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Abstract 

    The non-fullerene acceptor organic solar cells (NFA-OSCs) have 

attracted lots of interest due to their higher stability and greater 

efficiency compared with traditional fullerene acceptor solar cells. 

Throughout this thesis, we improved the performance parameters of a 

bulk heterojunction (BHJ) structure of NFA-OSC by adjusting the 

transport layers characteristics which can be achieved experimentally. 

The validation of the optimization is done using simulation. SCAPS 

program has been utilized to simulate the structure and the validity of 

its simulation has been verified by comparing the I-V characteristics 

with measurements from a reported literature. In addition, we studied 

the impact of several parameters such as the thickness of the active 

layer and its trap density on the cell performance using simulation. 

According to our presented optimization, some encouraging results 

were obtained: a short circuit current (Jsc) of 16.2 mA/cm2, open 

circuit voltage (Voc) of 1.06 V, fill factor (FF) of 82.95% and power 

conversion efficiency (PCE) of 14.25%. The obtained results pave 

the way for high efficiency NFA solar cells. 

 

     In addition, the design guidelines for the graded bulk 

heterojunction (GBHJ) structure, with an active layer of donor-blend-

acceptor are provided. Also, a comparative study is performed 

between the presented GBHJ with conventional bulk heterojunction 

(BHJ) and bi-layer solar cells using simulation to compare the main 

performance parameters, collection efficiency, recombination and 

generation of all structures.  The results indicate that GBHJ has the 

highest power conversion efficiency (PCE) of 10.15%, while BHJ 
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has the highest collection efficiency (ηcoll) of 96.71%. The GBHJ 

performance is optimized by inspecting each layer individually and 

interfacial and bulk trap states. Further, an improvement of the 

performance of GBHJ is achieved by using other candidates of non-

fullerene acceptors (NFAs) with higher reported blend mobilities. A 

short circuit current density (Jsc) of 19.88 mA/cm
2
, open circuit 

voltage (Voc) of 0.798 V, fill factor (FF) of 78.68 %, PCE of 12.49 % 

and ηcoll of 95.12 % is obtained. 

 

 

Key words: 

non-fullerene acceptor (NFA), bulk heterojunction (BHJ), organic 

solar cells (OSCs), SCAPS , graded bulk heterojunction (GBHJ),  

collection efficiency. 

 



iii 
 

Acknowledgment 

    First and foremost I thank God for finishing this work. Second a 

special thanks to Prof.  Abdelhalim Zekry, for his support and follow-

up as an expert. His experience, counsel and assistance paved me the 

way to complete my work.  

     Also, I would like to express my deepest gratitude to my 

supervisors, Assoc. Prof. Ahmed Shaker and Prof. Dr. Mohamed 

Abouelatta, for their support, guidance, encouragement and 

mentorship. Their continued follow-up allowed me to finish this work 

in the best possible way. 

   Finally, I would like to thank my family, my friends and everyone 

who shared with me every moment to reach this step in my life 

especially my husband, Ali, who was the backbone to this work.  

     



iv 
 

List of Contents 

Contents   

Abstract ..................................................................................................................... i 

Acknowledgment ................................................................................................... iii 

List of Contents ...................................................................................................... iv 

List of Figures ...................................................................................................... viii 

List of Tables .......................................................................................................... xi 

List of Symbols ..................................................................................................... xii 

List of Abbreviation ............................................................................................. xv 

Chapter 1: Introduction .......................................................................................... 1 

1.1 Motivations .............................................................................................. 1 

1.2 Literature review ..................................................................................... 1 

1.3 Significance and contribution of this thesis ........................................ 4 

1.4 Publications ............................................................................................. 7 

1.5 Thesis structure ....................................................................................... 7 

Chapter 2: Photovoltaic Fundamentals ................................................................ 9 

2.1 Introduction ............................................................................................. 9 

2.2 Solar spectrum ....................................................................................... 10 

2.3 Semiconductor Junctions ..................................................................... 12 

2.3.1 P-n Junction diode ........................................................................ 13 

2.3.1.1 p-n Junction diode under dark conditions .............................. 13 

2.3.1.2 p-n Junction diode under illumination ................................... 22 

2.3.2 Metal-semiconductor (MS) junction .......................................... 25 

2.3.2.1 Schottky barrier MS junction .................................................. 25 

2.3.2.2 Ohmic contact MS junction ..................................................... 27 



v 
 

2.4 Generation and recombination ............................................................ 28 

2.4.1 Radiative generation ..................................................................... 28 

2.4.2 Recombination mechanisms ........................................................ 29 

2.4.2.1 Radiative recombination .......................................................... 30 

2.4.2.2 Shockley-Read-Hall (SRH)  recombination .......................... 32 

2.4.2.3 Auger recombination ................................................................ 36 

2.4.2.4 Surface recombination ............................................................. 38 

2.5 Solar cell characterization ................................................................... 38 

2.5.1 Short circuit current density ........................................................ 39 

2.5.2 Open circuit voltage ..................................................................... 40 

2.5.3 Fill factor ........................................................................................ 41 

2.5.4 Power conversion efficiency ....................................................... 41 

2.5.5 External quantum efficiency (EQE) ........................................... 42 

2.5.6 Collection efficiency .................................................................... 42 

2.5.7 Equivalent circuit .......................................................................... 43 

2.6 Losses and efficiency limits ................................................................ 45 

2.6.1 The Shockley–Queisser (SQ) limit ............................................. 45 

2.7 Solar cell modelling and simulation ................................................... 47 

2.7.1 Solar cell capacitance simulator (SCAPS) ................................ 48 

2.7.1.1 Definition of solar cell structure ............................................. 48 

2.7.1.2 Definition of working point ..................................................... 52 

2.7.1.3 Result analysis ........................................................................... 54 

Chapter 3: Organic solar cells (OSCs) ............................................................... 57 

3.1 Introduction ........................................................................................... 57 

3.2 Organic Vs. inorganic materials ......................................................... 58 

3.3 Recombination in organic solar cells ................................................. 60 

3.3.1 Langevin mechanism .................................................................... 61 

3.3.2 Geminate recombination .............................................................. 61 



vi 
 

3.4 Working principles of organic solar cells .......................................... 62 

3.4.1 Light absorption and excitons generation .................................. 63 

3.4.2 Excitons diffusion ......................................................................... 64 

3.4.3 Excitons dissociation .................................................................... 65 

3.4.4 Charge transport ............................................................................ 65 

3.4.5 Charge collection .......................................................................... 66 

3.5 Types of OSC: junction type ............................................................... 67 

3.5.1 Single layer .................................................................................... 67 

3.5.2 Bilayer (planar heterojunction PHJ) ........................................... 68 

3.5.3 Bulk heterojunction (BHJ) ........................................................... 68 

3.5.4 Graded bulk heterojunction (GBHJ) .......................................... 69 

3.6 Fullerene Vs. non fullerene acceptors (NFA) ................................... 69 

3.7 Modeling of Organic solar cells .......................................................... 70 

Chapter 4: Device simulation of  NFA-BHJ-OSC ........................................... 74 

4.1 Introduction ........................................................................................... 74 

4.2 Device simulation parameters ............................................................. 74 

4.3 The effect of the technological parameters on the performance of the 

solar cell     79 

4.3.1 Effect of the active layer thickness ............................................. 80 

4.3.2 Effect of the defect density (NT) of the active layer ................. 82 

4.3.3 Effect of the defect density at interface layers .......................... 83 

4.3.4 Effect of transporting layers characteristics .............................. 85 

4.3.5 Effect of working temperature .................................................... 88 

4.4 Enhancing the performance of the cell .............................................. 89 

Chapter 5: Device simulation of GBHJ structure ............................................. 90 

5.1 Introduction ........................................................................................... 90 

5.2 Device Calibration ................................................................................ 90 

5.2.1 Graded bulk heterojunction (GBHJ) .......................................... 90 



vii 
 

5.2.2 BHJ and PHJ ................................................................................. 94 

5.3 Comparison of GBHJ vs BHJ and PHJ ............................................. 95 

5.4 Performance enhancement of GBHJ ................................................ 100 

References: .......................................................................................................... 106 

 



viii 
 

List of Figures 
 

Fig. 2- 1: Photovoltaic process steps. ........................................................... 10 

Fig. 2- 2: Solar spectrum outside earth’s atmosphere. ................................. 11 

Fig. 2- 3: The most commonly used air mass radiation spectra. .................. 12 

Fig. 2- 4: p-n junction and depletion region formation ................................ 14 

Fig. 2- 5: Energy band diagram of p-n junction under no bias conditions with 

a) no contact b) after contact. ....................................................................... 15 

Fig. 2- 6:  a) the space charge density, ρ, b) electric filed, ζ, and c) the 

electrostatic potential, ψ, across the depletion region. ................................. 17 

Fig. 2- 7: The potential and the energy band diagram of p-n junction under a) 

no bias b) forward bias and c) reverse bias. ................................................. 18 

Fig. 2- 8: The injection of the minority carriers in p-n junction. ................. 20 

Fig. 2- 9: J-V characteristic of p-n junction under forward and reverse bias.22 

Fig. 2- 10: J-V characteristic of solar cell under dark and illumination 

conditions. .................................................................................................... 24 

Fig. 2- 11: The energy band diagram of Schottky barrier between a metal and 

an n-type semiconductor a) before contact and b) after contact. ................. 26 

Fig. 2- 12: The energy band diagram of an ohmic contact between a metal 

and an n-type semiconductor a) before contact and b) after contact. ........... 27 

Fig. 2- 13: Recombination through traps. .................................................... 33 

Fig. 2- 14: The processes of SRH recombination in a single electron trap for 

a) a donor-trap and b) an acceptor-trap. ....................................................... 33 

Fig. 2- 15: Auger recombination with a) e-e-h and b) e-h-h. ....................... 37 

Fig. 2- 16: Trap states created by surface defects. ....................................... 39 

Fig. 2- 17: the illuminated J-V curve and the corresponding power-voltage 

curve of the solar cell. .................................................................................. 40 

Fig. 2- 18: the ideal and the practical EQE curve. ....................................... 42 

Fig. 2- 19: The equivalent circuit of a) an ideal solar cell, b) with adding 

series and shunt resistance and c) two diodes model. .................................. 44 

Fig. 2- 20: SQ limit for AM1.5G spectrum. ................................................ 46 

Fig. 2- 21: The major loss mechanisms in SQ limit. ................................... 47 

Fig. 2- 22: definition of solar cell structure on SCAPS. .............................. 49 

Fig. 2- 23: layer properties panel. ................................................................ 51 


