ratio of the electrical power output Pout 

to the incident power input Pin: 

µ = 
Pout

Pin
 = 

VOCISC FF

Pin
                                                                                                             (6.5) 

where, VOC is the open-circuit voltage, ISC is the short-circuit current, FF is the fill factor, 

and Pin is the incident light power [60]. As discussed above, efficiency is directly 

impacted by the RS, Rsh, and Dit. Incorporation of passivation provided by inorganic and 

polymer-based composite interlayers might lower the Rs, Nss and Dit [57, 61–64]. The 

simulation is being performed with a monochromatic intensity of 1 × 1016 cm2s−1 and a 

spectral length of 10 nm. The simulation spans the range of 300–1200 nm, as defined in 
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the software. Figures 6.9 (a)–6.9(d) and 6.10 (a)–6.10(d) show the J-V curve, SR, IQE, 

and EQE of the most efficient simulated solar cells. The efficiencies obtained from these 

solar cells are 26.86% for HJBSF structure and 29.38% for HITBSF structure, 

respectively. Figures 6.9 (a) and 6.9 (c) show the J-V curve for HJBSF and HITBSF cell, 

respectively. The results derived from the J-V characteristics or J-V curve of both cells 

are tabulated in Table 6.5. Subsequently, the SR has been examined, the outcomes are 

graphed in Figures 6.9 (b) and 6.9 (d), respectively. The spectral response is the ratio of 

the electric current generated by a cell and the amount of power that incident on the 

surface of the cell [65]. The measurement is usually expressed as amperes per watt. The 

fundamental equation of SR can be written as the ratio of cell current ISC (λ) to light 

intensity and can be defined as: SR (λ)  = 
ISC (λ)

Ilight  (λ)
. As shown in Fig. 6.9, the SR increased 

from 0.236 to 0.629 A/W as the wavelength (λ) varied from 300 to 868 nm. The SR 

decreased at λ of 915 nm and became zero at λ of 1200 nm for both HJ and HIT cell, 

respectively. Despite an overall decreasing trend, the rear reflector’s function is 

responsible for an increase in SR at about 900 nm in silicon HJBSF & HITBSF solar 

cells. As the silicon collects photons that have not been absorbed back from these 

reflectors. By increasing the probability of absorption in the c-Si, boost the SR before it 

finally drops near the material’s bandgap. Beyond 1100 nm (approaching 1200 nm), the 

energy of incoming photons drops below the c-Si layer’s bandgap (∼1.12 eV), so they 

are not absorbed, resulting in the drop in SR [66]. After analysing the studies presented 

in Fig. 6.9 (b) and 6.9 (d), it is evident that there is a greater photon absorption within the 

range of λ from 300 nm to 868 nm.  

 

Table 6.5 Values of performance parameters of the optimal cells; HJBSF cell & HITBSF 

cell at the optimized values of all the parameters as tabulated in Tables 1, 3 and 4. 

Parameter HJBSF cell HITBSF cell 

VOC 631.2 mV 683 mV 

JSC 51.16 mAcm−2 52.74 mAcm−2 

FF 83.16% 81.55% 

η 26.86% 29.38% 

 

The enhanced absorption is closely correlated with the increase in JSC, as described by 
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the equation: SR (λ) = 
ISC (λ)

Ilight (λ)
. Spectral response light is an essential parameter that 

directly influences the efficiency of solar cells and can be evaluated by determining its 

value at different wavelengths of light. The QE of any solar cell can be determined using 

these data. QE analyses the consequences happen because of optical losses, like; 

transmission and reflection, on the efficiency of the cell and directly relies on the 

wavelength or frequency of the light. As reported earlier, there is a direct correlation 

between QE of a solar cell and its efficiency. IQE in a solar cell relates to the precise 

measurement of the efficiency of photons that are neither reflected nor transmitted from 

the cell. Conversely, EQE, involves the influence of optical losses, for example,  

reflection & transmission, that happen within the cell.  

 

 

Fig. 6.9 J-V characteristics of the best optimised HJBSF cell (η = 26.86%) (a) and 

Wavelength dependency of (b) SR in the range (300 nm–1200 nm) at 80 µm p-cSi wafer. 

J-V characteristics of the best optimised HITBSF cell (η = 29.38%) (c) and Wavelength 

dependency of (d) SR in the range (300 nm–1200 nm) at 35 µm p-cSi wafer. 
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The IQE and EQE of both HJBSF and HITBSF show an increase in value from 0.975 to 

0.994 as the wavelength increases from 300 to 395 nm, as shown in Figures  6.10 (a)–

6.10(d). However, the increasing trend is thereafter reversed and decreased to zero at a 

wavelength of 1200 nm as the wavelength continues to increase. This indicates that the 

device will attain optimal efficiency across a broad spectrum of frequencies in the visible 

region. The J-V curve, SR, IQE, and EQE responses of both cells, which have optimum 

efficiency of 26.86% (HJBSF) and 29.38% (HITBSF), exhibit nearly identical behaviour. 

This indicates that the amount of charge carriers generated at these wavelengths is 

dependent on the number of photons that were absorbed.  

 

Fig. 6.10 (a) IQE and (b) EQE of the best simulated HJBSF solar cell (η = 26.86%) at 80 

µm p-cSi wafer in the range of wavelength from 300 nm to 1200 nm. (c) IQE and (d) 

EQE of the best simulated HIJBSF solar cell (29.38%) at 35 µm p-cSi wafer in the same 

range of wavelength from 300 nm to 1200 nm. 

 

In order to verify the validity of this work, we have conducted a simulation under the 

experimental study conducted in [67]. We conducted a numerical simulation using the 
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AFORS-het software on a cell structure: Ag/ITO/n- type a-Si: H/a-Si: H(i)/p-cSi/a-Si: 

H(i)/MoOx/Ag. This structure is similar to the cell’s structure: Ag/ITO/n+ a-Si: H/a- Si: 

H(i)/n-cSi/a-Si: H(i)/MoOx/Ag fabricated in [67]. We have obtained an efficiency of 

23.93%, which aligns with the experimentally achieved efficiency of  21.10%. Similarly, 

we also provided evidence for this successful approach in [15], obtaining an efficiency 

of 9.81% theoretically, which closely matched experimentally obtained results (η = 

9.27%) [68]. To further illustrate the originality of the presented work, our research group 

have further made a comparison between their work and previously published similar 

work on Si-based solar cells, along with their sizes and properties, listed in Table 6.6 [10, 

16, 69–74]. A comparison of the presented study along with the previously reported 

studies has also been added in Table 6.6 [10, 16, 69–74]. Based on this discussion, we 

can confidently state that our approach of simulation for the solar cells is genuine and 

may be expanded to appraise the operational performance of the PV cells. 

 

Table 6.6 Comparison and details solar cells based on crystalline silicon [10, 16, 69–74]. 

Research 

methodology 

Structure Area/Thic

kness 

VOC JSC FF η Refs. 

Experimental ITO/Gr/MoS2/n

-cSi/Ag 

3 mm × 3 

mm 
590 

mV 

36.8 

mAcm−2 

73% 15.8

% 

[69] 

Experimental TCO/p-a-Si/(i) 

a-Si:H/n-cSi/(i) 

100.5 cm2 725 

mV 

39.09 

mAcm−2 

79.10

% 

22.3

0% 

[70] 

 

Experimental 

a-Si;H/n-a-

Si/TCO 

ITO/p-MoOx/(i) 

a-Si:H/n-c-Si/(i) 

 

3.93 cm2 

 

725.4 

mV 

 

38.60 

mAcm−2 

 

80.36

% 

 

22.5

0% 

 

[71] 

 

Theoretical 

a-Si:H/n-a-

Si/ITO/Ag 

Ag/TCO/p-a-

Si/(i) a-Si:H/n-

c-Si/(i) 

161 µm 
 

747.1 

mV 

 

39.56 

mAcm−2 

 

84.98

% 

 

25.1

1% 

 

[72] 

 

Theoretical 

a-Si:H/n-a-

Si/TCO/Ag 

Gr/n-MoS2/a-

Si:H/p-c-Si/Au 

 

500 µm 
 

697 

mV 

 

44.25 

mAcm−2 

 

82.95

% 

 

25.6

1% 

 

[16] 

Experimental TCO/(i)aSi:H/n

-cSi/(i) 

165 µm 744 

mV 

42.30 

mAcm−2 

83.80

% 

26.3

0% 

[73] 

 

Experimental 

a-Si;H/(n/p)a-

Si/Electrode 

TCO/(i)a-

 

180 cm2 

 

740 

mV 

 

42.50 

mAcm−2 

 

84.60

% 

 

26.6

0% 

 

[74] 
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Si:H/n-c-Si/(i) 

 

Theoretical 

a-Si;H/(n/p)a-

Si/Electrode 

Gr/n-Dn/a-

Si:H(i)/p-c-

Si/Ag 

 

90 µm 
 

699.7 

mV 

 

53.04 

mAcm−2 

 

84.06

% 

 

31.2

0% 

 

[10] 

Theoretical Gr/n-Dn/p-c-

Si/p-Dn/Au 

80 µm 631.2 

mV 

51.16 

mAcm−2 

83.16

% 

26.8

6% 

Present 

work 

Theoretical Gr/n-Dn/a-

Si:H(i)/p-c-Si/ 

35 µm 683 

mV 

52.74 

mAcm−2 

81.55

% 

29.3

8% 

Present 

work 

 a-Si:H(i)/Au       

 

6.4 Summary  

The primary goal of this study is to increase the efficiency of solar cells. This study 

examines two different cell structures: a basic HJBSF cell (Gr/n-type diamane/p-type c-

Si/p-diamane/Au) and a HITBSF cell (Gr/n-type diamane/a-Si: H(i)/p-type c-Si/a-Si: 

H(i)/p-type diamane/Au). The performed study concluded as follows: first, in order to 

attain high efficiency, the thickness and bandgap of the n-diamane emitter layer and the 

p-diamane BSF layer for the HJBSF cell should be 1.36 nm and 1.4 eV, and 2.04 nm and 

1.6 nm, respectively. Whereas, for HITBSF, these values are 0.34 nm and 1.6 eV and 

0.34 nm and 1.3 eV, respectively. Second, at 80 µm of c-Si thickness, the HJBSF cell 

operates at maximum efficiency. It is interesting to note that the HITBSF cell operates 

most efficiently at 35 µm for c-Si thickness. The HITBSF cells, which are fabricated on 

c-Si active layer with a thickness of 35 µm, are very significant and feasible due to their 

substantial decrease in thickness which resulting in cost reduction. However, the handling 

of such thin wafers may present an additional significant technological challenge. 

Furthermore, a HITBSF structure has also been optimised to achieve a remarkable 

efficiency of 29.38%. Finally, it has been concluded that the insertion of passivation 

layers as well as BSF layers enhanced VOC and PCE. We believe that the performed work 

will advance the development of highly efficient solar cells; yet, aligning theory with 

experiment remains a substantial challenge. 
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chapter 7 

INFLUENCE OF PASSIVATION LAYER (SiO2/Si3N4) 

EMPLOYING IN COMMERCIALLY AVAILABLE 

SILICON SOLAR CELL 
 

 

This chapter presents a simulation of crystalline silicon BSFHJ solar cells with SiO₂/Si₃N₄ 

passivation. It achieves a current density of 54.53 mA/cm² and an outstanding power 

conversion efficiency of 30.59%. Diamane doped with nitrogen and boron is introduced as 

the emitter and BSF layers in the device structure. Using AFORS-HET simulations, key 

performance parameters such as carrier lifetime and layer thickness were optimised. On the 

contrary, the efficiency of a typical PERC cell was only 24.01%. This study emphasises the 

significance of surface passivation for enhancing optical absorption and reducing 

recombination losses. The results suggested that the studied structure is an excellent option 

for next-generation, highly efficient solar systems. 

The results reported in this chapter have been communicated in Carbon, I.F. = 11.6. 
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7.1 Introduction 

Rising global energy requirements and the pressing challenge of climate change have 

driven a rapid shift toward renewable energy solutions. Solar PV, as a cornerstone of 

renewable energy technologies, have witnessed remarkable advancements over the past 

few decades [1]. In the relentless pursuit of enhancing PV technologies to achieve 

maximum efficiency, researchers have explored an extensive array of materials, designs, 

and innovative techniques [2-3]. Among these advancements, Passivated Emitter and 

Rear Cell (PERC) solar technology emerges as a transformative option, setting new 

benchmarks in solar energy conversion [4-6]. The PERC is an advanced silicon solar cell 

architecture designed to enhance light absorption and reduce recombination losses, 

thereby improving overall conversion efficiency [7]. Unlike conventional cells, PERC 

integrates a rear surface passivation layer typically made of SiO₂, Al₂O₃, or Si₃N₄ that acts 

as both a reflector of unabsorbed photons and a barrier to charge carrier recombination at 

the rear contact [8-9]. This additional layer improves light absorption within the silicon, 

thereby boosting generation of charge carriers. Simulations using Silvaco ATLAS have 

demonstrated that optimized PERC structures can achieve efficiencies exceeding 24%, 

with improved VOC, Jsc, and FF compared to standard silicon cells [5]. As a result, PERC 

technology has become a cornerstone in the evolution of silicon photovoltaics because of 

its excellent performance and ease of integration with existing manufacturing techniques. 

Furthermore, comprehensive studies have emphasized the role of passivation and 

advanced emitter designs in PERC cells for addressing recombination losses and 

enhancing light trapping [10,11]. The standard PERC structure comprises an active c-Si 

layer, a lightly doped emitter, and a substantially doped BSF layer, along with passivation 

and anti-reflective coatings such as SiO₂ and Si₃N₄, respectively. These extra passivation 

layers significantly minimize surface recombination and enhance light trapping 

efficiency. Previously, differentially doped amorphous silicon layers were used as an 

emitter layer and BSF layer, which were referred to as electron and hole collecting layers. 

Here, the BSF layer facilitates the collection of minority carriers, along with providing 

extra passivation at the rear side of the cell. This type of cell with an extra BSF layer is 

also known as BSF solar cells [14]. However, these electron and hole collection layers, 

which are differentially doped a-Si, have been reported to generate parasitic photon 
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absorption, diminishing the active layer's ability to generate electron-hole pairs [15]. As 

a consequence, the PCE has decreased significantly, spurring the search for alternative 

materials to replace the doped amorphous silicon layers serving as emitter and back 

surface field in BSF solar cells.  In the context of this challenge, Naima et al. [16-17] 

designed and simulated BSFHJ and BSFHIT solar cells integrating nitrogen and boron-

doped diamane as emitter layer and a BSF layer, respectively, with a p-type c-Si layer as 

an active layer, achieving an efficiency of up to 29.38% [17]. They successfully replaced 

the a-Si layer with a newly reported material called diamane and attained a higher PCE. 

Diamane is an ultra-thin, diamond-like material that offers a promising pathway for next-

generation nano-optoelectronic devices [18-20]. Diamane's high thermal conductivity 

(~2240 W/mK at 300 K), high carrier mobility (2732 cm2/Vs for electrons & 1565 cm2/Vs 

for holes), and excellent optical transparency make it a promising candidate for enhancing 

carrier transport and thermal management in semiconductor devices, with its tuneable 

bandgap (0-3.52 eV) [21–24]. Previously, diamane was used in solar cells as both an 

emitter and a BSF layer, taking graphene as a transparent conductive electrode (TCE), 

resulting in anticipated efficiencies of up to 29.38% [25–27]. However, these studies 

lacked the integration of passivation approaches and realistic optical modelling. The 

present study addresses this issue by incorporating SiO₂/Si₃N₄ stacks into the diamane-

based heterojunction cell.  

So, we proposed a novel BSFHJ solar cell structure that incorporates both standard 

dielectric passivation layers and proficient 2D carbon materials as carrier collecting 

layers and TCE. The proposed device structure, Graphene/Si₃N₄/SiO₂/n-Diamane/p-c-

Si/p-Diamane/Au, includes SiO₂ for chemical passivation and Si₃N₄ for anti-reflection 

[10, 28-31], graphene as TCE, doped diamane as both emitter and BSF layers, and p-type 

c-Si as the active layer. The structure was modelled and optimized using AFORS-HET 

simulation software, accounting for carrier lifetimes, doping levels, optical absorption, 

and interface properties. Here, SiO₂ provides chemical passivation by reducing interface 

trap densities, while Si₃N₄ offers AR properties. The AR coating that is offered here 

allows the maximum amount of light to enter the solar cell without being reflected. This 

synergistic combination of state-of-the-art 2D materials and well-established passivation 

layers aims to minimize recombination losses, enhance carrier collection, and improve 

optical absorption, ultimately leading to superior energy conversion efficiency. 
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Numerical simulations are carried out using AFORS-HET, a robust software tool for 

modelling heterostructure solar cells [32]. The simulations provide detailed insights into 

key performance parameters such as VOC, JSC, FF, and PCE. The influence of diamane 

layer on band alignment, carrier dynamics, and recombination rate is systematically 

analysed by optimizing their doping concentrations and thickness, along with a 

comparative study of the cell's performance with and without the SiO₂/Si₃N₄ passivation 

layers. An optimization on the carrier lifetime of the active layer has also been performed. 

Furthermore, we have performed a comparison analysis of the PCE on different BSFHJ 

and BSFHIT structures simulated by our group with and without passivation to 

understand the crucial role of passivating the emitter layer and to achieve the most 

efficient solar cell. This detailed simulation and optimization approach underscores the 

potential of the Graphene/Si₃N₄/SiO₂/n-Diamane/p-cSi/p-Diamane/Au, structure in 

achieving high-performance solar cells. In the proposed design, unlike traditional PERC 

cells, we did not use dielectric layers on rear side of the cell. Instead, a p-doped diamane 

layer was employed as the BSF, which not only reflects unabsorbed photons to the active 

layer, boosting electron-hole generation and current density, but also enhances back-side 

passivation, leading to improved overall PCE. The objective is to understand how 

diamane-based selective contacts, when combined with conventional passivation layers, 

may exceed theoretical performance limits under idealized and realistic circumstances. 

We also compared the performance of this innovative structure to that of a standard a-Si-

based PERC cell to understand the significance and advantages of the proposed design. 

 

7.2 Structure and simulation details 

The proposed solar cell structure: Graphene/Si₃N₄/SiO₂/n-Diamane/p-cSi/p-

Diamane/Au, is depicted in Fig. 7.1 (a). This structure is designed and simulated using 

the AFORS-HET software version 2.5, which employs Shockley-Read-Hall 

recombination statistics for different layers of the solar cell [32]. The AFORS-HET 

software solves one-dimensional semiconductor equations, including Poisson’s 

equation, and transport and continuity equations for electrons and holes using finite 

differences under various conditions [32]. It facilitates the arbitrary tuning of 

parameters to compare simulations with experimental measurements. The simulation 
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was performed under standard conditions such as Air Mass 1.5 G, using a photon flux 

of 1×10¹⁶ cm⁻²s⁻¹, a spectral resolution of 10 nm, and a wavelength range of 300–1200 

nm, using a power density of 100 mW/cm² and temperature 300 K. The designed 

multilayer configuration facilitates optimal photon absorption in the active region, 

which is critical for achieving high conversion efficiency. The materials and their 

parameters used for front and back contacts are listed in Table 7.1 [33-38]. During the 

simulation, carrier tunnelling at interfaces and defect formation between layers were 

neglected to minimise recombination effects. 

 

Fig. 7.1 (a) The structure of the proposed designed cell with passivated emitter. (b) The 

energy band diagram of the fully simulated cell generated by the software.    

 

7.3 Energy Band Diagram and Carrier Dynamics 

The schematic of the energy band, as displayed in Fig. 7.1(b), highlights the junction 

properties. At the n-Diamane/p-c-Si interface, a built-in potential develops, segregating 

charge carriers due to concentration gradients. The depletion region spreads into both 

p- and n-type layers, establishing equilibrium through drift and diffusion currents. This 

results in energy band bending near the Fermi level and determines VOC and JSC, that 

contribute to calculating FF and η of the solar cell. These parameters can be expressed 

as: VOC = kT/q ln (IL/I0 + 1), where IL is the photocurrent, I0 reverse saturation current, 

k is Boltzmann’s constant, T is the temperature (K), and q is the elementary charge [44], 

ISC = neµE, here E is the electric field, µ is the mobility, n is the density of charge 

carriers, and e is the elementary charge [45]. Efficiency (η) = Pout/Pin = VOC. ISC. FF/Pin, 



 

  152 

here VOC is the open-circuit voltage, ISC is the short-circuit current, and FF is the fill 

factor [46]. FF = Pmax/VOC. JSC, here Pmax is the maximum power output of the solar 

cell, and JSC is the short circuit current density [46]. The p-Diamane/Au interface 

exhibits Schottky behaviour, where the higher work function of Au results in electron 

transfer from diamane to Au, creating a positive space charge region near the diamane 

region. The electron and hole transport were modelled using a drift-diffusion approach, 

while recombination was handled via Shockley-Read-Hall dynamics. The optical 

absorption was computed by utilizing the Lambert-Beer absorption model, considering 

the textured surfaces of the c-Si. A user-defined angle of 89˚ was applied for light 

entering the textured silicon layer. The photon absorption at a position (x) in the stack 

was calculated using the absorption coefficient: αx (λ) = 4πk(λ)/λ, where k(λ) is the 

extinction coefficient of the semiconductor material [47]. 

 

Table 7.1 The parameters of the front and rear contacts utilised in the solar cell design 

were examined in this study [33-38]. 

Parameter  Front contact Back contact 

Material Si3N4/SiO2 Au 

Thickness 1 nm 10 µm 

Work function (eV) 4.28 eV 5.4 eV 

Refractive index 1.9 0.1 

Extinction coefficient 0 3 

Internal reflection 0 0 

External reflection 0 0 

Surface condition Textured  Plane  

Texturing angle (δ) 89° 0° 

Absorption loss 0 0 

 

 

7.4 Results and Discussion 

7.4.1 Optimization of carrier lifetime in active layer  

This study aims to achieve the highest efficiency by designing a multi-layered solar 

cell. To accomplish this, we first developed the cell's structural design and then 
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simulated various parameters for its layers. The first optimized parameter is the 

minority carrier lifetime (τ) in the active layer of p-type textured c-Si. Bulk, surface, 

auger, and radiative recombination all have an impact on carrier lifetime [9, 32]. The c-

Si active layer's carrier lifetime, which depends on recombination dynamics, has an 

immediate impact on PERC solar cell performance. Carrier lifetime is a crucial factor 

to attain high-performance of solar cells, and it is significantly influenced by bulk 

composition and surface passivation. In this section, we have varied τ, in the range from 

1 µs to 103 µs, and the corresponding results have been illustrated in the Fig. 7.2 (a, b). 

While performing this simulation, the values of the remaining parameters are kept 

constant at values tabulated in Table 7.2; these values have been taken from the reported 

data [18, 22-24, 48-51]. Fig. 7.2 (a & b) reveals that at 1 µs of carrier lifetime 

(electron/hole), the values of VOC, JSC, FF, and η are 663.4 mV, 51.22 mA/cm2, 83.46%, 

and 28.36%, respectively. The figure shows that increasing the carrier lifetime to 103 

µs improves all performance parameters, including VOC (664.6 mV), JSC (51.85 

mA/cm2), FF (83.47%), and η (28.76%). This indicates that a higher carrier lifetime is 

desirable for higher conversion efficiency. As a result, for the further simulated solar 

cell, we opted for 1 ms as the optimal carrier lifetime for both electrons and holes. It is 

reported that an essential factor in achieving higher efficiencies is a long carrier 

lifetime, which must be about 1 ms or exceed 1 ms to minimize recombination. 

Furthermore, the thickness of the active layer, as well as the doping concentration, are 

crucial in light absorption and photogeneration. This layer is made of lightly doped p-

type material. If this layer is excessively thin, the likelihood of electron-hole pair 

formation falls. In contrast, if the layer is excessively thick, then the tendency for charge 

carriers to recombine increases. As a consequence, on the rear side of the active layer 

(p-type c-Si), a heavily doped p-type layer named BSF was used. This layer is used to 

minimize recombination losses at the interface of metal contacts and semiconductor 

material. 

 

7.4.2. Optimization of thickness of p-type c-Si   

The active layer is the main area for light absorption and electron-hole generation. So, 

a thicker active layer improves light absorption, particularly at longer wavelengths, 

although it also increases bulk recombination, which results in decreased carrier 
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lifetime. A thinner active layer can result in lowered absorption, particularly in the 

infrared spectrum, but it minimizes recombination losses and increases life-time. 

 

Table 7.2 Initial parameter values for various layers prior to optimisation [18, 22-24, 48-

51].  

Parameter n-Diamane p-cSi p-Diamane 

Thickness 0.68 nm 80 µm 2.04 nm 

Electron affinity (eV) 4.1 4.05 4.1 

Dielectric constant 8 11.9 8 

Band gap (eV) 1.4 1.12 1.4 

μ𝑛 (𝑐𝑚2𝑉−1𝑠−1) 2732 1104 2732 

μ𝑝 (𝑐𝑚2𝑉−1𝑠−1) 1565 420 1565 

𝑁𝐶  (𝑐𝑚−3) 3 × 1018 2.8 × 1019 1 × 1021 

𝑁𝑉 (𝑐𝑚−3) 3 × 1018 1.04 × 1019 1 × 1021 

𝑁𝐴 (𝑐𝑚−3) 0 1 × 1015 9 × 1020 

𝑁𝐷 (𝑐𝑚−3) 2 × 1018 0 0 

𝑉𝑒  (𝑐𝑚 𝑠−1) 1 × 107 1 × 107 1 × 107 

𝑉ℎ  (𝑐𝑚 𝑠−1) 1 × 107 1 × 107 1 × 107 
Refractive index (n) 1.75 (default) 1.75 

Extinction coefficient (k) 0.8 (default) 0.8 

Layer density (𝑔 𝑐𝑚−1) 2.328 2.328 2.328 

Band- to- band recombination 

coefficient (𝑐𝑚3𝑠−1) 

0 9.50 × 10−15 0 

Auger hole recombination 

coefficient (𝑐𝑚6𝑠−1) 

0 9.90 × 10−32 0 

Auger electron recombination 

coefficient (𝑐𝑚6𝑠−1) 

0 2.20 × 10−31 0 

 

Therefore, it is always difficult to figure out the optimal thickness of the active layer to 

attain the optimal performance of PV cell. This section focuses on the optimization of 

the p-type c-Si layer thickness while keeping the carrier lifetime at 1 ms and the other 

parameters kept at the values presented in Table 7.2. Fig. 7.3 (a & b) demonstrates that 

VOC ascended to 666.3 mV from 661.1 mV, JSC increased to 53.59 mA/cm2 from 48.94 

mA/cm2, FF increased to 83.49% from 83.24%, but η decreased to 29.81% from 

26.97%, as the thickness of the p-c-Si increased from 30 µm to 180 µm. We may 

conclude that optimal active layer thickness is 80 µm [52].  
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Fig. 7.2 (a & b) The effect of variation of carrier lifetime (τ) of the p-c-Si layer (active 

layer) on the performance parameters of the designed cell. (c & d) The effect of thickness 

(µm) of the active layer (p-c-Si) on the performance parameters of the designed cell.  

 

7.4.3. Optimization of the doping concentration of the BSF layer 

In this section, we optimized the doping concentration (NA) in p-type diamane, which 

was used as the BSF layer in the proposed solar cell. The BSF layer has a higher carrier 

concentration than that of the active and emitter layers. The doping concentration of 

about 1×1018 cm-3 and more is to be reported to attain the maximum conversion 

efficiency [53]. We varied the doping concentration from 1×1018 cm-3 to 9×1020 cm-3, 

and the results are illustrated in Fig. 7.4 (a, b). The BSF layer has made it much easier 

to separate free electrons and holes in the bulk [53]. As NA increases from 1×1018 cm-3 

to 9×1020 cm-3, the current density and conversion efficiency increase from 53.50 

mA/cm2 to 53.59 mA/cm2 and 29.76% to 29.81%, respectively, as shown in Fig. 7.4 (a 

& b). Furthermore, FF exhibited an infinitesimal increase with doping concentration, 

from 83.48% to 83.49%. The VOC remains constant at 666.3 mV. The results presented 

suggest that a doping BSF layer more than 1018 cm-3 does not affect cell performance. 
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Fig. 7.3 (a & b) The effect of variation of doping concentration (NA) of the BSF layer (p-

Dn) on the performance parameters of the designed cell. (c & d) The effect of variation 

of thickness (nm) of the BSF layer (p-Dn) on the performance parameters of the designed 

cell. 

 

7.4.4. Optimization of the thickness of the BSF layer 

After optimising the doping concentration, we optimised the thickness of the BSF layer. 

Fig. 7.5 (a, b) shows slight changes in performance parameters as the layer’s number 

increases from 1 to 10. While VOC remained constant at 666.3 mV but JSC, FF, and η 

increased from 53.51 mA/cm2 to 53.65 mA/cm2, 83.48% to 83.5%, and 29.76% to 

29.85%, respectively. An optimized BSF layer thickness of 3.4 nm was found to yield 

the best performance. Based on this trend, we found that as the thickness increases, cell 

performance improves slightly. 

7.4.5. Optimization of the thickness of the emitter layer  

The emitter layer is typically a thin semiconductor layer that is lightly doped opposite 

to the active layer, and is designed to collect and channel photogenerated charge 
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carriers, primarily electrons, into the external circuit. The emitter layer is positioned on 

top of the solar cell, where it interacts with incoming sunlight. When light interacts with 

the cell, charge carriers are produced in the active region. The emitter layer builds a p-

n junction with the active layer, separating electron-hole pairs by directing electrons 

towards the external contacts and holes towards the base layer, resulting in the flow of 

electric current. In the simulated design, the single-layer n-type diamane thickness is 

set to 0.34 nm. Passivation is the most important feature in passivated emitter solar 

cells. To lower surface states and defect density, we incorporated SiO2/Si3N4 as a 

passivation layer on the n-type diamane surface. These measures reduce the surface 

recombination velocity, allowing more charge carriers to reach the external circuit, 

thereby improving VOC, JSC, and overall conversion efficiency. The benefits of using n-

type diamane as an emitter, combined with effective passivation, are significant because 

its ultra-thin nature minimises optical losses, letting more photons to reach the active 

layer of the cell for photon absorption. Furthermore, the outstanding thermal stability 

and conductivity of n-type diamane lead to improved FF and efficiency. Fig. 7.6 (a, b) 

depicts the influence of varying emitter layer thickness on solar cell performance. As 

the thickness of the emitter layer increases JSC, FF, and η consistently decrease. As 

emitter layer thickness increases from 0.34 nm to 3.4 nm, a reduction in JSC from 53.95 

mA/cm² to 51.63 mA/cm², in FF from 83.68% to 82.57%, and in efficiency from 

30.08% to 29.51% was observed. The observed trends show that increasing emitter 

thickness has a significant impact on efficiency and current density, owing mostly to 

increased recombination processes within the layers. Interestingly, VOC responds 

differently, increasing from 666.3 mV to 692.2 mV as the emitter layer thickness 

increases, as shown in Figure 6 (a & b). Optimum efficiency is attained with a single-

layer n-type diamane emitter. At this thickness, the maximum conversion efficiency is 

30.08%. To ensure maximum efficiency, the emitter should have a thin diamane layer. 

The simulation results suggest a uniform emitter thickness of 0.34 nm for the following 

simulation.  
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Fig. 7.4 (a & b) The effect of variation of thickness (nm) of the emitter layer (n-Dn) on 

the performance parameters of the designed cell. (c & d) The effect of variation of 

doping concentration (ND) of the emitter layer (n-Dn) on the performance parameters 

of the designed cell. 

 

7.4.6. Optimization of the doping concentration of the emitter layer 

The doping of the emitter layer is also vital for optimising the solar cell's electrical and 

spectral parameters. Appropriate doping is essential to enhanced efficiency. Inadequate 

doping leads to insufficient electric field strength, whereas excessive doping increases 

recombination losses and lowers performance parameters. Since n-type diamane is 

utilised as an emitter layer, the doping concentration (ND) of n-type diamane must be 

optimised. We simulated ND ranging from 1×1018 to 3×1019 cm-3, and the results are 

illustrated in Fig. 7.7 (a and b). The obtained results depict that as the doping 

concentration increases; the values of all the performance parameters decrease. For 

example, as ND increased from 1×1018 to 3×1019 cm-3, VOC declined from 669.8 mV to 

665.2 mV, JSC decreased from 54.53 mA/cm2 to 52.92 mA/cm2, FF slightly dropped 

from 83.77% to 83.68%, and η from 30.59 to 29.45%, respectively. These values 

attained the maximum value when the simulation was conducted at ND of 1×1018, as 
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shown in Fig. 7.7. Excessive doping may have caused this, as it promotes Auger 

recombination, which reduces carrier lifetimes and Voc. Similarly, higher doping 

reduces the depletion width, limiting the region where carriers are efficiently captured, 

potentially lowering the value of JSC. In the same way, excessive doping increases 

recombination losses and shunt resistance, lowering FF. As a result, lower VOC, JSC, and 

FF lead to a considerable reduction in efficiency. By optimising carriers’ lifespan, 

doping concentration, and layer thickness, we achieved a remarkable efficiency of 

30.59% for the proposed passivated emitter solar cell, with JSC of 54.53 mA/cm². The 

design incorporates passivating layers (SiO₂ and Si₃N₄) only on the illuminated side of 

the cell that is; at the emitter layer. It is commonly understood that applying passivation 

to both the front and rear surfaces, as in a PERC architecture, can boost efficiency even 

more.  

To investigate the potential of the PERC structure and to validate the presented finding, 

we simulated the experimentally reported PERC solar cell. The simulation was based 

on a previously reported cell design [9], enabling validation of our results. The 

referenced structure, composed of Al₂O₃/SiNX/FSF(n+)/Si(n)/BSF(p+)/Au, achieved a 

conversion efficiency of 23.82% [9]. Using this reported design as a reference, we 

developed a modified PERC cell structure with the configuration Al₂O₃/Si₃N₄/n+ a-

Si/p-c-Si/p+ a-Si/Au. Simulations conducted using the AFORS-HET numerical 

simulator produced an efficiency of 24.01%, closely aligning with the previously 

reported values. These findings provide strong validation for the methodologies and 

results presented in this study.  

In order to further examine the worthiness of 2D carbon materials in Si-based solar cell 

heterostructures, an extensive investigation was carried out in other heterostructures. A 

series of additional simulations were carried out in order to gain more insight into the 

application of 2D carbon materials such as graphene and diamane with and without 

surface passivation, and to find the most efficient structure. These simulations focused 

on a number of HJ and HIT solar cell structures, as tabulated in Table 7.3 [16-17, 25–

26]. As shown in Fig. 7.5 (a), a simple HJ design, ITO/n-Dn/p-cSi/Au, with ITO as TCE 

and n-Dn as the emitter, was simulated, obtaining η of 17.32%, a VOC of 699.7 mV, a 

JSC of 29.42 mA/cm2, and FF of 84.13%.   
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Table 7.3 The results obtained after analysing previously reported cell with and without 

passivation along with newly simulated cells with and without passivation [16-17, 25-

26]. 

 

Since graphene possesses outstanding optical transparency and excellent electrical 

conductivity. Motivated by this, we examined the structure Gr/n-Dn/p-cSi/Au - 

Replacing ITO with graphene, shown in Fig. 7.5 (b). Consequently, the PCE gets 

enhanced to 23.05% with VOC of 644.5 mV, JSC of 46.87 mA/cm2, and FF of 76.3%. 

These findings confirm that graphene can be served as a TCE. This structure was further 

modified to Gr/n-Dn/p-cSi/p-Dn/Au, with the addition of a p-Dn as BSF layer as shown 

in Fig. 7.5(c). The PCE was enhanced to 26.86% with a VOC of 631.2 mV, JSC of 51.16 

mA/cm2, and FF of 83.16% [26]. 

HJ & BSFHJ Structures Voc (mV) Jsc 

(mA/cm2) 

FF (%) η (%) 

ITO/n-Dn/p-cSi/Au 699.7 29.42 84.13 17.32 

Gr/n-Dn/p-cSi/Au 644.5 46.87 76.3 23.05 

Gr/n-Dn/p-cSi/p-Dn/Au 631.2 51.16 83.16 26.86 

[17] 

Gr/Si3N4/SiO2/n-Dn/p-cSi/p-

Dn/Au 

669.8 54.53 83.77 30.59 

HIT & BSFHIT Structures Voc (mV) Jsc 

(mA/cm2) 

FF (%) η (%) 

Gr/n-Dn/a-Si: H(i)/p-cSi/Au 686.7 45.6 83.65 26.19 

Gr/n-Dn/a-Si: H(i)/p-cSi/ a-Si: 

H(i)/Au 

686.7 45.61 83.64 26.20 

Gr/n-Dn/a-Si: H(i)/p-cSi/p-

DnAu 

660.2 51.79 80.65 27.57 

Gr/n-Dn/a-Si: H(i)/p-cSi/ a-Si: 

H(i)/p-Dn/Au 

683 52.74 81.55 29.38 

[17] 

Gr/ Si3N4/SiO2/n-Dn/a-Si: 

H(i)/p-cSi/Au 

694.5 46.37 83.65 26.94 

Gr/ Si3N4/SiO2/n-Dn/a-Si: 

H(i)/p-cSi/ a-Si: H(i)/Au  

691.4 48.89 83.28 28.15 

Gr/ Si3N4/SiO2/n-Dn/a-Si: 

H(i)/p-cSi/p-DnAu 

678.9 51.95 81.45 28.73 

Gr/ Si3N4/SiO2/n-Dn/a-Si: 

H(i)/p-cSi/ a-Si: H(i)/p-Dn/Au 

683 52.74 81.55 30.69 
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Fig. 7.5 shows the I-V characteristics of optimized HJ solar cells: (a) ITO/n-Dn/p-

cSi/Au – A simple HJ design with ITO as TCE and n-Dn as the emitter, achieving 

17.17% PCE. (b) Gr/n-Dn/p-cSi/Au – Replacing ITO with graphene improves PCE to 

23.05%. (c) Gr/n-Dn/p-cSi/p-Dn/Au – Adding a p-Dn as BSF, boosts PCE to 26.86% 

[17]. (d) Gr/Si₃N₄/SiO₂/n-Dn/p-cSi/p-Dn/Au – Emitter passivation with Si₃N₄/SiO₂ 

raises PCE to 30.59%. 

 

As discussed above, passivation of the emitter may enhance the PCE. So, the structure 

Gr/Si₃N₄/SiO₂/n-Dn/p-cSi/p-Dn/Au - adding a passivation layer of Si₃N₄/SiO₂ is 

examined, and further enhancement in PCE to 30.59% is noticed with VOC of 669.8 

mV, JSC of 54.53 mA/cm2, and FF of 83.77% as shown in Fig. 7.5 (d). Thus, we can say 

that 2D carbon material has the potential to enhance PCE even more. If this is rational, 

similar patterns should be observed in HIT solar cells. Fig. 7.6 (a) showed the I-V curve 

of the cell structure Gr/n-Dn/a-Si:H(i)/p-cSi/Au - representing a simple HIT design with 

single-sided passivation, yielding η of 26.19%, along with VOC of 686.7 mV, JSC of 45.6 

mA/cm², and FF of 83.65%. In the structure Gr/n-Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/Au - 

Double-sided passivated c-Si layer, PCE advances slightly to 26.20%, with VOC of 

686.7 mV, JSC of 45.61 mA/cm2, and FF of 83.64%, as shown in Fig. 7.6 (b). Then, we 

have simulated another structure Gr/n-Dn/a-Si:H(i)/p-cSi/p-Dn/Au, adding a p-Dn 
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as BSF layer to single-sided passivated HIT. PCE increases to 27.57% with VOC of 

660.2 mV, JSC of 51.79 mA/cm2, and FF of 80.65%, as shown in Fig. 7.6 (c). Finally, 

employing both full passivation and BSF layer, the structure Gr/n-Dn/a-Si:H(i)/p-cSi/a-

Si:H(i)/p-Dn/Au was examined, as shown in Fig. 7.6 (d). This fully passivated HIT cell 

with diamane-based BSF layer has an overall PCE of 29.38%, with a VOC of 683 mV, 

JSC of 52.74 mA/cm2, and FF of 81.5% [26]. These findings emphasise the significance 

of integrating diamane in emitter and BSF layers, as well as appropriate surface 

passivation, to improve the photovoltaic performance of the HIT solar cells.  

Furthermore, to further advance the HIT cell performance, we introduced an additional 

passivation layer comprising Si₃N₄ and SiO₂ over the emitter side. This approach was 

inspired by the success of commercial PERC technology, which effectively utilizes 

surface passivation to minimize recombination losses and boost cell efficiency. The 

resulting I-V curve of these improved structures are presented in Fig. 7.7 (a–d), 

demonstrating the positive impact of emitter passivation on device performance. In Fig. 

7.7 (a), the structure Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/Au included extra passivation 

over the emitter layer (n-Dn) is simulated, yielding an efficiency of 26.94% with a VOC 

of 694.5 mV, JSC of 46.37 mA/cm2, and FF of 83.65%. Similarly, we have passivated 

the emitter of the fully passivated HIT cell Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/a-

Si:H(i)/Au, reaching η of 28.15% with a VOC of 691.4 mV, JSC of 48.89 mA/cm2, and 

FF of 83.28%, shown in Fig. 7.7 (b). To suppress rear-side recombination and improve 

carrier selectivity, a p-type diamane layer was introduced as the back-surface field along 

with the passivation of Si₃N₄/SiO₂ on the emitter layer, resulting in the structure 

Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/p-Dn/Au. This configuration further boosted the 

PCE to 28.73% with a VOC of 678.9 mV, JSC of 51.95 mA/cm2, and FF of 81.45%, 

shown in Fig. 7.7 (c). Finally, the fully optimized HIT solar cell—combining a 

passivated emitter, double-sided passivation of the c-Si active layer, and addition of 

diamane as BSF layer was modelled as Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/p-

Dn/Au, shown in Fig. 7.7 (d). This structure delivered the maximum ever efficiency of 

30.69% with a VOC of 683 mV, JSC of 52.74 mA/cm2, and FF of 81.55%. These results 

demonstrate that integrating passivation at both emitter and rear interfaces, along with 

2D carbon materials, significantly improves the performance of HIT solar cells. 



 

  163 

 

Fig. 7.6 I-V characteristics of optimized HIT solar cells: (a) Gr/n-Dn/a-Si:H(i)/p-cSi/Au 

– Simple HIT design with single-sided passivation, achieving 26.19% PCE. (b) Gr/n-

Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/Au – Double-sided passivated c-Si layer slightly improves 

PCE to 26.20%. (c) Gr/n-Dn/a-Si:H(i)/p-cSi/p-Dn/Au – Adding a p-Dn BSF to single-

sided passivated HIT boosts PCE to 27.57%. (d) Gr/n-Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/p-

Dn/Au – Fully passivated c-Si with BSF further increases PCE to 29.38% [17]. 

 

It is now plausible to review whether the Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/a-

Si:H(i)/p-Dn/Au solar cell structure could be experimentally fabricated. The 

practicality of experimentally fabricating the Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/a-

Si:H(i)/p-Dn/Au solar cell structure seems to be possible now by assessing the standard 

infrastructure available for 2D carbon material and silicon solar cells. The process 

begins with doping in p-type crystalline silicon (p-cSi) wafer either by thermal diffusion 

or ion implantation, which is then thoroughly cleaned to remove contaminants and 

native oxide. A thin intrinsic hydrogenated amorphous silicon (a-Si:H(i)) layer is 

deposited on both sides of the wafer using plasma-enhanced chemical vapor deposition 

(PECVD) or Hotwire chemical vapour deposition (HFCVD) to provide surface 

passivation. 
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Fig. 7.7 I-V characteristics of optimized HIT solar cells with passivated emitter: (a) 

Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/Au – Passivated emitter with Si₃N₄/SiO₂ enhances 

PCE to 26.94%. (b) Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/Au – Fully 

passivated c-Si layer with emitter passivation improves PCE to 28.15%. (c) 

Gr/Si₃N₄/SiO₂/n-Dn/a-Si:H(i)/p-cSi/p-Dn/Au – Adding a p-Dn BSF to single-sided 

passivated HIT with emitter passivation boosts PCE to 28.73%. (d) Gr/Si₃N₄/SiO₂/n-

Dn/a-Si:H(i)/p-cSi/a-Si:H(i)/p-Dn/Au – Fully optimized HIT with passivated emitter 

achieves 30.69% PCE. 

The challenge is to deposit or transfer the diamane on the front or rear side of the active 

layer of Si. But it is possible to synthesize diamane on a silicon substrate by first 

transferring bilayer graphene (BLG) onto a cleaned silicon wafer, typically using a 

well-known PMMA-assisted method. After transfer and annealing, the graphene is 

converted to diamane through hydrogen plasma treatment, or fluorination, which 

induces a transition from sp² to sp³ carbon bonding.  

In another way, first, polycrystalline/ nanocrystalline diamond films can be deposited 

on a silicon substrate using microwave plasma-enhanced chemical vapor deposition 

(MPCVD) or HFCVD, where a methane-hydrogen gas mixture is used at high 

temperatures to grow a diamond film. After deposition, the film has to be thinned down 
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to just a few manometers using standard techniques such as reactive ion etching (RIE), 

focused ion beam (FIB) milling, or chemical mechanical polishing (CMP). This 

thinning process has to be carefully controlled to reach a few atomic layers, creating a 

structure similar to diamane, a two-dimensional sp³-bonded carbon film. To preserve 

the diamond-like properties at this ultrathin scale, surface passivation typically with 

hydrogen or fluorine is applied to prevent graphitization.  Furthermore, thinning up to 

the manometer scale can be achieved by high-power or prolonged hydrogen plasma 

treatment that can lead to graphitization of the top surface, especially in thin diamond 

films or near-surface layers. The energetic hydrogen species and elevated temperatures 

can break sp³ carbon bonds, allowing the structure to convert into sp²-bonded graphitic 

carbon. After the graphitization of the top surface, low-power, short-duration hydrogen 

plasma in the presence of oxygen can safely passivate diamond surfaces and even 

stabilize ultrathin sp³ layers like diamane. Precise control of treatment conditions is 

essential to avoid damaging the diamond structure. Next, a thin SiO₂ layer is grown by 

thermal oxidation or deposited using PECVD, followed by a Si₃N₄ layer that acts as an 

anti-reflective and passivation coating. A monolayer or few-layer graphene sheet, 

grown via CVD, is transferred onto the Si₃N₄ layer using a PMMA-assisted wet transfer 

process, then cleaned and annealed. Finally, a gold (Au) layer is deposited on the rear 

side by thermal evaporation or sputtering to serve as the back contact. The completed 

device is then characterized under standard solar illumination to measure performance 

parameters such as current-voltage (J-V) characteristics, external quantum efficiency 

(EQE), and contact resistance. This is very costly and extensive labours that need 

precise perfection and well-equipped infrastructure.  We envision that the presented 

work will pave the way for researchers involved in the area of carbon materials and 

silicon solar cells. 

 

7.5 Summary   

An outstanding power conversion efficiency of 30.59% was achieved, corresponding 

to a current density of 54.53 mA/cm². This result surpasses previously reported single-

junction silicon solar cell efficiencies, which have reached up to 29.4% with JSC of 

approximately 43 mA/cm². We found that passivation significantly improved 
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performance. For instance, after passivation, the PCE of the BSFHJ cell improved from 

26.66% to 30.59%. A similar effect was seen in the BSFHIT structure. These findings 

highlight not only the excellent performance potential of p-type silicon passivated 

emitter solar cells but also the effectiveness of SiO₂ and Si3N4 based dielectric 

passivation in reducing surface recombination on lightly nitrogen-doped emitters. 

These findings demonstrate how novel materials like diamane can be utilized with 

proven passivation layers (SiO₂ and Si3N4) to enhance solar cell performance and 

facilitate further developments in silicon photovoltaics. 
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chapter 8 
CONCLUSION, FUTURE SCOPE, AND SOCIAL 

IMPACT 
 

 

This chapter summarizes the key findings of the presented work and outlines the specific 

conclusions drawn from the investigation. It also highlights how the current research can be 

further advanced and utilized to fabricate highly efficient, cost-effective silicon-based solar 

cells by integrating diamane with other 2D materials. Such advancements have the potential to 

surpass existing theoretical efficiency limits. Progress in this direction could accelerate the 

global transition to renewable energy, enhance energy security by reducing dependence on 

imported fossil fuels, and make a meaningful contribution to sustainable development and 

economic growth. The insights gained from the presented research will contribute to the 

development of next-generation high-efficiency solar cells with enhanced industrial 

applicability. This detailed simulation and optimization approach underscores the potential of 

the c-Si solar cell structure, which provides maximum PCE in industrial applications. 
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8.1 Conclusion 

In this thesis, comprehensively potential applications of diamane—a novel two-

dimensional (2D) sp³-hybridized carbon material have been explored in silicon HJ and 

HIT solar cells. Through systematic modelling, simulation, and comparative analysis 

across five studies, diamane has been found as a promising alternative to conventional 

doped amorphous silicon layers for emitter, BSF, and carrier-selective contact 

applications. 

In the initial investigation, the ITO/n-diamane/p-cSi/Ag device configuration was 

analysed to understand the impact of key physical parameters of n-type diamane on cell 

performance. It was found that, except for hole mobility, most parameters—including 

bandgap, electron affinity, and work function—directly influenced the photovoltaic 

behaviour. The formation of a Schottky junction at the n-Dn/p-cSi interface played a 

pivotal role in charge carrier transport. A maximum efficiency of 16.84% was achieved 

after optimization, and it was concluded that enhancing diamane’s work function via 

chemical doping or other means could significantly improve its emitter performance in 

silicon heterojunction solar cells. 

 

In this study, first, we have proposed the structure ITO/n- Dn/p-cSi/Ag. After optimizing 

the parameters of both diamane as well as silicon, the maximum efficiency of 16.84% 

was achieved. We also compared the optimized values with the reported experimental 
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values and found in well-agrement. It has been found that the thickness of front and back 

contacts does not play an important role on the performance of the modelled 

heterojunction cell. This finding demonstrated that n-type diamane might be used as an 

effective emitter layer in crystalline Si heterojunction solar cell.  

The study further proceeded to examine the integration of a graphene as a TCE paired 

with n-diamane emitter and a-Si:H(i)  as passivation layer graphene/diamane interface 

in HIT structures, marking the first reported comparison between ITO and graphene as 

TCOs in conjunction with diamane emitter layers. The structure modelled as: graphene/ 

n-diamane/a-Si:H (i)/p-cSi/Ag was simulated and a theoretical efficiency of 31.2% 

achieved. The obtained  results demonstrated that single-layer graphene and n-type 

diamane could effectively work as a TCO-emitter pair, improving efficiency from 

25.61% to 31.2% in the ideal case. The commercially feasible configuration of silicon 

yielded an efficiency of 24.15%, validating the theoretical outcomes. These findings 

emphasized the dual potential of graphene and diamane as transparent and conductive 

contact layers for high-efficiency photovoltaic devices. 

In further extended study, doped diamane layers were investigated as electron and hole 

collection layers. Novelty of the reported work is the use of doped diamane as an effective 

electron/hole collection layer to enhance the performance of the HIT solar cell. Here, n 

and p-type diamane layers are used as the electron/hole collection layers or the emitter 

and BSF layer, respectively. Considering the absorption loss at the front contact, the 

maximum efficiency for the fully optimized cell is found 27.88 % with VOC 691.1 mV, 

JSC 49.3 mA/cm2 , and FF 81.83 % whereas, in conventional HIT cell with JSC of 41.8 

mA/cm2 and η of 25.6 % reported. If zero absorption loss is considered, the efficiency 

could exceed its theoretical limit.   

Now we have further made the comparative performance analysis of HJBSF (Gr/n-

Diamane/p-cSi/p-Diamane/Au) and HITBSF (Gr/n-Diamane/a-Si:H(i)/p-cSi/a-Si:H(i)/p-

Diamane/Au) structures revealed that p-type diamane can be used an effective BSF layer. 

The HITBSF cell showed a peak efficiency of 29.38% at only 35 µm of c-Si thickness, 

highlighting the suitability of thin wafers and the vital role of a-Si:H (i) layers in surface 

passivation. Despite technological handling challenges with ultra-thin wafers, the 
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reduced material usage significantly enhances cost-effectiveness while maintaining high 

performance.  

In order to assess industrial viability of obtained results, a BSFHJ solar cell was designed 

using a SiO₂/Si₃N₄ passivation stack and diamane as both emitter and BSF layers. After 

optimizing doping, thickness, and carrier lifetimes, the cell achieved 30.59% efficiency, 

outperforming PERC (24.01%) and comparable to BSFHIT (30.69%) cells. The study 

underscores the potential of diamane-based, passivated architectures for high-efficiency 

solar technology, emphasizing the role of bandgap tuning, passivation, and thickness 

control.  

8.2 Future Scope and Social Impact 

This thesis provides useful insights into improving photovoltaic performance using 

diamane-based solar cell designs, as well as highlighting plenty of promising areas for 

further research. These crucial areas include experimental validation of computational 

findings, scalable and cost-effective synthesis of high-quality diamane films, and the 

development of sophisticated device structures, including tandem and multi-junction 

cells. Investigating long-term environmental stability, integrating with smart grid and 

energy storage systems, and exploring diamane's applications beyond photovoltaics, such 

as in photodetectors and electronics, are also important. Socially, the adoption of high-

efficiency diamane-based solar cells can accelerate clean energy deployment, mitigate 

climate change, and improve electricity access in underprivileged areas. We anticipate 

that commercializing diamane-based technology may drive economic growth, foster 

technological independence, and support educational and research progress in 2D 

materials and renewable energy. These initiatives are aligned with global sustainability 

goals and represent a step forward toward a more equitable and environmentally 

responsible energy future. 
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a b s t r a c t 

In the presented work, cell’s parameter of heterostructure silicon solar cell modelled as: ITO (front 

contact)/n-Dn/p-cSi/Ag under the illumination of monochromatic light at standard spectrum AM-1.5 G, 

has been optimized by using AFORS-HET v 2.5 software. We have used n-type diamane as an emitter 

layer and the nature of diamane has been considered 3D in spite of 2D as well as electronic nature of 

diamane is considered isotropic. To ensure that Schottky junction has been formed at interface, the elec- 

tric contacts have been made along the c-axis so that maximum charge carriers get collected. To obtain 

the high efficiency, various parameters of n-type diamane as well as p-type c-Si layers have been opti- 

mized and the maximum efficiency of 16.84% has been obtained for single layer n-diamane at 100 μm 

thick silicon wafer. We also investigated the spectral response and dependency of temperature on the 

performance of exclusively designed solar cell and we obtained the best efficiency 16.84% at 300 K tem- 

perature. In order to check the performance on commercially available silicon we have optimized the 

same solar cell by considering the parameters of commercially available p-type crystalline silicon layer 

and maximum efficiency 10.41% was achieved. After getting the maximum efficiency 16.84% we further 

carried out the simulation by optimizing the layer numbers of n-diamane and found decrement in the 

efficiency up to 15.3% which indicates that, efficiency slightly decreases as layer number increases. We 

have demonstrated that n-type diamane might be used as an effective emitter layer in crystalline Si het- 

erojunction solar cell. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Recently, a new allotrope of the carbon named as “Diamane”

(Dn) possess sp 

3 carbon bonding has been synthesized and re- 

ported to be two-dimensional (2D) being a physical analogue to 

“graphene-graphane” [1–4] . Recently, Bakharev et al. [5] confirmed 

that diamane exhibited 2 D electronic system. It was confirmed 

by estimating the optical band gap of diamane adopting the ap- 

proach described in previous studies [ 6 , 7 ] for 2D electronic sys- 

tems. They found that the experimental optical gap value of 3.3–

3.4 eV is consistent with the calculated optical gap of 2.87 eV ob- 

tained for F-diamane. Furthermore, Raman spectroscopy was used 

to confirm the successful synthesis of 2D diamane and the char- 

acterization of its electronic structure has also been reported [ 8 , 9 ]. 

It has thermal conductivity of 1960 W/mK as high as to its bulk 

counterpart diamond (10 0 0 W/mK), due to which it is considered 

as promising material for the high temperature electronic applica- 
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tions [ 1 , 10 ]. Furthermore, density functional theory (DFT) calcula- 

tions reveal that 2D diamane has smaller effective mass (0.55m 0 ) 

of conduction electrons in comparison of its bulk counterpart i.e., 

diamond (0.57m 0 ), which is also very promising to use 2D diamane 

in various electronic applications such as solar cells [1] . 2D mate- 

rials are best to use in electronic applications as they have large 

tunability in their bandgaps and they are flexible, strong and ex- 

tremely thin. It was first predicted by Chernozatonskii et al., in 

2009 [11] , although its experimental synthesis was reported re- 

cently. The detailed verification of its bonding and electronic struc- 

ture has also been probed by using various characterization tech- 

niques like: X-ray photoelectron spectroscopy (XPS), UV photo- 

electron, Raman, UV–Vis and electron energy loss spectroscopies, 

transmission electron microscopy and X-ray Diffraction (XRD) [5] . 

Formerly, the instability of diamane was marked as a big hur- 

dle for its above-mentioned potential applications. Recently, the 

stability of diamane has been improved by the substitution of N 

atoms on its surface. The N atom has one more electron than C 

atom that form lone pair of electrons and behaves as the passi- 

vation, which stabilizes the structure and extends the band gap 

[2] . The first principal method has investigated the configuration 
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Potential application of novel graphene/diamane interface in silicon-based 
heterojunction with intrinsic thin layer solar cell 
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A B S T R A C T   

In this article, the patentability of novel graphene/diamane interface in HIT solar cell has been explored by 
simulated a structure modelled as: graphene (TCO) / n-diamane / a-Si: H (i) / p-cSi / Ag (back contact) with the 
help of software AFORS-HET version 2.5. Here, n-type diamane is used as an emitter layer and graphene as TCO. 
An efficiency of 31.2 % is achieved with this structure by varying various parameters of n-type diamane, p- 
crystalline silicon and hydrogenated intrinsic amorphous silicon layer which is pressed in between the two 
oppositely doped wafer (diamane and c-Si). Furthermore, when ITO is used as TCO then a comparatively low 
efficiency 27.15 % is achieved and when the commercially available values of silicon’s parameters is used for the 
validation of results then an efficiency of 24.15 % is obtained. Some parameters of a-Si: H (i) has been further 
optimized and the optimum efficiency 31.2 % has been found at minimum thickness of 3 nm at bandgap 1.6 eV. 
Finally, we have demonstrated that only carbon material has an ability that its two-dimensional allotropes can be 
used as an emitter layer as well as efficient transparent conducting electrode.   

1. Introduction 

The holy grail hurdle in the profitable expansion of photovoltaic 
solar cell is to make them cost effective as well as exhibits high effi
ciency. For this motive, a number of solar cells have been explored and 
fabricated with different materials in order to increase its efficiency 
[1,2]. Recently, a new 2D material called diamane (Dn) has been used as 
an emitter layer by Naima et. al. [3] and elaborated the significance of 
using diamane in silicon heterojunction solar cell for enhancing its ef
ficiency to good extent. In order to further proceed the possibility of 
achieving higher efficiency, we have explored a HIT (heterojunction 
solar cell with intrinsic thin layer) module where 2D carbon material 
(diamane) is used as an emitter layer. It is reported that 26.6 % and more 
than 30 % efficiency can be achieved for different HIT modules [4,5]. 

Furthermore, to ease the movement of photons from the emitter 
layer to the external circuit a transparent conducting oxide (TCO) is 
needed which must be highly transparent as well as low sheet resistance 
and high carrier mobility. In this search graphene is found to be po
tential candidate which possess 97.4 % optical transparency with sheet 
resistance approximately, 125 Ωsq− 1 [6] for monolayer graphene and its 
work function can be manipulate in the range 3.10 eV to 5.57 eV [7,8]. It 
is reported that HIT module with graphene/MoS2 interface is 

commendable for achieving higher efficiency 25.61 % [9]. Similarly, 
another HIT cell has also been simulated previously, in which up to 
20.23 % efficiency has reached for the area of 156 mm × 156 mm active 
layer of silicon [2]. Therefore, it is plausible to use graphene/diamane 
interface in HIT solar cells with intention of improving efficiency. 

Previously, numerous studies have been done on the excellent op
toelectronic properties of various 2D materials and their heterojunctions 
[10-12]. In 2009, 2-D ultra-thin layer of diamond called diamane was 
predicted and studied [13,14]. The effective mass of conduction electron 
in diamane is very small (0.55 m0) and it has wide bandgap which is 
diverse ranging from 3.1 eV to 4.5 eV [14,15]. In addition, the carrier’ 
mobility in diamane is also very high as 2732 cm2/Vs for electrons and 
1565 cm2/Vs for holes for its different forms [15]. Its work function can 
also be tuned in range 6.78 eV to 7.24 eV by vacuum annealing at 350 0C 
[16]. Doping of diamane with nitrogen makes it n-type as well as highly 
stable material which can be used in different electronic applications. 
Also, diamane is a sp3 hybridized C2H based layered structure on the 
bilayer graphene which is also sp3 hybridized and the neighbouring 
carbon atoms of both materials are covalently bonded with the hydrogen 
atoms located out there. In this way, we can state that the graphene/ 
diamane interface would be stable [13] and this heterostructure can find 
applications in electronic devices. 
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A B S T R A C T

In this report, the optimization of various parameters of electron/hole collection layer, buffer layer and active
layer of the HIT solar cell have been carried out by using AFORS-HET software. Novelty of the reported work is
the use of doped diamane as an effective electron/hole collection layers for the enhanced performance of the HIT
solar cell. Here, n and p-type diamane layers are used as the electron/hole collection layers or the emitter and
back surface field (BSF) layer, respectively. Considering the absorption loss at the front contact, the maximum
efficiency (η) for the fully optimized cell is found 27.88 % with open circuit voltage (VOC) 691.1 mV, current
density (JSC) 49.3 mA/cm2 and fill factor (FF) 81.83 % whereas, in conventional HIT cell with η of 25.6 % and JSC
of 41.8 mA/cm2 reported by Masuko et. al. [7]. If zero absorption loss is considered, the efficiency could exceed
its theoretical limit. A detailed study has also been done on the role of texturing angle and absorption loss found
at the front contact of the solar cell.

1. Introduction

Photovoltaic solar cell is only the eco-friendly and constant energy
source that has the capability of meeting the world’s rising energy de-
mand [1]. In this context, numerous research has been done to improve
the efficiency of solar cells by using crystalline silicon as the active layer.
It has been found that heterojunction with intrinsic thin layer (HIT) solar
cells with back surface field (BSF) may provide higher conversion effi-
ciency with comparably thin layer of crystalline silicon [1–6]. Previous
research has demonstrated that crystalline silicon-based HIT solar cells
can offer more than 25 % conversion efficiency [7]. An efficiency of
25.6 % has reportedly been attained on a cell area of 143.7 cm2 with 1-
solar illumination. This might happen because of the passivation of the
c-Si layer, which has lowered recombination losses at the interface. This
passivation is carried out by inserting an extremely thin intrinsic hy-
drogenated amorphous silicon layer (a-Si: H (i)) over the crystalline
silicon layer [7]. Also, an efficiency of 31.07 % was reported for 15 µm
thick crystalline silicon layer by optimizing the doping concentration as
well as by passivating the rear surface on the optimized geometry of
interdigitated back contacts (IBC) [8].

In conventional silicon heterojunction solar cells, the conversion
efficiency was strongly manipulated by the electron/hole collection
layers, where these layers were made of inversely doped amorphous
silicon layers [9,10]. Due to the lower bandgap (approximately 1.7 eV)
and high defect density of these layers the parasitic light absorption

occurs throughout the solar spectrum’s ultraviolet and visible range
[11]. This absorption deteriorates the efficiency of the cell. Therefore,
alternative materials having wider bandgap and lower defects density
are needed. These wider band gap layers will be beneficial for the
electron/hole collection under illumination. Because, the high Schottky-
barrier in the voltage range (>0.7 V) resulted in the formation of a
significant space charge region or inversion layer between hole selective
layer (MoOx) and c-Si interface. This barrier influenced how well photo-
generated carriers were captured, resulting in good transverse trans-
portation which enhanced the VOC and FF [12].

We believe that the development of HIT solar cell is not yet complete
and cells’ overall efficiency might still be increased. But the parasitic
light absorption losses that occurs at interfaces is the main impediment
to enhance the conversion efficiency of HIT solar cells. It was reported
that the electron/hole collection layers of doped amorphous silicon can
be replaced by wide-bandgap transition metal oxide to reduce the
parasitic light absorption loss in HIT solar cells [13]. In this direction, it
has been suggested that titanium dioxide (TiO2) and zinc oxide (ZnO)
can be employed as hole transporting layers materials and copper (I)
thiocyanate (CuSCN) as an electron transporting layer material and an
efficiency of 25.02 % has been attained [14]. Furthermore, transition-
metal dichalcogenides (TMDs) are reported to possess adequate work
function with high optical transparency which is required for gathering
charge carriers, so adding of TMDs layer between the p-type amorphous
silicon and the TCO electrode as window layer may lead to better optical
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Abstract
A higher efficiency of photovoltaic cells can be attained by optimizing their design, selecting
the appropriate materials, and implementing of effective passivation process. The present study
investigates the influence of the thickness and band gap of different layers of the solar cell and
resuting opto-electric performance parameters of both single junction heterojunction (HJ) and
heterojunction with intrinsic thin layer (HIT) cells. These cells are made up of a crystalline
silicon (c-Si) active layer having back surafce field layer. The reported simulated work was
conducted using AFORS-HET, an automated program specifically designed for simulating
heterostructures. An efficiency of 26.86% has been attained for a HJ solar cell, this efficiency
was further improved to 29.38% for the HIT solar cell by optimising all parameters. These cells
require an emitter layer with a bandgap of around 1.4 eV. The optimal values of open-circuit
voltage (VOC), short-circuit current density (JSC), and fill factor are determined and found to be:
631.2 mV, 51.16 mA cm−2, and 83.16% for HJ solar cell, and 683 mV, 52.74 mA cm−2, and
81.55% for HIT solar cell. Moreover, the J-V curve, spectral response and quantum efficiency
analysis have also been studied.

Keywords: 2D carbon materials, photovoltaic cells, higher efficiency, BSF layer,
energy band diagram

1. Introduction

The greatest challenge in the world at present is to find a green
energy source that can meet the world’s growing energy needs
and decrease its dependence on traditional energy sources,
which are harmful to both human beings and the environment,
especially fossil fuels [1]. To meet climate goals by the end
of this century, we must move promptly to a green economy.
This means transitioning the world economy from being dom-
inated by the fossil-fuelled (brown) sector to being dominated
by the low-emission (green) sector. By utilising photovoltaic
(PV) technology, the sun, which is a prominent energy source
across the globe, may be effectively utilised to generate electri-
city. This technology has the ability to fulfill the growing need

∗
Author to whom any correspondence should be addressed.

for power. As we know that primary renewable energy sources
with zero operating carbon emissions is photovoltaic solar
cells [2, 3]. Consequently, photovoltaic solar cell is acknow-
ledged as an indispensable energy source and its viability is
essentially evaluated by its power conversion efficiency, com-
monly referred to as PCE. Wafer-based crystalline silicon (c-
Si) solar cell is the dominant technology in the global photo-
voltaic market due to their cost-effectiveness, robust stability,
and high PCE [2]. The c-Si wafer accounts for around 20%
of the overall production cost of the PV module [4]. Thus, the
production cost of PV modules can be reduced by systemat-
ically decreasing the thickness of wafers and, consequently,
the amount of crystalline material used will be lowered
[4, 5].

Recently, there has been a major emphasis on to design
and manufacture of the extremely efficient solar cells by util-
ising innovative materials and topologies. Various materials

1
© 2024 IOP Publishing Ltd. All rights, including for text and

data mining, AI training, and similar technologies, are reserved.



Electron extraction layer-driven performance
enhancement in CaHfSe3 photovoltaics
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Traditional solar cells – including those based on silicon or lead-halide perovskites – have a number of

significant disadvantages, including long-term instability, costs, and toxicity. We demonstrate the

suitability of CaHfSe3 as a promising next-generation lead-free thermally stable absorber material. We

performed a comprehensive numerical simulation study using SCAPS-1D to consider several device

topologies of the type FTO/TiO2 AZnO, WS2/CaHfSe3/MoO3/Au, and to investigate the different features

of a system based on CaHfSe3. We conducted a full parametric study of the impacts of absorber

thickness, defect density, acceptor doping and concentration, as well as carrier concentrations in the

electron and hole transport layers. In addition, through experimentation we considered the operational

characteristics of carrier generation-recombination methods, temperature and back contact effect

current–voltage I–V characteristics, quantum efficiency, and the influence of series and shunt resistance.

This allowed us to determine the optimized configuration. The top-performing structure, FTO/TiO2/

CaHfSe3/MoO3/Au, had an outstanding PCE of 32.39%, VOC = 1.52 V, JSC = 23.17 mA cm−2, and FF =

91.41%. This research offers both fundamental insights and practical guidance for developing stable,

efficient, and environmentally friendly CaHfSe3-based solar cells. It paves the path for further

experimental realization and commercial application.

1. Introduction

Transition to renewable energy sources has emerged as a global
imperative to address the challenges posed by climate change
and rising electricity demand. Among energy conversion tech-
nologies, solar cells have experienced signicant growth thanks
to advances in developing new semiconductor materials.1,2

Although silicon-based photovoltaic cells currently dominate
the market, they have certain limitations regarding
manufacturing cost, efficiency, and stability. In particular,
crystalline silicon suffers from intrinsic constraints as an indi-
rect band gap semiconductor, its low absorption coefficient
requires a minimum thickness to ensure sufficient light har-
vesting. Still, increasing thickness inevitably raises the series

resistance.3 This trade-off between absorption and Joule losses
fundamentally restricts the overall performance of silicon solar
cells. These constraints have driven the exploration of alterna-
tive materials, especially perovskites, which are garnering
increasing attention in this context due to their exceptional
optical and electronic properties, cost-effectiveness, and
sustainability for photovoltaic devices.4–6 Specically, MAPbX3

or FABX3 lead halide perovskites have demonstrated remark-
able power conversion efficiency (PCE) of 27%.7 However,
conventional PSCs are weak in resilience to heat and humidity,
have a high concentration of defects, are unstable due to the
instability of organic cations, and contain poisonous lead (Pb),
all of which pose signicant health and environmental dangers,
preventing their widespread commercialization. The primary
obstacle is the search for lead (Pb)-free, stable, and eco-friendly
materials. This is achieved by replacing cations such as Ge2+ or
Sn2+, which have advantageous band gaps, for Pb2+ ions.8,9

However, the resultant perovskites are extremely unstable in air
because of the strong oxidation propensity of Ge2+ and Sn2+ to
Sn4+ and Ge4+, respectively, which is linked to the increased
energy levels of their respective 5s and 4s orbitals.10 However,
a major obstacle still stands in the way of these promising solar
materials, poor durability.

This study is aimed at identifying materials with the positive
attributes of lead halide perovskites while eliminating their
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High-performance optimization and analysis of Cs₂CuSbCl₆-Based lead-free 
double perovskite solar cells with theoretical efficiency exceeding 27 %
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A B S T R A C T

The primary challenges in photovoltaic solar energy include toxicity, stability, and the cost of solar cells. To address these issues, we propose the use of noble metal 
halide double perovskites, which are lead-free. Cs2CuSbCl6 stands out as a popular absorber due to its huge bandgap, high absorption coefficient, and affordable 
price. Our research analyzes and simulates solar cells with Cs₂CuSbCl₆ as the absorber material, utilizing SCAPS-1D software. Along with AZnO for the electron 
transport layer (ETL), we assess the material’s stability and suggest less expensive substitutes for hole transport materials (HTLs) such as Spiro-OMeTAD, MoO₃, NiO, 
Cu2O, and CuSCN. Our goal is to find the ideal values for important photovoltaic parameters to increase the efficiency of the suggested solar cells. This entails 
examining how the thickness, temperature, and doping level affect the properties of the solar cell. Furthermore, numerous feasible back electrodes are investigated 
and their impact on performance is assessed to replace the pricey gold (Au) electrode. We discovered that the optimal configuration for Cs2CuSbCl6 is C (metal back 
contact)/MoO3 (HTM)/Cs2CuSbCl6 (Absorber)/AZnO (ETM)/FTO, resulting in 300 K performance. PCE: 27.56 %, Voc: 1.47 V, Jsc: 20.66 mA/cm2, and FF 89.83 %.

1. Introduction

The complete conversion of light energy into electrical energy is not 
achieved due to various losses that affect a cell’s efficiency. These losses 
primarily stem from the characteristics of the material utilized and the 
chosen technology. The first generation consists of structures made of 
mono-crystalline or multi-crystalline silicon (Si), which currently 
dominate the market. However, their widespread adoption is hindered 
by the high processing cost of silicon wafers [1]. The second generation 
includes thin-film solar cells such as amorphous Si, CdTe, and CIGS. 
These have limited widespread use due to concerns over cadmium (Cd) 
toxicity in CdTe and the scarcity of Indium (In) in CIGS [1]. All other 
emerging technologies, such as perovskites and organic cells [2], belong 
to the third generation.

Third-generation perovskite solar cells are the most promising 
among all other generations, demonstrating rapid development and 
opening up new directions in photovoltaics, thanks to their low cost, 

strong absorbency, and high PCE [3]. Over the years, significant 
research efforts have been dedicated to studying these cells, resulting in 
a remarkable increase in efficiency from approximately 3.8 % to around 
26.42 %. This progress has been documented in works published be
tween 2009 and 2021 [4].

Much attention has been paid to the organic-inorganic hybrid halide 
perovskites MABX3 (MA = CH3NH3) or FABX3 (FA = NH2CHNH2), and 
(B=Pb2+, X = Cl-, Br-, or I-) in high-efficiency solar cell exceeding 26.1 
% [5,6]. Nevertheless, the instability of perovskites and concerns 
regarding lead toxicity have impeded the development of such solar cells 
[5]. The MABX3 is extremely decomposed in light, heat, and humid 
environments [7]. The primary challenge is identifying stable, envi
ronmentally friendly, materials free from lead (Pb). This is accomplished 
by substituting cations like Ge2+ or Sn2+ ions for Pb2+ ions, attributed to 
their favorable band gap [8,9], However, the oxidation tendency of Sn2+

and Ge2+ cations is attributed to the high-energy levels of their 5s and 4s 
orbitals respectively, resulting in the corresponding perovskites being 
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