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ABSTRACT 

          by Gulnur Akhtanova 

 

Even though organic solar cells' lightweight, flexible, and low cost fabrication are important 

factors for space applications, their remarkable 20% performance opens the door for them to 

compete with perovskite and silicon solar cells as potential satellite power source. Considering the 

harsh environment in space, the next reasonable question is how well organic solar cells will 

function therein. At this time, no comprehensive study of organic solar cells has been conducted 

to identify potential areas of device physics and material features that could be compromised when 

exposed to irradiation. This dissertation comprises three investigations that integrate approaches 

to elucidate a comprehensive analysis of the device physics of state-of-the-art organic 

semiconductor devices in harsh space environments. To be specific, this thesis offers an in-depth 

analysis of the fundamental device physics mechanisms in organic solar cells (OSCs) across 

different structural configurations under irradiation. It focuses on: i) the impact of photoactive 

layer thickness on charge generation, extraction, and recombination processes under proton 

irradiation; ii) the recovery mechanism in post-annealed devices; iii) the radiation resistance of 

different architectures of OSCs; iv) the extent of degradation in the functional layers of OSCs 

when exposed to proton irradiation; and v) the impact of the substrate on TiN thin film’s properties 

under electron irradiation. The first study focuses on understanding the device physics 

characteristics of organic solar cell with PM6:Y6 photoactive layer at different thicknesses are 

exposed to low energy proton irradiation estimated as equivalent to around 3 years of operation in 

Low Earth Orbit with further thermal annealing. Even though irradiated thick devices degrade 

more rapidly than irradiated thin devices, devices with a thickness of 60 and 100 nm preserve 15% 

and 10% of efficiency, respectively. In addition, the recovery process of the irradiated OSC was 

studied by employing thermal annealing at varying times. Particularly, following 5 hours of 

thermal annealing, the irradiated device with an active layer thickness of 100 nm recovered 25% 

and achieved a PCE of 5.13%. Device physics characteristics of OSCs, such  as generation, 

recombination and extraction are investigated to study the impact of irradiation to each of physical 

mechanism occurring in OSC. As a result, the generation rate in OSC and the morphology of 

PM6:Y6 thin films are unaffected by proton irradiation. It was found that the drop in PCE of the 

irradiated devices is mainly caused by the short-circuit current density (𝐽𝑆𝐶) values decreasing as 

a result of increased bulk and surface trap densities, as well as ineffective charge extraction. The 
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thickness of the photoactive layer had a strong correlation with the short-circuit current and charge 

extraction in both conditions : irradiated and post-annealed devices.In particular, the irradiated 

OSC with a thin photoactive layer shows higher resilience to proton irradiation and better recovery 

of thermal annealing compared to thick devices. The next chapter expands upon previous work on 

organic solar cells (OSCs) in extreme environments, with a focus on the radiation resistance of 

different OSC structure. Specifically, it is dedicated to investigate the impact of the transport layer 

on the photovoltaic performance of organic solar cells under proton irradiation. For that purpose, 

both the conventional and inverted structures used the photoactive PM6:Y6 layer with different 

transport layers and identical electrodes. Compared to conventional structures with organic 

transport layers, inverted structures with inorganic transport layers exhibit superior radiation 

resistance in terms of photovoltaic performance. To gain a thorough understanding of the irradiated 

OSC's performance, the recombination study identified the trap-assisted recombination as the 

dominant mechanism in both structures based on the 𝑉𝑂𝐶 value on the light intensity (𝑉𝑂𝐶 vs ln[I]). 

The photovoltaic performance and recombination analysis showed that the metal-oxide transport 

layers, ZnO and MoOx, were more resistant to radiation than the organic thin films, PEDOT:PSS 

and PDINN. The structural and optical characteristics of the transport layers and electrodes 

enabled the determination of how proton irradiation affects the operation of various OSC 

structures. Yet, the thin films of ZnO, Ag, and MoOx exhibited the alteration in crystallinity when 

exposed to proton radiation.  Many different kinds of optoelectronic devices are utilized in the 

field of space technology. It is critical that these devices function well under aggressive ionizing 

conditions. Titanium nitride (TiN) thin films may enhance the characteristics of optoelectronic 

devices. Thanks to its broad band gap, excellent thermal, chemical, electrical, optical, and 

mechanical qualities, and structural integrity, titanium nitride (TiN) has found widespread 

application in electrical and mechanical engineering. This means that studying how different 

substrates (such as quartz and sapphire) influence the characteristics of TiN thin films is an 

influential factor. For that purpose, high energy electron exposure was used to irradiate TiN thin 

films on different substrates. The structural analysis identified that TiN deposited on sapphire 

undergone atomic displacements in the material’s lattice revealed in diffraction patterns. However 

this served as improvements of the electrical features of TiN on both substrates.  Chemical 

composition analysis showed the retaination in metallic features of Ti-N bound in TiN deposited 

on quartz along with surface roughness.  
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Chapter 1 Introduction 

1.1 Background and Motivation 

 

Satellite technology is now an integral part of everyday life, impacting everything from weather 

forecasting and communication (such as internet, phone, and TV) to navigation and scientific 

research 5–7. As of June 19, 2024, there are 10,019 operational satellites in space, with the majority, 

9254, deployed in LEO at distances ranging from 400 to 1200 km above the Earth 8.  Since 1958, 

photovoltaic solar panels have been widely used to power satellites and other space technology by 

converting sunlight into electricity 1. In the vacuum of space, where there is no atmosphere, solar 

panels provide an efficient and reliable source of energy, making them the ideal power solution 

for satellites and spacecraft. 

With single crystal Si-based solar cells, Vanguard 1 became the first solar-powered satellite to 

launch into space, achieving a total power of about 1 Watt with an efficiency of 10% 9. In fact, the 

satellite powered by solar cells opens  a new path for research of cosmos. For example, the Apollo 

11 in 1969 , marked the beginning of a new advanced system of space technology enabling 

different mission such as research of our solar system, weather forecasting, navigations, 

communication and broadcasting. The International Space Station is the biggest orbiting 

laboratory working on the variety research from astrophysics to microbiology in LEO and has been 

serving for 25 years on orbit. The solar arrays of the International Space Station consist of  262,400 

solar cells and span about 2,500 square meters, with the four array sets capable of generating 

between 84 and 120 kilowatts of power 1. 
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Figure 1.1 International Space Station reproduced from 1. 

GaAs-based solar cells on the MIR space station, launched in 1986, produced 180 W/𝑚2 of power 

per unit area 10,11. The fabrication of heterogeneous epitaxy and the use of multi-junction 

architecture led to the improvement in efficiency of GaAs SC 12–15. The development of multi-

junction solar cells marks a significant advancement in PV technology as a power source for 

satellites16,17. The optimization of the light absorption process led to the use of two or more light 

harvesters based on III-V semiconductors, which achieved the highest efficiency and radiation 

resistance among all PV technologies for space 18–20.  Commercially available solar cells for space 

applications are based on Si or III-V semiconductors  such as Ge, GaAs, and InP 21. Specifically, 

AZUR SPACE Solar Power GmbH practically fabricated the GaInP/GaInAs/Ge multi-junction 

solar cells (MJSC) and reported an efficiency of 26.5% at the end of life 18. Still, Si-based solar 

cells are widely applied in satellite powering, despite the variety of choices related to the absorber 

layer, architecture, and different cost production. Nowadays, the highest efficiency  solar cells 

revealed by four-junction with multiple absorber layer in structure AlInGaP/AlIn-

GaAs/InGaAs/Ge which is qualified for space application by European and American standards 

22,23.  

 The first step in the study of radiation resistance of  inorganic solar cells is examining the impact 

of charged particles such as proton and electrons with energies up to several hundreds MeV and 
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energy up to 10 MeV, respectively 24,25. Literature shows that in GaAs/Ge solar cell  is the most 

degradation caused by  proton with energy with 170 keV due to the formation radiation indeed 

defects within deep energy levels in the space charge region 26. The mechanism of degradation in 

solar cells are caused by radiation-induced defects which increase the level of recombination 

centers causing the recombination of electron-hole pairs before the extraction of charge carriers 

reducing thereby short-circuit current. Specifically, radiation-induced defects in the deep energy 

levels of the valence and conduction bands decrease the open circuit voltage.  

Despite their high resilience to irradiation, multi-junction solar cells are not appropriate for space 

operation because of their high-cost fabrication, rigidity and very low specific power. Among 

inorganic solar cells, Cu(In,Ga)Se2 (CIGS) is appropriate due to its relatively cheap fabrication, 

lightweight architecture, and a possible fabrication on flexible substrates 27,28. However, CIGS 

solar cell possess a relatively low efficiency with 23.4 % , despite the highest radiation resistance. 

 Compared to other semiconductors made using the solution processed method, perovskite solar 

cells have a high PCE 29–31. This is because they have high absorption coefficients, a direct bandgap 

transition, a long diffusion length, a low effective mass, and charge carriers that move around 

easily. Interestingly, a perovskite material reveals unique features such as a self-healing 

mechanism 32,33.Compared to inorganic solar cells, PSCs have superior tolerance and robust 

stability under dose of 1016 and 1015 particles/𝑐𝑚2 of electrons (1 MeV) and protons (50 KeV) 

27,32,34,35. A tandem solar cell with a perovskite/CIGS photoactive layer that keeps 85% of its 

original efficiency under 68 MeV proton radiation is a good candidate for a space photovoltaic. 

According to article 36, indirect irradiation degrades PSCs by causing the segregation of the halide 

phase, which results in a loss of photocurrent. Another intriguing result of irradiating PSC with 

gamma rays is the absence of radiation-induced defects, paving the way for the use of perovskite 

in detectors 37. In contrast to gamma irradiation, fast neutrons form radiation-induced shallow traps 

in the perovskite active layer, thereby decreasing the PCE of PSC38–40. The perovskite solar cell 

uses silicon oxide as an encapsulation layer, which reveals radiation resistance to high fluences of 

proton irradiation, alpha irradiation, and atomic oxygen, extending a device's lifetime in LEO by 

20 times41. 

Currently, satellite internet constellations presents a network of satellite orbiting in Low-Earth 

Orbit (LEO) for internet service 42. The lifetime operation of a satellite is usually in the range of 

3-4 years with ≈ 90-min day/night the cycle powered by solar arrays 42. Practically, one of the 
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cheapest solar cells already applied to power Starlink mega constellation satellites are powered by 

Si- single junction with medium efficiency and low specific power 43. A high demand of internet 

is planned to be covered by the network of satellites of the SpaceX Starlink with 42 000 LEO 

satellites, Amazon’s Project Kuiper with 3236 LEO satellites and the UK government’s One Web 

containing 48 000 satellites 44–46. 

To power global satellite network, it requires the solar power generation of in the range of 

gigawatts level 42 is required. Based on analytical estimates, satellite power consumption is 

projected to grow from 1MW to 1 GW during the next ten years, with power generated by 

photovoltaic systems in LEO 42. PV installations based on semiconductors, such as III-V and Si 

solar panels, are now used by spacecraft and satellites; nevertheless, the high cost of manufacturing 

and their poor radiation resistance elevate the expense of satellite operation in space. A strong 

interest in the exploration of outer space led to an expansion of research on solar cells that are 

effective, low-cost, and mainly lightweight. Currently, the cost of transferring materials to space 

is around US$4,000 per kilogram, which creates an opportunity to explore lightweight solar cells 

42. Usually, it is widely accepted to judge the photovoltaic arrays by their efficiency. However,in 

space, the most important figure of merit is so called specific power (W/kg) which help to identify 

the relationship of the specific power to the photovoltaics’ array mass. Commercially available 

inorganic solar cells have a specific power of 0.7 W g-1 (GaAs), whereas perovskite solar cells, 

which have lately gained popularity in space application research, have a higher specific power of 

29.4 W g-1 39,47,48. 

In terms of the specific power parameter, the ultraflexible OSC have recently  achieved remarkable 

results, with a power conversion efficiency (PCE) of 15.5% and a specific power of 32.07 W g-1, 

as reported in a recent publication 49. A comparison investigation revealed that the production cost 

of PV for internet constellations using perovskite absorbers ranges from $70M to $1.1B, whereas 

the cost for III-V triple junctions ranges from $10B to $19B 42. Thus, the solar cell market seeks 

the alternative innovations in terms of power-cost relationships. 

The OPV system outperforms other systems in terms of specific power and cost of manufacturing 

solar cells due to its lightweight and low-cost solution processing methods. In this consideration, 

organic solar cells are a potential candidate for space application due to their lightweight and low-
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cost nature. A wide global research in the new types of solar cells has been increasing the power 

certificate efficiency of perovskite and organic solar cells nearly reaching 26.7 % and 19.2 % 50,51.  

 

1.2 Space Environment 

 

Learning about the space environment and how it affects spacecraft is the biggest challenge in 

operating PV in space. According to the NASA Marshall Space Flight Center, there are several 

components of space environment that must be taken into account for the operation of solar arrays 

in space 52,53. 

The list of natural space environment:  

1) Solar wind or plasma. The flow of charged particles out of solar corona can affect the solar 

arrays and spacecraft’s by causing the consequence of surface charging, power loss, 

electrostatic discharge, and the short-circuit in electronics 54–57. The special cover material 

serving as shielding can protect the space technology.   

2) Radiation. The Van Allen radiation belt, which primarily consists of charged protons and 

electrons, neutrons, ultraviolet rays and x-rays, is the environment in LEO , where a 

satellite network and the International Space Station (ISS) are orbiting. The interaction of 

protons with matter in space causes the most noticeable degradation in semiconductors due 

to ionization and lattice displacement; the energy of protons ranges from 30 keV to 10 MeV 

58. Indirect irradiations such as neutrons and γ-rays presenting as indirect irradiation cause 

the deteoriotaion of stability due to scattering or recoiling of nuclei. Therefore, the 

degradation of solar array is influenced by the particle type, energy, fluence, shielding, and 

cell design, including layer thickness and the number of junctions 59.To provide accurate 

solar cell performance measurements, the AM0 solar spectrum, with a total radiation of 

136.7 mW 𝑐𝑚−2, should be used, as sunlight in space has a higher concentration of 

ultraviolet rays and lacks the effect of atmospheric scattering and absorption. 

3) Thermal cycles. Space technology must withstand the temperature cycles ranging  from -

100 °C to 100°C every 45 min. This effect is raised due to the lack of atmosphere for heat 

transmission and dissipation60. To be specific, space technology under thermal cycling 
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undergo to thermal-induced stress leading to defects and de-lamination owing to 

differences in the thermal expansion coefficients of multilayer devices 61. 

4) High Vacuum. The atmospheric pressure steadily drops with the increasing of the distance 

from the Earth. LEO is considered as a high vacuum environment, with atmospheric 

pressure ranging from 10−5 to 10−6 Pa. The influence of ultra-high vacuum on materials  

used in space technology can be seen in adhesion and cold welding, as well as in processes 

such as evaporation, sublimation, and decomposition. Furthermore, atomic oxygen may 

damage space technology via the breaking of chemical bonds, surface oxidation, and 

material erosion 60. 

1.3 Organic Photovoltaics 

 

Organic photovoltaics (OPVs) rely on carbon-based materials as the photoactive layer that convert 

light into electrical energy; it is a type of thin-film photovoltaic technology that is relatively cheap. 

The advantages of OPVs are their molecular level tunability, low weight, thin profile, and solution 

processability 62. Organic solar cells have the potential to be a green-solvent-processable 

candidates in renewable energy technology, and they also exhibit a semitransparent property, as 

illustrated in Figures 1.2 a and b 2,3. Materials often comprise many elements; organic 

semiconductors predominantly consist of carbon and hydrogen atoms, along with heteroatoms 

such as sulfur, oxygen, and nitrogen. Organic semiconductors have semiconducting characteristics 

due to a particular electronic structure. The simple molecule with a double bond, ethane, explains 

the semiconducting properties. The ethane is composed of hybridized C-atoms, each of which 

forms two o-bounds with H-atoms and one with a neighboring C-atom. The C-atom has four 

valence electrons. Because of this, one electron stayed free in the pz orbital overlapping, which 

created the coupled, delocalized systems of electrons that make the material semiconducting. 

Conjugation is characterized by a system of overlapping p-orbitals containing delocalized 

electrons in a molecule. This conjugation generally stabilizes systems, resulting in a lowering of 

the bandgap (Eg), and enables carrier transit of delocalized electrons in the π-bonds, so imparting 

semiconducting properties to conjugated organic molecules and polymers. The highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) will be formed by 

the full π-bonds and empty π*-bonds, respectively63. The energy distinction between the HOMO 
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and LUMO determines the bandgap of the semiconductor, usually portrayed as the valence band 

(EV) and conduction band (EC) in conventional semiconductors 64. 

 

 

Figure 1.2  a)  Photo of the real OSC with semitransparent properties, reproduced from 2 b)  Green-

solvent processable OPV, reproduced from 3 c) structure of OSC and energy diagram d) 

performance of solar cell vs discovered years.  

 

Due to their mobility and electron affinity, fullerene type acceptors were widely used in organic 

solar cells, achieving a PCE of 13% (as shown in Figure 1.2 d). On the other hand, using Y6 and 

PM6, which are non fullerene acceptors, as acceptor has enhanced OSC performance, leading to a 

high PCE of 15.7%, a 𝑉𝑂𝐶 of 0.825 V, a 𝐽𝑆𝐶  of 25.2 mA/𝑐𝑚2, and a fill factor of 74%65.  

With a photoactive material thickness in the range of 100 nm and optical band gap characteristics 

that are simple to modify, organic semiconductors are able to absorb photons from the ultraviolet 

to the near-infrared spectrum, compared to inorganic semiconductors 66.  

For this study, we used PM6 as a donor and Y6 as the acceptor. Y6, in particular, utilizes the 

advantages of a benzothiadiazole (BT) core to optimize its absorption and electron affinity, as well 

as a ladder-type electron-deficient-core based central fused ring (dithienothiophen[3.2-b]-
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pyrrolobenzothiadiazole) 65. Figure  1.3 shows the chemical structure of the PM6 donor and the 

Y6 acceptor.  

 

 
 

Figure 1.3 Chemical Structure of PM6 and Y6. 

 

In a basic solar cell device, incoming photons from sunlight are converted into electrical current. 

The device operation  of OSC  can be explained in four essential steps: (i) Absorption of the 

incoming photon and production of excitons (ii) Diffusion of excitons (iii) Dissociation of excitons 

because of to the high electron affinity of acceptors and (iv) Collection of charges at electrodes. 

Figure 1.2c shows the working mechanism of OSC. The fundamental characteristic of 

semiconductor materials is the energy band gap, also known as the HOMO-LUMO gap, which 

determines the material's interaction with light and its conductivity. When a photon with higher 

energy than the energy band gap illuminates an organic solar cell, it excites an electron from the 

HOMO level to the LUMO level. Next, electron-hole pairs are created, calling it exciton as shown 

in Figure 1.4 a and c. Due to low dielectric constants of ε ≈ 2-3, those electron-hole pairs are 

bound by Coulombic forces (typically 0.3–0.5 eV) owing to a large exciton binding energy 67,68. 

The interfacial energy alignment between D and A, along with the charge transfer states, drives 

the generation of free charge carriers at the interface. Figure 1.4 b presents how electrons and 

holes separation into free charge carriers at the interfaces69. Exciton dissociation generates 

electrons and holes, which then travel to the electrodes via the donor and acceptor as displayed in 

Figure 1.4 c and d. Free carrier charge transfer takes on a timeline of nanoseconds 62. 

The bulk heterojunction layer is created by a blend of p-type donors (D) and n-type acceptors (A) 

, providing a potential solution to overcome large exciton-binding excitons. The blend consist of  

a complex network of interpenetrating donor and acceptor phases that encompasses large 

interfacial areas within the donor- and acceptor-rich domains. Size, purity, degree of mixing, 
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molecular packing, and crystallinity characterize the domains created by the blend of donor and 

acceptor organic materials 70. Improved stability, solubility, crystallinity, and reduced energy loss 

have allowed organic solar cells to attain a high efficiency of about 20% since the creation of the 

Y6 acceptor and the mix of PM6 as donor and Y6 acceptor.  

  

 
 

 

 

Figure 1.4 Four steps of physical processes in organic solar cells.  

 

In general, the device structure of organic solar cells consists of a photoactive layer sandwiched 

between two electrodes: cathode and anode. By connecting the cathode and anode with a metallic 

wire, the electrons in the two electrodes undergo redistribution until equilibrium is achieved. The 

redistribution of charges generates a built-in potential difference between the two electrodes, 

producing a built-in field throughout the device. This built-in electric field forces the photo-

generated free charge carriers to the appropriate electrodes for extraction, generating photocurrent 

that flows in the external circuit, measurable by an ampermeter in the outside circuit 71. Over the 

years, the development of organic solar cells has improved the charge extraction process by 

implementing transport layers with suitable work functions, leading to the invention of new device 

architectures. To achieve this, the work function of the transport layers must align with the 

energetic levels of the donor and acceptor materials, thereby defining the polarity of the device. 

Additionally, the transport layer provides good contact with electrodes and charge selectivity 
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prevents charge carriers from reaching the opposite electrode 72. Specifically, device structure of 

organic solar cells can be classified as inverted and conventional as shown in Figure 1.5. The 

structure of Glass/ITO/ZnO/D:A/MoOx/Ag as depicted in the Figure 1.5 a, achieves the best 

performance among the different transport layers applied in the inverted device architecture. The 

conventional device structure achieves the best performance (19.2%) with the 

Glass/ITO/PEDOT:PSS/D:A/PNDIT-F3N/Ag structure 51. The transport layer enhances device 

performance by reducing leakage current, increasing the Voc through the appropriate WF of the 

transport layers, reducing the interfacial recombination rate, and regulating the morphology of the 

D:A blend 73–75. After 300 hours of illumination, the inverted organic solar cell is more stable, 

keeping 73% of its initial PCE. The standard device, on the other hand, only saves 5% of its initial 

PCE 76. However, the conventional organic solar cell achieves better performance compared to the 

inverted one. 

 

 
 

Figure 1.5 a) Inverted structure and b) Conventional structure. 
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1.3 Synopsis of Chapters  

Chapter 2  

This chapter provides the readers with an overview of techniques used in this thesis for a variety 

of research purposes. It explains the fundamental information about the techniques and methods 

applied for the research. Specifically, the state-of-the-art technologies utilized for material 

characterization include XPS, TEM,  AFM, ellipsometry spectroscopy, UV-Vis spectroscopy, and 

Hall measurements. Furthermore, the surface recombination subchapter explains how the multi-

mechanism recombination model used to analyze the intrinsic and doped properties of the active 

layer was derived. The slope as a function of surface trap density, which can be calculated from 

the modeling of the open circuit voltage dependency on light intensity, showed an interesting 

difference between the intrinsic and doped active layers. For the investigation of device physics 

mechanisms, the impedance spectroscopy, EQE, and J-V techniques are used in this thesis. 

 

Chapter 3  

This chapter unravels the principal impact of proton irradiation and thermal annealing on organic 

solar cells with diverse thicknesses of the absorber layer, focusing on the mechanisms, such as 

recombination, generation and extraction. Specifically, we examine the effects of ultra-thin and 

thick absorber layers with thicknesses of 60 nm, 100 nm, 260 nm, and 400 nm. To understand the 

influence of proton irradiation and post-annealing on PM6:Y6 thin film, material characterization 

features such as morphology, roughness, and optical properties were investigated using the state-

of – the-art equipments. In order to delve into the influence of the space environment on the 

performance of solar cells, we tested organic solar cells with different thicknesses of absorber 

layer, each fabricated with optimized recipe to achieve approximately the same, particularly for  

PM6:Y6 blend with  260 and 400nm thick absorber layers 77. The energy loss of protons within 

the device structure is modeled using the SRIM software package. Recombination dynamics were 

investigated using the impedance spectroscopy in conjunction with a multi-mechanism 

recombination model. The generation rate simulation  is based on the transfer matrix method with 

optical parameters of each functional layer. The extraction parameter of organic solar cells is based 

on mobility and lifetime parameters.  

Chapter 4  
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In this chapter, the focus will be placed on the radiation resistance of the transport layers and 

electrodes.  More specifically, we aim to compare the conventional and inverted structure with the 

same PM6:Y6 active layer under proton exposure to evaluate the device performance and 

recombination process.To track  change in  material features exposed to proton irradiation, the 

optical  and structural properties of the transport layers and electrodes were investigated using the 

state of the art of instruments. 

 

Chapter 5 

 

The study concentrated on the degradation mechanism of TiN thin films on quartz and sapphire 

substrates subjected to electron irradiation. We elucidated the structural, chemical composition, 

electrical, and optical properties before to and after electron irradiation utilizing a variety of 

advanced material characterisation techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

 Chapter 2 Material and device characterization tools, 

experimental setup of accelerator 

2.1 Morphological and structural characterization  

 

Structural and morphology features of materials are formed during the deposition process, based 

on molecular interactions. In the case of nanomaterials, structural and morphological parameters 

help  determine the chemical and physical properties of the material which plays a huge role in 

device operation. This chapter reviews the state-of-the-art techniques used to characterize the 

material properties of the functional and absorber layers in the OPV field. The X-ray diffraction 

technique measures the phase, grain, and crystallinity of inorganic materials, while transmission 

electron microscopy (TEM) studies the donor-acceptor network morphology. Surface topography 

and roughness which affect device operation due to the junction between the active layer and 

transport layers are investigated by Atomic Force Microscopy and Scanning Electron Microscopy.  

 

2.1.1 Transmission Electron Microscopy  

 

 
 

Figure 2.1 Elements of Transmission Electron Microscopy ( reproduced from 4).  

The Transmission Electron Microscope (TEM) contains an electron source, condenser and 

objective lenses, objective aperture, intermediate lenses, projector lens, and a fluorescent screen, 

as seen in the schematic design in  Figure 2.1. An accelerated high-energy electron beam is 
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focused by electromagnetic lenses and apertures onto the sample, while minimizing deformation, 

and detected by a fluorescence CCD camera 78.  Transmission electron microscopy is able to image 

the morphology of materials at the resolution of 0.2 nm due to the dual nature of electrons.  One 

of the main parameters in microscopy is  resolution, which is the smallest distance at which two 

neighboring points can be distinguished depending on wavelength. In OPV, the active layer, 

considered as the mixture of donor and acceptor  materials, forms grains and their size affects the 

generation and recombination of charge carriers. Therefore, it is important to consider the 

morphology of the blend. For example, Figure 2.2 presents the morphology of PCE10: COTIC-

4F with 40 % weight of PCE10 in the blend. TEM was used to identify the morphology of the 

blend  for  Chapter 3 of this thesis.  

 

 

 

 

 

Figure 2.2 .  The morphology of the blend consists of donor material as PCE10   and acceptor as 

COTIC-4F at 30K total magnification.  
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2.1.2 Atomic Force Microscopy  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Schematic configuration of Atomic Force Microscope.  

 

Atomic Force Microscope (AFM) is a non-destructive tool applied for morphology and topography 

characterization of the sample surface in nanoscale. Additionally, the AFM system is used to 

characterize the roughness of the sample at the nanoscale. In AFM, a nanoscale tip is connected to 

a tiny cantilever that functions as a spring. Upon contact of the tip with the surface, the cantilever 

undergoes bending, which is monitored using a laser diode and position sensitive photodetector. 

This deflection signifies the contact force between the tip and the sample 79. In this manner, the 

topographical image may be obtained by determining information about the surface height. This 

mode of Atomic Force Microscopy (AFM) is referred to as contact mode. The AFM system is 

utilized to measure the surface morphology and roughness of the active layer and transport layers 

in organic photovoltaic (OPV) devices.   

 

2.1.3 Grazing Incident X-Ray Diffraction  

 

When radiation interacts with material, two effects can occur: scattering and absorption. The 

interaction of soft X-rays with matter results in elastic scattering while preserving the initial energy 
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of the radiation. Analysing the so-called diffraction spectrum allows us to characterize the crystal 

structure of the material. The diffraction spectrum presents the intensity of scattered radiation on 

the x-axis as a function of the scattering angle. The diffraction angle and the intensity of scattered 

radiation determine the unit cell dimensions and chemical species, as well as their geometrical 

relation to the lattice points, respectively 78.  In order to describe the relationship between crystal 

structure and diffraction spectrum, there is Bragg equation bounding those parameters as:  

 

                                                                    n𝜆=2dsin 𝜃                                                       (2.1) 

where n is an integer, 𝜆 is the wavelength of the radiation, d is the spacing of the crystal lattice 

planes, and 𝜃 is the diffraction angle. Grazing Incidence X-ray Diffraction (GIXRD) facilitates 

more accurate characterisation of thin films.This approach can also be employed to examine the 

impact of various surface changes. Additional prevalent applications encompass the detection of 

unidentified coatings and thin films, as well as examining the impact of certain processing 

conditions on coatings.Samples having thicknesses from a few nanometers to one micrometer, 

exhibiting RMS surface roughnesses below 10 nm, are optimal for GIXRD analysis. Samples that 

are thicker and rougher may also be studied; however, the quality of the data often diminishes as 

thickness and roughness rise. 

An X-ray diffractometer includes an X-ray source, an X-ray generator, a diffractometer assembly, 

a detector assembly, and systems for collecting information and processing. X-ray diffraction 

system SmartLab by Rigaku company with Cu 1.54 A wavelength was used for identifying crystal 

structure of functional layers in OPV. Measurements using GIXRD patterns are used in Chapters 

4 and 5.  

 

 

2.1.4 X-ray Photoelectron Spectroscopy  

 

The surface-sensitive analytical technique known as X-ray photoelectron spectroscopy is a widely 

used scientific tool for determination of chemical bounds, states, and elements. Characteristic x-

rays as photons in a monochromatic beam are used as an incident beam on the material and 

absorbed by the atoms of  the material. Secondary electrons are ejected from the material with a 

certain kinetic energy due to this interaction. Then, kinetic energy is determined as the difference 
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between the energy of the incident photon and the energy required to displace the secondary 

electron from the material’s atom. The concept of  binding energy determines the electron’s energy 

attached to the atom/orbital. As a result, the sum of  the binding energy, the kinetic energy of the 

electron, and the work function of the spectrometer must be equal to the incident photon energy80. 

This process can be described mathematically by the following equation:  

 

                                                       ℎ𝜐 = 𝐵𝐸 + 𝐾𝐸 + 𝛷𝑠𝑝𝑒𝑐                                                  (2.2) 

 

where ℎ𝜐- is the energy of the x-ray, BE is the binding energy of the electron, KE is the kinetic 

energy of electron and 𝛷𝑠𝑝𝑒𝑐 is the spectrometer work function. Electron's binding energy is a 

material characteristic that is unaffected by the x-ray source used to expel it. The results of 

measurements is presented in the dependence of intensity on the binding energy of electron. 

Photoelectron peaks are assigned by the element and orbital from which they were emitted. For 

instance, “O 1s” refers to electrons ejected from the 1s orbital of an oxygen atom.  The results of 

XPS measurements are presented in Chapter 5. 

 

2.2 Optical Characterization  

2.2.1 UV-vis spectrophotometer 

 

The UV-vis spectrophotometer measures the light passed through a matter and the amount of 

absorbed light at each wavelength by that material, specifically, the ultraviolet and visible light 

ranges. The quantity of light absorbed is directly proportional to the amount of the absorbing 

element in the sample. When photons interact with the electron cloud of a chromophore, the 

electrons in the cloud are excited to higher energy molecular orbitals, creating an excited state. 

This is the fundamental concept of a UV-vis spectrophotometer 81.The absorbance of the organic 

semiconductor thin film refers to the ability of molecules or atoms to excite a change in the internal 

energy by visible, ultraviolet and near-infrared light. Transmission is the portion of light  that 

passes through the thin film. The superposition of the relative amount of absorbed, transmitted and 

reflected light should be unity as presented in the equation. Based on the equation, transmittance 

refers to the light that is not absorbed, scattered, or reflected.  
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                                                               R+T+A=1                                                               (2.3) 

 

Another parameter is reflectance which is the portion of reflected light by the thin film’s boundary.  

The equation for absorbance is given as the decadic logarithm of the ratio of the measured intensity 

passing through the thin film to the total incident light:  

                                                   𝐴 = − 𝑙𝑜𝑔(
𝐼

𝐼0
)                                                                       (2.4) 

Refractive index and extinction coefficient can be governed by transmittance and reflectance 

measurements of thin film as depicted in equation. In the case of the refractive index, is assumed 

that the interference effect is absent and that 𝑛2 ≫ 𝑘2; thus, approximation of refractive index is 

presented in the following equation82: 

                                                            𝑛 = |
1+𝑅2

1−𝑅2
|                                                                      (2.5) 

The extinction coefficient can be obtained using thickness of thin film, reflectance and 

transmittance ,as presented in the next equation82: 

                                                                 𝛼 =
1

𝑑
ln(

(1−𝑅)2

2𝑇
+ (

(1−𝑅)4

4𝑇4 + 𝑅2))0.5                                 (2.6)       

 

                                                      𝑘 =
𝛼𝜆

4𝜋
                                                        (2.7) 

UV-Vis spectrophotometer is a complex system including a source of light, detector, signal 

processor, optical system, beam splitting system and the integrating sphere. This tool is able to 

measure the reflection, transmission and absorbance of thin films in the range of 175-3300 nm. 

The measurement of transmittance and reflectance, the calculated refractive index, and the 

extinction coefficient are used for the calculation of generation rate in OPV for Chapters 3 and 4, 

and 5. 
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2.2.2 Ellipsometry Spectroscopy 

 

 
 

Figure 2.4 Schematic diagram of ellipsometry spectroscopic. 

 

 

Ellipsometry spectroscopy is a non-destructive technique that measures the optical characteristics 

of thin film using linearly polarized light. Ellipsometry spectroscopy can be used to determine 

optical properties such as optical band gap, transmission, refractive index, extinction coefficient, 

thickness, and dielectric properties in the energy range of 0.5 to 6 eV. Basically, by focusing 

linearly polarized light on the sample, the detector registers the change in the reflection of the 

linearly polarized light. The measured characteristics , as raw data, are: Ψ which denotes the ratio 

of the amplitude of p to s polarized reflected light, and Δ, which indicates the phase difference. In 

this context, p and s are polarized lights, refferring to the electric field vectors directed parallel and 

perpendicular to the plane of incidence, respectively. To gain the optical properties of materials, 

the raw data (Ψ, Δ) has to be fitted to certain optical models with numerical approximations. Before 

the measurements, the sample should be homogeneous and isotropic 83.  
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2.3 Electrical Characterization 

2.3.1 Van der Pauw Measurements  

 

The Van-der Pauw technique is used to determine the electrical characteristics of thin films such 

as charge carrier density, resistivity, conductivity, and Hall mobility. The four point probe position 

method is applied to the sample in order to measure the average resistivity.  

Resistivity Measurements 

Current is applied through two terminals on the sample, and the voltage drop is measured 

across the opposite two terminals, as shown in Figure 2.5. The series of eight voltage 

measurements (for different current flow directions and terminal pairs V1-V8) and the test current 

(I) are used to calculate the resistivity (ρ) based on the following equation 84: 

𝜌 =
𝜌1+𝜌2

2
=

𝜋𝑑

𝑙𝑛2
(𝑓1 [

𝑉1−𝑉2+𝑉3−𝑉4

4𝐼
] + 𝑓2 [

𝑉5−𝑉6+𝑉7−𝑉8

4𝐼
])   (2.8) 

Where ρ1 and ρ2 are volume resistivities, d is the sample thickness, V1-V8 represents the voltages 

measured by the voltmeter, I is the current through the sample, f1, and f2 are geometrical factors 

based on sample symmetry (f1 = f2 = 1 for perfect symmetry)  

. 

 

Figure 2.5.Van der Pauw configuration (, reproduced from 84). 

 

Hall Voltage Measurements 

With an applied magnetic field, the Hall voltage is measured using the I-V measurement 

configurations shown in Figure 2.6. 
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Figure 2.6 Hall voltage measurement configurations (, reproduced from 84). 

 

With a positive magnetic field (B) applied perpendicular to the sample, a current is passed between 

terminals 3 and 1 (I31pBp), and the voltage drop (V24pBp) between terminals 2 and 4 is measured. Then, 

the current is reversed (I31nBp), and the voltage drop (V24nBp) is measured again84. This process of 

reversing the current is used to eliminate offset voltage. Next, a current is applied from terminal 2 to 

terminal 4 (I24pBp), and the voltage drop (V13pBp) between terminals 1 and 3 is measured. The current is 

then reversed (I24nBp), and the voltage drop (V13nBp) is measured again. The magnetic field is reversed 

(Bn), and the measurements for voltage drops V24pBn, V24nBn, V13pBn, and V13nBn are repeated. From 

these eight Hall voltage measurements, the average Hall coefficient can be determined using the following 

formula: 

𝑅𝐻𝐶 =
𝑑

4𝐵𝐼
(𝑉24𝑝𝐵𝑝 − 𝑉24𝑛𝐵𝑝 + 𝑉24𝑛𝐵𝑛 − 𝑉24𝑝𝐵𝑛)  (2.9) 

𝑅𝐻𝐶 =
𝑑

4𝐵𝐼
(𝑉13𝑝𝐵𝑝 − 𝑉13𝑛𝐵𝑝 + 𝑉13𝑛𝐵𝑛 − 𝑉13𝑝𝐵𝑛)  (2.10) 

Where RHC and RHD are Hall coefficients, d is the sample thickness, B is the magnetic flux 

density, I is the current, and V represents the voltages84. 

Once RHC and RHD have been calculated, the average hall coefficient (RHAVG) can be 

determined as follows: 

𝑅𝐻𝐴𝑉𝐺 =
𝑅𝐻𝐶+𝑅𝐻𝐷

2
    (2.11) 

The carrier density was determined as follows: 

𝑛 = −
1

𝑞𝑅𝐻𝐴𝑉𝐺
     (2.12) 

 

2.3.2 Electrical Characterization  

 

In order to characterize the electrical performance of organic solar cells, they  are presented as the 

union of ideal electronic components. Figure 2.7 illustrates an electrical circuit consisting of a 

photocurrent source, diode, series resistance, and shunt resistance connected in parallel. The 
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photocurrent source generates  free charge carriers under illumination while the diode possesses 

the saturation current. The generated free charge carriers can be extracted or recombined. The total 

J-V characteristics of the device under illumination correspond to the sum of the dark current and 

the photocurrent in equilibrium: 

 

                                               𝐽(𝑉) = 𝐽0 [exp (
𝑞𝑉

𝑛𝑖𝑑𝑘𝑇
) − 1] − 𝐽𝑝ℎ(𝑉)                                                  (2.13) 

where 𝐽0- the dark saturation current density, 𝑛𝑖𝑑- the ideality factor determining the recombination 

mechanism in OSC, and 𝐽𝑝ℎ- photocurrent density, q—elementary charge, T—absolute 

temperature, and 𝑘𝐵—Boltzmann constant. It is important to highlight that the OSC device is not 

an ideal diode; therefore, series resistance and shunt resistance are included to represent the real 

OSC characteristics. Considering the series resistance, it takes into account the voltage drop in 

both the electrodes and the connecting cables. A device's shunt resistance gauges the amount of 

current leakage resulting from either material or energetic disorder. The following equation 

expresses the corrected Schockley diode equation for OSC 62: 

 

                                                        𝐽 = 𝐽0 exp [
𝑞/(𝑉0−𝐽𝑅𝑠)

𝑛𝑖𝑑𝑇𝑘𝐵
− 1] +

𝑉−𝐽𝑅𝑆

𝑅𝑠ℎ
− 𝐽𝑝ℎ                              (2.14) 

 

 
 

Figure 2.7 Equivalent circuit a of solar cell. 

 

2.3.3 J-V Charcateristics  

The J-V charcateristics of OSC are the sum of the diode performance in the dark mode with the 

light generated current. Under an applied bias, the potential difference generates the dark current 

in the device in the opposite direction to the photocurrent.  Figure 2.8 shows that the dark current 

is relatively small under reverse bias and increases under forward bias. The rectifying operation in 
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PV devices indicates the presence of an asymmetric junction in the device structure, which is 

responsible for separating charges62,70. The illumination causes the J-V curve to shift into the fourth 

quadrant, providing power extraction from the diode. 

 

 

 
 

Figure 2.8 J-V characteristics of solar cells under dark and light illumination.  

Typically, reverse and forward bias modes present different physical characteristics of solar cells. 

Reverse bias gathers the current through thermalization and leakage. When reverse bias is applied, 

electrons and holes flow in the opposite direction from the pn junction 62,70. Under forward bias, 

the current -voltage is characterized by an exponential function, and electrons and holes flow 

toward the pn junction to recombine 62,70.To characterize the operating conditions of solar cells, 

one can determine the figures of merit from Figure 2.8, which include short-circuit current, open 

circuit voltage, and fill factor.  Light-generated carriers are generated and extracted, which results 

in the short-circuit current under zero applied bias.  In an ideal solar cell with minimal resistive 

loss, the short-circuit current and the light-generated current are equivalent. Consequently, the 

short-circuit current represents the maximum current that can be extracted from the solar cell.The 

next parameter is the open circuit voltage which defines the electrical potential of the device. At 

the voltage condition  𝑉𝑂𝐶 , the illuminated device has no current flow because of  the application 
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of external bias. All photogenerated charge carriers are recombined  in solar cell and can not be 

extracted by electrodes under open circuit voltage conditions. Therefore, the current density of 

generated charge carrier is equal to the recombinaed current density as presented in equation 2.14: 

                                         𝐽𝑔𝑒𝑛 = 𝐽𝑟𝑒𝑐 = 𝑞𝑑𝑅                                                                     (2.15) 

The equation 2.16 presents the open circuit voltage identified using the saturation photocurrent 

with the generated photocurrent at open circuit voltage. It should be highlighted that the ideality 

factor is equal to 1 when bimolecular recombination dominates due to 𝐽𝑔𝑒𝑛( 𝑉𝑂𝐶)  ≫ 𝐽0.  

                                  𝑉𝑂𝐶 =
𝑛𝑖𝑑𝑘𝑇

𝑞
ln (

𝐽𝑔𝑒𝑛( 𝑉𝑂𝐶)

𝐽0
+ 1)                                                                        (2.16)            

 

The fill factor parameter is mostly affected by the probability of photogenerated charge carriers 

being collected and contributing to the photocurrent density. The Fill Factor parameter determines 

the field-dependence of the potocurrent density of device. Figure 2.8 illustrates the fill factor as 

the ratio between the purple and yellow rectangles. The fill factor is always less than 1. The 

following equation describes the fill factor62,70: 

                                                       FF =
PMP

VOCISC
                                                                   (2.17) 

Power conversion efficiency of OSC, which serves as a comparative parameter, is the main 

characteristic of solar cells. The ratio of the electrical output power density from the device to the 

electrical input power density under 1 sun determines the efficiency. The product of applied 

voltage and corresponding current density enables the calculation of the electrical output power 

density at each bias. Commonly, the efficiency of solar cells is defined as the multiplication of 

open-circuit voltage, short-circuit current, and fill factor over the incident power, as presented in 

the equation62,70. 

                                             𝑃𝐶𝐸(%) =
𝐹𝐹 𝑉𝑂𝐶𝐼𝑆𝐶

𝑃𝑖𝑛
                                                              (2.18) 
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2.3.4 External Quantum Efficiency  

 

The external quantum efficiency is the ratio of the incident photon flux to the electron flux in the 

external circuit and presents as a function of wavelength. The EQE is the result of light absorption 

by the blend of donor and acceptor, light absorbance by other functional layers in the device, and 

reflection at all interfaces. This process presents the complex interference pattern and electric field 

distribution in the device. To measure the EQE, the monochromatic light illuminates the device at 

a certain frequency and detects the photo-voltage signal with a lock-in amplifier while sweeping 

the wavelength 62,70. 

                                𝐸𝑄𝐸(𝜆) =
𝐼𝑆𝐶(𝜆)/𝑞

𝐼(𝜆)/ℎ𝑣
                                                                               (2.19) 

 

 
Figure 2.9 External quantum efficiency. 

 

2.3.5 Qualitative recombination  

 

The slope shows the relationship between 𝑉𝑂𝐶 and light intensity. Based on the relationship 𝑉𝑂𝐶 =

∂ kT/q ·  ln (I) , where k is the Boltzmann constant, T is the temperature, and q is the elementary 

charge, I data is used to figure out which recombination process is dominant 85. The one should 

perform this measurement by measuring the current-voltage (J-V) characteristics and adjusting the 

intensity of light using a set of neutral density filters. A slope of 1.0 kT/q is detected when the 

dominant recombination process is bimolecular 62,86. Interface traps produce a slope lower than 1.0 

kT/q, indicating the dominance of surface recombination. On the other hand, a slope greater than 
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1.0 kT/q indicates the dominance of trap-assisted recombination. In this thesis, the dominant 

recombination analysis is employed in Chapter 3 and 4 . 

 

 
 

Figure 2.10  𝑉𝑂𝐶 vs Light Intensity. 

 

 

2.4 Surface Recombination  

2.4.1 Introduction 

Reducing non-radiative recombination losses is still necessary to fully overcome the performance 

limiting factors in organic solar cells. Surface recombination, which is non-geminate 

recombination, makes this goal very hard to reach. But the discovery of the non-fullerene acceptor 

has slowed down bulk non-geminate recombination85,87–89. The nature of trap-assisted surface 

recombination is a trap generated by  in deep energy levels at the center of the energy band gap 90–

92. Surface recombination is a complicated process that involves certain characteristics of the active 

layer and transport layers. The doped and intrinsic nature of the active bulk-heterojunction layer 

is one of the poorly understood processes that define surface  trap-assisted recombination losses 

in OSCs.    

This chapter explains how surface recombination happens in both intrinsic and doped active layers, 

using the extended multi-mechanism recombination model that includes different recombination 

processes. The theoretical section explains the concept of intrinsic and the derivation of the 
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recombination rate. This work focuses on simulating how VOC changes at different light 

illumination for both intrinsic and doped active layers. It aims to identify the dominant  type of 

recombination based on the slope as an important parameter. The second part is dedicated to the 

application of an analytical model to the experimentally measured recombination current of the 

devices to determine the characteristic parameters : direct band-to-band recombination ( Langevin 

prefactor), recombination via a trap state within the band-gap (bulk trap cocentration ), and 

recombination acting at an interface or the surface of the active layer (surface trap density). 

2.4.2 Theoretical Part  

The band gap energy of active layer  can be illustrated as the difference between the HOMO 

(serving as 𝐸𝑣) and LUMO (serving as 𝐸𝑐) energy levels; and  the device is formed  when  active 

layer is placed between anode (A) and cathode (C) as shown in Figure 2.11a.  The Fermi level 

(𝐸𝑓0) is placed in the center of the band gap. The energy-band diagram at equilibrium in the dark 

is depicted in Figure 2.12b when contact has been formed between the active layer and the 

electrodes. The built-in potential is equal to the difference in the work functions of the anode and 

cathode.The Fermi level is split into quasi-Fermi levels, 𝐸𝐹𝑛 and 𝐸𝐹𝑝, when light illuminates on it. 

The difference between these levels determines the highest open circuit voltage (𝑉𝑂𝐶) that can be 

achieved for the structure of the device being studied under the given conditions. The intrinsic 

active layer implies the uniform electric field forming the linear potential distribution across the 

active layer. The doped active layer with certain doping contentration exhibit the linear distribution 

of the electric field within the depletion region adjacent to one of the electrodes forming the 

quadratic potential distribution (band banding). 
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Figure 2.11 (a) Bandgap scheme of the organic semiconductor between anode and cathode in 

disconnected condition, integrated into an entire structure at conditions (b) dark and (c) light. 

 

The derivation of the recombination rate equation for the doped active layer has been previously 

derived in the work 93. Here, the derivation of the recombination rate for doped and intrinsic active 

layers is presented for better understanding.In order to study the surface recombination dynamics, 

we investigate the bulk charge carrier concentration (equation 2.20-2.21) and the surface traps 

between the active layer and electrodes (equation 2.22-2.25). The intrinsic semiconductor is 

connected to the anode and cathode. The equilibrium concentration of charge carriers is denoted 

by the concentration of electrons n and holes p at the anode (A) and cathode (C), respectively. The 

equilibrium charge carrier concentration for the intrinsic active layer, which is made up of the 

anode and cathode electrodes with various work functions in the dark, is shown by the following 

equations: 

 

𝑛0 = 𝑁𝑐𝑒𝑥𝑝 (
𝐸𝑐−𝐸𝐹𝑜

𝑘𝑇
)     (2.20) 

𝑝0 = 𝑁𝑣𝑒𝑥𝑝 (
𝐸𝐹𝑜−𝐸𝑣

𝑘𝑇
)     (2.21) 

𝑛𝑆0(𝐴) = 𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝐹𝑜

𝑘𝑇
) 𝑒𝑥𝑝 (

𝑞𝑉𝑏𝑖

2𝑘𝑇
)   (2.22) 

𝑝𝑆0(𝐴) = 𝑁𝑣 𝑒𝑥𝑝 (−
𝐸𝐹𝑜−𝐸𝑣

𝑘𝑇
) 𝑒𝑥𝑝 (−

𝑞𝑉𝑏𝑖

2 𝑘𝑇
)   (2.23) 

𝑛𝑆0(𝐶) = 𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝐹𝑜

𝑘𝑇
) 𝑒𝑥𝑝 (

𝑞𝑉𝑏𝑖

2𝑘𝑇
)   (2.24) 

𝑝𝑆0(𝐶) = 𝑁𝑣𝑒𝑥𝑝 (−
𝐸𝐹𝑜−𝐸𝑣

𝑘𝑇
) 𝑒𝑥𝑝 (−

𝑞𝑉𝑏𝑖

2 𝑘𝑇
)   (2.25) 

where Nc and Nv are the effective density of states for electrons and holes, and Vbi is the built-

in voltage, EFo is the equilibrium Fermi energy. 

The intrinsic concentration of charge carriers, 𝑛𝑖, is equal to the product of the equilibrium 

concentrations of electrons and holes in the bulk, as shown by equation (2.27-2.28). 

𝑛𝑜𝑝𝑜 = 𝑛𝑖
2                 (2.26) 

𝑛𝑜 = 𝑝𝑜 = 𝑛𝑖      (2.27) 

𝑛𝑖
2 = √𝑁𝑐𝑁𝑣𝑒𝑥𝑝 (

𝐸𝑔

2𝑘𝑇
)     (2.28) 
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The equilibrium and non-equilibrium concentrations of free charge carriers under illumination in 

the bulk (Equation 2.29-2.30) and at the active layer interfaces (equation 2.31-2.34) can be 

characterized by the following equations: 

n = 𝑛0+∆𝑛=𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝐹𝑛

𝑘𝑇
)    (2.29) 

p = 𝑝0+∆𝑝=𝑁𝑉𝑒𝑥𝑝 (−
𝐸𝐹𝑝−𝐸𝑉

𝑘𝑇
)    (2.30) 

𝑛𝑆(𝐴) = 𝑛 𝑒𝑥𝑝 (
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)    (2.31) 

𝑝𝑆(𝐴) = 𝑝 𝑒𝑥𝑝 (−
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)    (2.32) 

𝑛𝑆(𝐶) = 𝑛 𝑒𝑥𝑝 (
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)     (2.33) 

𝑝𝑆(𝐶) = 𝑝 𝑒𝑥𝑝 (−
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)    (2.34) 

where EFp and EFn are the quasi-Fermi levels, Δp and Δn are the concentration of non-

equilibrium holes and electrons. 

The total amount of charge carriers at the anode and cathode when exposed to light are presented  

in equations (2.35-2.38): 

𝑛𝑆(𝐴) = 𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝐹𝑛

𝑘𝑇
) 𝑒𝑥𝑝 (−

𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)  (2.35) 

 𝑝𝑆(𝐴) = 𝑁𝑣𝑒𝑥𝑝 (−
𝐸𝐹𝑝−𝐸𝐶

𝑘𝑇
) 𝑒𝑥𝑝 (

𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)  (2.36) 

𝑛𝑆(𝐶) = 𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝐹𝑛

𝑘𝑇
) 𝑒𝑥𝑝 (

𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)  (2.37) 

𝑝𝑆(𝐶) = 𝑁𝑣𝑒𝑥𝑝 (−
𝐸𝐹𝑝−𝐸𝑉

𝑘𝑇
) 𝑒𝑥𝑝 (−

𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)  (2.38) 

The product of the electron and hole concentrations under illumination is described by equation 

2.39: 

𝑛𝑝 = 𝑛𝑠𝑝𝑠 = 𝑛𝑖
2𝑒𝑥𝑝 (

𝑞𝑉𝑂𝐶

𝑘𝑇
)    (2.39) 

The recombination mechanism through localized interface traps can be estimated using the 

Shockley-Read-Hall theory (SRH)92. The following equation represents the net recombination rate 

through interface traps of density Nts per unit area, which create a single localized energy level Ets 

within the bandgap: 

 

 𝑈𝑠 = −
𝑑𝑛𝑠

𝑑𝑡
= −

𝐶𝑛𝐶𝑝𝑁𝑡𝑠(𝑛𝑠𝑝𝑠−𝑛1
2)

𝐶𝑛(𝑛𝑠+𝑛1)+𝐶𝑝(𝑝𝑠+𝑝1)
   (2.40) 
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where Cn and Cp denote the capture coefficients of electrons and holes, Nts density of interface 

states per unit area. 

According to SRH theory, deep energy levels that serve as efficient recombination sites and are 

located around the mid-gap (𝐸𝑡𝑠=𝐸𝑖) are considered. In contrast to recombination, the probability 

of de-trapping charge carriers from shallow energy levels is higher, and they function as charge 

traps without significantly increasing recombination losses. 

 

𝑛1 = 𝑁𝑐𝑒𝑥𝑝 (−
𝐸𝑐−𝐸𝑡𝑠

𝑘𝑇
) = 𝑛𝑖𝑒𝑥𝑝 (

𝐸𝑡𝑠−𝐸𝑖

𝑘𝑇
)   (2.41) 

𝑝1 = 𝑁𝑣𝑒𝑥𝑝 (
𝐸𝑣−𝐸𝑡𝑠

𝑘𝑇
) = 𝑛𝑖𝑒𝑥𝑝 (

𝐸𝑖−𝐸𝑡𝑠

𝑘𝑇
)   (2.42) 

Considering equation (2.41), equation (2.42) was rebuilt. 

𝑈𝑠 = −
𝐶𝑛𝐶𝑝𝑁𝑡𝑠(𝑛0 + 𝑝0+∆𝑛)∆𝑛

𝐶𝑛(𝑛𝑠+𝑛𝑖)+𝐶𝑝(𝑝𝑠+𝑝𝑖)
    (2.43) 

 

Under conditions of high excitation where (∆𝑛 =Δp>>𝑛0 ,𝑝0), usually observed in organic BHJ 

solar cells even at relatively low illumination intensities, and assuming a deep localized energy 

level (𝐸𝑡𝑠=𝐸𝑖) with (∆𝑛 >> 𝑛𝑖, 𝑝𝑖, as well as surface recombination centers at the electron selective 

electrode (the ZnO/active layer interface in our study). Consequently, Equation (2.43) can be 

reformulated accordingly. Equations (2.44-2.47) present  the total concentration of charge carriers 

next to each interface between the active layer and the electrodes: 

𝑛𝑆(𝐶) = ∆𝑛 𝑒𝑥𝑝 (
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)     (2.44) 

𝑝𝑆(𝐶) = ∆𝑛 𝑒𝑥𝑝 (− 
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)    (2.45) 

𝑛𝑆(𝐴) = ∆𝑛 𝑒𝑥𝑝 (
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)    (2.46) 

𝑝𝑆(𝐴) = ∆𝑛 𝑒𝑥𝑝 (− 
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)    (2.47) 

Taking into account the assumptions, equation (2.43) can be modified as follows for each of 

the  interfaces: 

 𝑢𝑠(𝐶) = −
𝐶𝑝𝑁𝑡𝑠

𝐶 ∆𝑛

𝑒𝑥𝑝(
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)
     (2.48) 

𝑢𝑠(𝐴) = −
𝐶𝑛𝑁𝑡𝑠

𝐴 ∆𝑛

𝑒𝑥𝑝(
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)
     (2.49) 
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𝐶𝑛 =
𝑞

𝜀𝜀0
𝜇𝑛                 (2.50) 

𝐶𝑝 =
𝑞

𝜀𝜀0
𝜇𝑝                 (2.51) 

In this context, ∆𝑛 should be changed with n due to the consideration of a high degree of excitation. 

The following equations (2.52-2.53) are obtained by normalizing to the active layer thickness L in 

order to consider the presenting model in the scope of the total recombination losses: 

𝑈𝑆(𝐶) = −
𝑢𝑠(𝐶)

𝐿
= −

𝑞

𝜀𝜀0
𝜇𝑝  

𝑁𝑡𝑠
𝐶 𝑛

𝐿  𝑒𝑥𝑝(
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)
   (2.52) 

𝑈𝑆(𝐴) = −
𝑢𝑠(𝐴)

𝐿
= −

𝑞

𝜀𝜀0
𝜇𝑛  

𝑁𝑡𝑠
𝐴 𝑛

𝐿  𝑒𝑥𝑝(
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)
   (2.53) 

The surface recombination rate can be further simplified by using the each charge carrier mobilities 

(μn, μp) with an effective mobility μef. Various definitions have been utilized for effective mobility 

in the literature94. In this study, the effective charge carrier mobility is presented as  μeff = μn = μp, 

resulting in: 

𝑈𝑠(𝐶) = −
𝑞

𝜀𝜀0
𝜇𝑒𝑓𝑓  

𝑁𝑡𝑠
𝐶 𝑛

𝐿  𝑒𝑥𝑝(
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)
     (2.54) 

  𝑈𝑠(𝐴) = −
𝑞

𝜀𝜀0
𝜇𝑒𝑓𝑓  

𝑁𝑡𝑠
𝐴 𝑛

𝐿  𝑒𝑥𝑝(
𝑞(𝑉𝑏𝑖−𝑉𝑂𝐶)

2 𝑘𝑇
)
    (2.55) 

The open-circuit voltage (VOC) can be replaced by the applied bias (V) to characterize the voltage-

dependent recombination rate, which is influenced by the exponential decline of the surface 

recombination rate as forward bias decreases. Equation (2.56-2.57) establish the total net 

recombination losses in organic solar cells, including bimolecular, bulk, and surface trap-assisted 

recombination processes for an intrinsic active layer with one interface at either the cathode or 

anode electrode. 

 

𝑑𝑛

𝑑𝑡
= −

𝑞

𝜀𝜀0
𝜉(𝜇𝑒𝑓𝑓)𝑛2 −

𝑞𝜇𝑒𝑓𝑓𝑁𝑡

𝜀𝜀0
𝑛 −

𝑞𝜇𝑒𝑓𝑓𝑁𝑡𝑠

𝜀𝜀0𝐿
𝑒𝑥𝑝 [−

𝑞(𝑉𝑏𝑖−𝑉𝑐𝑜𝑟)

2𝑘𝑇
] 𝑛  (2.56)    intrinsic 

𝑑𝑛

𝑑𝑡
= −

𝑞

𝜀𝜀0
𝜉(𝜇𝑒𝑓𝑓)𝑛2 −

𝑞𝜇𝑒𝑓𝑓𝑁𝑡

𝜀𝜀0
𝑛 −

𝑞𝜇𝑒𝑓𝑓𝑁𝑡𝑠

𝜀𝜀0𝐿
𝑒𝑥𝑝 [−

𝑞(𝑉𝑏𝑖−𝑉𝑐𝑜𝑟)

𝑘𝑇
] 𝑛.  (2.57)     doped 

 

A semi-empirical method is applied to obtain quantitative results on the recombination process by 

fitting the recombination current to the charge carrier density and the effective mobility of charge 

carrier obtained from impedance spectroscopy and the experimental recombination current 
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measured using J-V measurements. This model considers bimolecular, bulk, and trap-assisted 

recombination processes 93,95,96. The experimental recombination current is derived from the J-V 

characteristics, using  𝐽𝑝ℎ (photocurrent density), 𝐽𝑙 (current density under light), 𝐽𝑑𝑎𝑟𝑘 (current 

density in darkness), and 𝐽𝑝ℎ,𝑠𝑎𝑡 (saturated photocurrent at -2 V).  

 

                                                         𝐽𝑝ℎ = 𝐽𝑙−𝐽𝑑𝑎𝑟𝑘                                                 (2.58) 

                                                       𝐽𝑟𝑒𝑐 = 𝐽𝑝ℎ,𝑠𝑎𝑡 − 𝐽𝑝ℎ                                            (2.59) 

 

The recombination current density is the superposition of bimolecular, bulk, and surface trap-

assisted recombination’s, as expressed in the following equation 93:  

 

                                𝐽𝑟𝑒𝑐,𝑠𝑢𝑚 = 𝐽𝑟𝑒𝑐,𝑏𝑚 + 𝐽𝑟𝑒𝑐,𝑏𝑢𝑙𝑘+𝐽𝑟𝑒𝑐,𝑠𝑢𝑟𝑓.                    (2.60) 

 

The contribution of the bimolecular recombination current density to the total recombination 

current density can be expressed by the following equation: 

 

                          𝐽𝑟𝑒𝑐,𝑏𝑚=
𝑞2𝐿

𝜀0𝜀𝑟
𝜉(𝜇𝑛+𝜇𝑝)𝑛2,                                (2.61) 

where ξ represents the dimensionless Langevin prefactor, n denotes the charge carrier density, and 

µn and µp indicate the effective motilities of electrons and holes, respectively.  

Equation 2.62 denotes the contribution of bulk trap-assisted recombination, with Nbt representing 

the bulk trap density within the active layer. 

 

                                                               𝐽𝑟𝑒𝑐,𝑏𝑢𝑙𝑘=
𝑞2𝐿

𝜀0𝜀𝑟
 𝜇𝑛𝑁𝑏𝑡𝑛.                     (2.62) 

The surface trap-assisted recombination current density for intrinsic and doped active layers are 

represented in two different equations, namely 2.63 for the doped and 2.64 for the intrinsic case, 

respectively: 

                                                    𝐽𝑟𝑒𝑐,𝑠𝑢𝑟𝑓,𝑑𝑜𝑝𝑒𝑑 =
𝑞2

𝜀0𝜀𝑟

𝜇𝑝𝑁𝑠𝑡𝑛

𝑒𝑥𝑝
𝑞(𝑉𝑏𝑖−𝑉𝑐𝑜𝑟)

𝑘𝑇

,    (2.63) 

                                                 𝐽𝑟𝑒𝑐,𝑠𝑢𝑟𝑓,𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 =
𝑞2

𝜀0𝜀𝑟

𝜇𝑝𝑁𝑠𝑡𝑛

𝑒𝑥𝑝
𝑞(𝑉𝑏𝑖−𝑉𝑐𝑜𝑟)

2 𝑘𝑇

.    (2.64)     
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2.4.3 Simulation part 

 

To probe the contrast between intrinsic and doped active layers, a well-known NFA Y6 with donor 

PM6 was used as the active layer 97–100. To simulate the dependence of open circuit voltage on 

light intensity considered the types of active layer as doped and intrinsic, the excition generation 

rate is determined. The transfer matrix method calculates the distribution of the optical field within  

the certain device configuration 101,102. The code of TMM software is available for free 101,102.  It is 

known that extinction coefficient yields the ability of each layer to absorb the light with certain 

wavelengths. Since the device consists of multiple layers with different refraction and transmission 

properties, the proportion of reflected and transmitted light at every junction is influenced by the 

variation in the refractive index n(λ) of the surrounding layers. The device configuration in 

conjunction with refractive index and absorption coefficients measured experimentally served as 

input parameters presented in Figures 2.12a and b. Another functional layer’s optical properties 

are obtained from literature103–105. The schematic illustration of the inverted device structure 

Glass/ITO/ZnO/PM6:Y6/MoOx/Ag is shown in Figure 2.12b. The generation rate as a function 

of wavelength and position inside the active layer G(x,λ) is simulated for the PM6:Y6 active layer 

and presented in a contour plot in Figure 2.12c. The wavelength-integrated generation rate in the 

active layer G(x), with x representing the distance from the anode, is illustrated in Figure 2.12d. 
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Figure 2.12. (a) Optical properties of PM6:Y6 blend and (b) inverted OSC architecture  

(c)  Generation rate in 2D plot as a function of wavelength and thickness and d) Generation rate  

of the PM6:Y6 as a function of thikness within the device structure. 

 
Table 2.1. Parameters of PM6:Y6 active layer. 

Parameter PM6:Y6 

Energy Bandgap E 1.0 eV 

Dielectric constant ε 3 

Built-in voltage Vbi 0.9 V 

Thickness L 100 nm 

Effective mobility µeff 5 · 10-5 cm2V-1s-1 

Geminate recombination prefactor Pg 0.95 

Effective density of states Nc 2.5 · 1019 cm-3 

Temperature T 298 K 

 

To determine the dominant recombination mechanism using the 𝑉𝑜𝑐 vs. lnI method, the slope is 

expected to be the following: s = 1.0 kT/q for bimolecular recombination, s > 1.0 kT/q for bulk 
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trap-assisted recombination, and s < 1.0 kT/q for surface trap-assisted recombination97 62,85,106. 

Table 1 provides the  considered parameters of the PM6:Y6 active layer that was used to simulate 

the 𝑉𝑜𝑐 using the presented recombination model. In this example, we separated the 𝑉𝑜𝑐 vs. lnI 

analysis into two scenarios: first,  considering surface trap-assisted in conjuction with bimolecular 

recombination, and second, considering the multi-mechanism recombination model that included 

surface trap-assisted, bulk, and bimolecular recombination.  

 

The 𝑉𝑜𝑐 dependency on light intensity for intrinsic and doped active layers, including bulk trap-

assisted recombination and without, shown in Figure2.13 a and b, respectively.  The slope (s) as 

a function of the density of surface traps was calculated for doped and intrinsic, considering only 

surface and bimolecular recombination, and another case takes into account all three types of 

considered recombination as shown in Figures 2.13c and d. Considering only surface and 

bimolecular recombination, the slope of  doped active layer is reduced with increasing surface trap 

density.  The slope of  intrinsic active layer remain constant  with s = 1.0 kT/ q at the increasing 

surface trap density.   

In the case of the second scenario, which considers all components of non-geminate 

recombination, the slope of the doped model yields a modest reduction within the density range of 

the surface trap 1010 - 1014 𝑐𝑚−2, reaching 0.75 kT/q, indicating surface trap-assisted 

recombination dominance.The slope of the intrinsic active layer dropped smoothly compared to 

the doped active layer, reaching a slope of 1.0 kT/q. It remained the fixed in the range of surface 

trap density 1013 - 1014𝑐𝑚−2. Based on the results of simulation, we can suggest inadvertent doping 

of the active layer when the measured slope of the intrinsic model is below 1.0 kT/q.  Despite the 

presence of the intrinsic model, slopes exhibiting less than 1 kT/q may still result the improper 

energy level alignment at the imperfectly optimized electrodes; thus, it is crucial to acknowledge 

the necessity of optimized electrodes 107–110.  

Figures 2.13e and f show the open circuit voltage as a function of  density of surface trap for 

different value of reduction factor 𝜉= 1, 0.1, 0.01, 0.001 considered the intrinsic and doped models. The 

open circuit voltage of intrinsic model  reduced rapidly when increasin the density of surface 

trap  compared to doped model. The bulk trap-assisted recombination has no impact on open 

circuit voltage for both intrins and doped models.  
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Figure 2.13. (a) and (b) Dependence of VOC on the various light intensities at various concentration 

of surface. (c) and (d) Slope as a function of surface trap concentration.  (e) and (f) Open circuit 

voltage (VOC) in dependence of the density of surface traps Nst simulated at different values of the 

reduction factor ξ: 1, 0.1, 0.01, 0.001. 

Additionally, we analyzed the slope dependent on the high-density surface traps for the intrinsic 

and doped models shown in Figure 2.14. The intrinsic model's slope showed a value of 1 kT/q at 

the extreme surface trap density 1015 to  1018  𝑐𝑚−2 , which was defined as a very high density of 

surface traps. 
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Figure 2.14 Slope as a function of the density of surface traps at the high values (a) without bulk 

traps and (b) with bulk traps. 

 

2.4.4 Experimental part 

To  apply the models as intrinsic and doped, the devices with three different blends were fabricated. 

These examples contain devices using active layer  of donor mixed with different donor COTIC-

4F ITIC-4F O-IDTBR. Figure 2.15 represents the chemical structure of the non-fullerene aceptors 

(ITIC4F, COTIC-4F, and O-IDTBR) and donor (PTB7-Th), device architecture of OSC and  

energy bangap scheme. Organic solar cells with different active layers were fabricated  in the 

following : ITO/ZnO/BHJ/MoO3/Ag .  
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Figure 2.15 (a) Chemical structures of the non-fullerene acceptors O-IDTBR, and ITIC-4F,  

COTIC-4F, and the donor polymer PTB7-Th and. (b) Inverted device architecture, (c) Bandgap 

scheme illustrating the corresponding layers of the examined organic solar cells (OSCs). 

 

Figure 2.16 Current-Voltage measurements of the different OSCs under 1-sun. 

Table 2.2 Photovoiltaic performance of  OSCs under 1-sun.  
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D:A active layer FF (%) VOC (V) 
JSC 

(mA/cm2) 
PCE (%) 

PTB7-Th:COTIC-4F 57±1.9 0.54±0.007 25.37±0.79 7.76±0.3 

PTB7-Th:O-IDTBR 61±1.19 0.95±0.006 16.07±0.36 9.21±0.13 

PTB7-Th:ITIC-4F 55±2.1 0.64±0.01 18.79±0.58 6.48±0.23 

 

The devices are fabricated with an identical transport layer and electrodes, using the donor material 

PTB7-Th with multiple acceptors with differing band gaps, including the small molecule O-

IDTBR, the narrow energy band gap ITIC-4F, and the ultralow energy band gap COTIC-4F. The 

current density-voltage (J-V) characteristics of PTB7-Th using different acceptor devices are 

shown in Figure 2.16, and the statistical data is provided in Table 2, based on 10 devices. The 

inverted devices using PTB7-Th:O-IDTBR show a maximum power conversion efficiency (PCE) 

of 9.21%, due to a high open circuit voltage (𝑉𝑂𝐶) of 0.95, a short-circuit current density (JSC) of 

16.07 mA/cm², and a fill factor (FF) of 61%. Devices with a small acceptor band gap ITIC-4F 

exhibited significantly lower fill factor FF (55%) and open-circuit voltage (𝑉𝑂𝐶) at 0.64 V, 

resulting in a dropped average power conversion efficiency (PCE) of 6.48%. A notable decrease 

in open circuit voltage 𝑉𝑂𝐶is detected when the ultralow bandgap acceptor COTIC-4F is used. The 

devices using COTIC-4F exhibited the lowest open circuit voltage (𝑉𝑂𝐶) of 0.54 V and the 

maximum short circuit current density (JSC) of 25.37 mA/cm², resulting in a power conversion 

efficiency (PCE) of 7.76%. 

The charge carrier recombination dynamic is investigated in this chapter. In order to determine the 

dominant recombination process in organic solar cells, we analyze how the 𝑉𝑂𝐶 value depends on 

the light intensity (𝑉𝑂𝐶 versus ln[I]). The slopes of studied devices are shown in Figure 2.17.The 

devices with PTB7-Th:O-IDTBR and PTB7-Th:COTIC-4F blends have slope values larger than 1 

kT/q, indicating that the dominant  charge carrier recombination is Shockley-Read-Hall (SRH) 

recombination via deep trap states96,110. The slope of PTB7-Th:ITIC-4F blend devices is 1.09 kT/q, 

which is identified as bimolecular recombination loss.  
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Figure 2.17 Open circuit voltage (Voc)  in dependence on of the light intensity of OSCs with 

different blends. 

To investigate the recombination dynamic, the impedance spectroscopy in conjuction with J-V 

measurements were used. Figure 2.18 demonstrates the concentration of charge carriers  and 

effective mobility within the active layer as a function of applied voltage. The effective mobility 

of PTB7-Th:COTIC-4F blend showed lower value to one magnitude comparing to other blends. 

Related to charge carrier density, all three blend revealed the similar charge carrier density along 

the applied voltage.  

 

Figure 2.18 (a) Concentration of charge carrier and (b) effective mobility of OSCs with 

blends:PTB7-Th:O-IDTBR, PTB7-Th:ITIC-4F, and PTB7-Th:COTIC-4F.  
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The multi-mechanism recombination model was then used to fit the measured recombination 

current density (𝐽𝑟𝑒𝑐,𝑒𝑥𝑝) for intrinsic and doped models  under 1-sun. Figure 2.18 demonstrates 

the current density (J) dependence on applied bias fitted with the results of the simulated current 

density. The recombination characteristic variables as  ξ, 𝑁𝑏𝑡, and 𝑁𝑠𝑡 were used to correctly  fit  

the measured  𝐽𝑟𝑒𝑐,𝑒𝑥𝑝 with the simulated recombination current (𝐽𝑟𝑒𝑐,𝑠𝑢𝑚).  

 

 

Figure 2.19 Fitting the simulated recombination current densities with experimentally measured.  
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Figure 2.20 The quantity components of the recombination current density . 

The reduction factor in the blend with donor PTB7-Th and acceptor ITIC-4F for intrinsic and 

doped models, derived from the fitting of recombination current, yields a superior value of 

reduction factor of  ξ = 0.06 compared to other active layers ξ = 0.0082 and ξ = 0.01, as depicted 

in Figure 2.21a. Bimolecular recombination losses can be responsible for the moderate fill factor 

(FF) of  55 % with acceptor ITIC-4F, in comparison with acceptors O-IDTBR  with FF of 61 % 

and  COTIC-4F  with FF of  57 % which exhibit lower reduction factors of ξ = 0.0082 and ξ = 

0.01, respectively, resulting in reduced bimolecular recombination losses77,111,112. The study of the 

bimolecular recombination for all blends reveals an insignificant distinction between the 

considered cases:doped and intrinsic models.  
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The 𝑁𝑏𝑡 of considered active layers remained unchanged in the cases as intrinsic and doped active 

layers (see Figure2.21b). Different blends with intrinsic and doped active layers differ mainly in 

the density of surface traps. Surface trap concentrations are significantly higher in the doped active 

layer cases in all considered active layers than in the intrinsic active layer model (see Figure2.21c). 

 

 

Figure 2.21 The identified recombination parameters (a) the reduction factor (ξ), (b) bulk trap 

density Nbt, and (c) surface trap density Nst . 

2.4.5 Conclusion  

The  extended multi-mechanism recombination model to quantify surface recombination dynamics 

in the intrinsic and doped active layer was used to simulate one of the key parameter 𝑉𝑂𝐶 in 

dependence of light illumination. The slope, which is based on 𝑉𝑂𝐶 dependence on natural 

logarimph light illumination, presented as the function of surface trap concentration. Interestingly, 

surface trap–assisted recombination impact insignificantly based on the simulation of the intrinsic 

active layer's slope from the widely investigated  𝑉𝑂𝐶 vs. lnI plots. In contrast, doped active layer 

is influenced hugely by surface trap-assisted recombination showing the different impact on the 

𝑉𝑂𝐶 then the intrinsic active layer. Importantly, those findings conclude unintentional doping of 

the active layer if the slope of intrinsic active layer  achives value less than 1kT/q  yet it works at 

the extreme values of the surface trap density. Based on the impedance spectroscopy 

measurements of OSC with different active layer, doped active layer possess significantly higher 

surface trap density compared to intrinsic. Our results demonstrate the essential importance of 

correctly characterizing and understanding recombination losses contributed by surface traps.  
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2.4.6 Experimental section  

Device Fabrication 

The organic devices were fabricated using the inverted device structure: ITO/ZnO/BHJ/MoO3/Ag. 

The ITO-coated glass substrates were successively cleaned by ultrasonication with detergent, 

acetone, and isopropyl alcohol for 15 minutes. A zinc oxide solution was prepared by mixing 

diethyl zinc and THF in a 1:2 (v/v) ratio. Then, the ZnO film was deposited using a spin-coating 

technique at 4000 rpm for 15 seconds and annealed at 150 °C for 30 minutes. The blend solutions 

(20 mg/mL) of PTB7-Th:ITIC-4F (1:1.5 ratio, in CB with 1 vol% DIO), PTB7-Th:COTIC-4F 

(1:1.5 ratio, in CB with 2 vol% CN) and PTB7-Th:O-IDTBR (1:2 ratio, in CB with 2 vol% CN) 

were deposited under inert N2 atmosphere by spin-coating at 2000 rpm. The top electrode was then 

deposited by thermal evaporation of molybdenum (VI) oxide and silver. The device's active area 

was 0.1 cm2. 

Characterization 

J-V curves were recorded with a Semiconductor Device Analyzer (B1500A, Keysight) 

paired with an Oriel 3A solar simulator, operating at an intensity of 100 mW/cm². 

Impedande measurements were carried out using an impedance analyzer (SI1260, Solartron). 

 

 

2.5 Impedance Spectroscopy  

 

Impedance spectroscopy is a nondestructive technique utilized to determine the physical and 

chemical characteristics of materials, interfaces, and multijunction devices, dependent on applied 

voltage, light and temperature. In an impedance measurement, the device's response to a time-

varying electric field is detected, measuring the ratio of electrical energy stored to that dissipated 

by the sample, with the relaxation time scale as a function of frequency113. In impedance 

spectroscopy, the input signal is an alternating voltage (𝑉𝐴𝐶). The mechanisms of 𝑉𝐴𝐶 and 

relaxation processes, including lattice distortions, electrode polarization, dipole rearrangement, 

electrical and ionic conduction, are progressively studied by altering the frequency of 𝑉𝐴𝐶 and 

monitoring the alternating current response 𝐼𝐴𝐶
113. To study the resistive and capacitive properties 

of solid-state devices, the impedance spectra measurements are performed in the frequency range 



45 
 

from subhertz to megahertz. Impedance spectroscopy is beneficial for analyzing electrical and 

ionic conduction, as well as "slow" (microseconds to seconds) charge transfer behaviors at material 

surfaces113. 

In this thesis, impedance spectroscopy is used to examine the electrical process specifically 

quantitatively defines the extracted charge carrier density in solar cells, providing insight into non-

geminate recombination loss88. The equivalent circuit enables the analysis of the impedance 

response of multilayer devices by characterizing it through a combination of ideal capacitors, 

resistors, inductors, and non-ideal components. An equivalent circuit scheme used for 

investigation of organic solar cells is presented in Figure 2.1188–90.This circuit consist of an ideal 

diode, chemical and geometrical capacitance, a shunt resistance 𝑅𝑠ℎ, and a source of photo-

generated charge carriers 𝐽𝑝ℎ in parallel as well as a series resistance 𝑅𝑠. A recombination 

resistances connected parallel to the shunt resistance which takes into account different 

recombination processes as bimolecular, bulk trap-assisted and surface trap-assisted  as shown in 

the circuit scheme in Figure 2.11. Additionally, the circuit has element called inductance 

describing the parasitic inductance originated from connections in the device 91.  

 

 
Figure 2.22 Equivalent circuit scheme with non-geminate recombination resistance.  

 

2.5.1 Theory  of Impedance Spectroscopy  

The impedance spectroscopy measures the transient current under electrical or optical 

perturbation. Technically, a small-amplitude perturbations in form of a AC-voltage 𝑉𝐴𝐶 at various 

applied biases 𝑉𝐷𝐶 are applied to the device under dark and light illumination. Firstly, a sinusoidal 

voltage is applied to the solar cells 91 : 

                                                            𝑉(𝑡) = 𝑉0𝑐𝑜𝑠(𝜔𝑡)                                                      (2.65)       



46 
 

generating a response current, 

                                                           𝐼(𝑡) = 𝐼0𝑐𝑜𝑠(𝜔𝑡 − 𝜑)                                                  (2.66) 

where 𝑉0 and 𝐼0 are the voltage and current amplitudes, ω is the angular frequency, and 𝜔 is the 

phase shift between the voltage and current signals. 

A complex resistance, known as impedance, is defined in frequency-dependent ratio of the voltage 

and current using Euler’s transformation 91: 

 

                               𝑍 =
𝑉0

𝐼0
𝑒𝑖𝜑 = 𝑍0𝑐𝑜𝑠𝜑 + 𝑖𝑍0𝑠𝑖𝑛𝜑 = 𝑍′ + 𝑖𝑍′′                                                 (2.67) 

 

where 𝑍0 is the impedance amplitude and 𝑍′ and 𝑍′′ are the resistance (active part) and reactance 

(imaginary part) of the circuit. 

Nyquist plot shows the relationship of the imaginary and active parts of the impedance as shown 

in Figure 2.12. Each point on the Nyquist plot of an ideal parallel linked R-C circuit corresponds 

to a certain frequency; the plot’s fashion is a semicircle 91.  

 

 

 

Figure 2.23 Example of Nyquist plot of OSC. 

 

The method below allows one to distinguish the capacitance contribution from the active layer, 

transport layer, and electrodes, thereby probing the charge carrier density in solar cells. The 

transformation method from capacitance to charge carrier necessitates consideration of operating 

conditions, certain assumptions, and necessary corrections, which we will discuss below. We 
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measure the devices' impedance under both dark and illuminated conditions, varying the frequency 

and bias accordingly. The applied bias as an input voltage to the device are started from 

approximately -3 V or -2 V and reach the open circuit voltage (𝑉𝑂𝐶). Additional correction to the 

capacitance must be taken into account including the effect of series resistance and parasitic 

inductance in the circuit. Impedance, inductance, and series resistance are used to determine the 

corrected capacitance presented in the equation 2.23 91:   

 

                                    𝐶𝜇 = −
1

𝜔

𝑍"−𝜔𝐿𝑖𝑛𝑑

(𝑍′−𝑅𝑠)2+(𝑍"−𝜔𝐿𝑖𝑛𝑑)2                                                                  (2.68) 

The series resistance is influential parameters specifically in the considered range of frequency 

while the inductance is accounted for the parasitic inductance of the connecting cables.  

 

 

Figure 2.24 The corrected capacitance of OSC under dark condition at different bias from -2 V to 

0.79 V. 

The corrected capacitance of organic solar cells can be classified as either frequency-dependent or 

frequency-independent. The chemical capacitance in frequency-dependent conditions is generated 

from free charge carriers. The frequency-independent capacitance is derived from the Maxwell 

displacement current, which can be classified as either voltage-independent, referred to as 

geometrical capacitance, or voltage-dependent, determined by the capacitance of a space charge 

area95. 
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                                                        𝐶𝑐𝑜𝑟 = 𝐶𝑖𝑛 + 𝐶𝑀                                                            (2.69) 

                                                         𝐶𝑖𝑛 = 𝑞𝐴𝐿
𝑑𝑛

𝑑𝑉𝑐𝑜𝑟
∞𝐺                                                      (2.70) 

                                                      𝐶𝑀 =
𝜀𝜀0𝐴

𝑊
= 𝐴√

𝜀𝜀0𝑞𝑁

2(𝑉𝑏𝑖−𝑉𝑐𝑜𝑟
                                                (2.71) 

 

The geometrical capacitance consist of characteristics of device as thickness, area and dielectric 

constant of active layer as shown in equation 114 : 

 

                                                         𝐶𝑔 =
𝜀𝑟𝜀0𝐴

𝐿
                                                                    (2.72) 

 

here 𝜀0 is the vacuum permittivity and 𝜀𝑟 is the dielectric constant of the active layer. 

To date the charge carrier density, one should consider the total charge carrier consisting of the 

voltage independent from saturated capacitance (Equation 2.28 ) and voltage dependent defined 

from chemical capacitance (equation) 115. 

 

                                       𝐶𝑠𝑎𝑡 = 𝐶𝑙𝑖𝑔ℎ𝑡 − 𝐶 𝑔                                                                                 (2.73) 

                                  𝐶𝜇(𝑉𝑐𝑜𝑟) = 𝐶𝑙𝑖𝑔ℎ𝑡(𝑉𝑐𝑜𝑟) − 𝐶 𝑔                                                                          (2.74) 

 

The total charge carrier density equation is presented in the next equation: 

 

                                   𝑛𝑡𝑜𝑡(𝑉) = 𝑛𝑠𝑎𝑡 + 𝑛𝑒𝑥𝑐(𝑉)                                                                    (2.75) 

                                    𝑛𝑒𝑥𝑐(𝑉𝑐𝑜𝑟) =
1

𝑞𝐴𝐿
∫ 𝐶𝜇𝑑𝑉𝑐𝑜𝑟

𝑉𝑂𝐶

𝑉𝑠𝑎𝑡
                                                                (2.76) 

 

The boundary conditions of chemical capacitance should be identified correctly. The upper 

boundary condition is the open circuit voltage under the conditions with the highest background 

illumination. The lower boundary condition is measured at the reverse bias and can be referred to 

as saturation voltage. Due to series resistance the applied voltage is undergo to the loss and the 

correction is made as 𝑉𝑐𝑜𝑟 = 𝑉𝐷𝐶 − 𝐽𝑅𝑠.  

The next part of charge carrier is obtained from voltage independent capacitance which is saturated 

capacitance calculated from the difference under dark and light mode of the saturated voltage.  
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                                          𝐶𝑠𝑎𝑡 =𝐶𝑙𝑖𝑔ℎ𝑡(𝑉𝑠𝑎𝑡)-𝐶𝑑𝑎𝑟𝑘 (𝑉𝑠𝑎𝑡)                                               (2.77) 

The result integration of the saturated charge carrier density is presented in equation:  

                                      𝑛𝑠𝑎𝑡 =
𝐶𝑠𝑎𝑡

𝑞𝐴𝐿
× (𝑉0 − 𝑉𝑠𝑎𝑡)                                                           (2.78) 

where 𝑉0 - the built in voltage.  

 

The effective mobility is calculated using the charge carrier density and current density in the 

following formula114:  

 

                               𝜇𝑒𝑓𝑓 =
𝐽(𝑉𝑐𝑜𝑟) 𝑑

2𝑞𝑛(𝑉𝑐𝑜𝑟)[𝑉𝑐𝑜𝑟−𝑉𝑜𝑐]
                                                                       (2.79) 

where d- thickness of the active layer and q is the elementary charge carrier, 𝐽(𝑉𝑐𝑜𝑟)- the measured 

current density in dependence of the corrected voltage. The parameters as charge carrier density 

and the effective mobility allow to calculate the recombination currents associated with 

bimolecular, trap-assisted including surface and bulk traps.  
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2.6 Proton Accelerator  

2.6.1 INURA pulsed high-current proton/electron accelerator 

 

 

 

 

Figure 2.25 INURA pulsed high-current proton/electron accelerator 

 

The i-NURA (Nazarbayev University’s Research Accelerator) pulsed high-current proton/electron 

accelerator includes a high-voltage pulse generator and the diode system of the accelerator. A 

diode is exposed to a high-voltage impulse that endures for 100 nanoseconds and with a rate of 

over 1012 volts per second. Afterwards, the anode's surface generates the discharge plasma, and 

the acceleration of the proton beam proceeds by a single voltage impulse. In order to expose the 

device to radiation, it is positioned on a rotating table inside a vacuum chamber. The distance 

between the device and the diode is 35 cm. The vacuum chamber then presses it down to a pressure 

of 5 × 102 mTorr. Before irradiating the device, a collimated Faraday cup with a magnetic cutoff 

is used to calibrate the proton beam116. 
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2.6.2 Electron accelerator  

The electron linear accelerator ILU-10 at the Institute of Nuclear Physics in Almaty, Kazakhstan, was used 

to irradiate samples with an electron energy of 5 MeV, delivering a total fluence of 7 × 1013  e/cm². The 

absorbed doses of high-energy electrons were measured using GEZ B6001 polystyrene calorimeters and 

GEX B3002 film dosimeters. 

2.6.3 SRIM/TRIM software package 

The software program SRIM (Stopping and Range of Ions in Matter) is frequently used to simulate 

how ions interact with matter. The SRIM/TRIM package's objective is to calculate the amount of 

energy that is lost when a beam of particles passes through a material or becomes trapped into a 

substance of a specific thickness. For the purpose of simulation, the input parameters, which 

include the properties of the target and the ions, especially the energy of the ions, the thickness of 

the target, and its density, should be provided. The simulation results show the ion distribution in 

the material together with other properties like sputtering rate, ionization, penetration depth, 

vacancy concentration, and so on.  

One of the applications of the SRIM/TRIM package is the research and technology in the radiation 

sector that pertains to radiation materials. In Chapters 3 and 4, the simulation of energy loss in 

organic solar cells was carried out with the assistance of the SRIM/TRIM package's capabilities 

117. 
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Chapter 3 Thin vs Thick :Active Layer thickness role in 

organic solar cell resillence to proton irradiation 

 

3.1 Introduction  

Improvements in material processing techniques have revolutionized the photovoltaic 

performance of organic solar cells due to their tunable bandgap and cost-effective solution-based 

fabrication. There exists a growing interest in harnessing solar energy from high-efficiency organic 

solar cells to power future space infrastructure, including the increasing number of small satellites 

and potential space missions The space environment presents an individual mix of extreme 

conditions, including solar ultraviolet radiation, high vacuum, irradiation and temperature cycling.   

Learning about potential degradation under these extremes is essential to maintain and enhance 

the stability of space solar cells. The results of low energy proton irradiation of organic solar cells 

conclude the moderate decrease of photovoiltaic performance. Under proton irradiation with 

fluence ranging from 1012 to 1015 p cm², organic photovoltaic systems using the absorber layer 

PTB7-Th:PC71BM demonstrate superior performance compared to solar cells with a GaAs 

absorber layer118. A close study of how ionizing radiation affects organic materials shows that it 

breaks down the bounds between atoms because it transfers kinetic energy. Due to their low 

energy, covalent bonds are prone to breaking easily. For organic semiconductors, the release of H 

atoms causes the formation of localized defect states in the bandgap that act as recombination 

centers119. Furthermore, the self-healing effect of organic solar cells with PCE10:ITIC-4F blend 

was previously unknown, but was discovered in a freshly performed work using  the fluence 

2*1012 proton irradiation120. However, one of the key elements in the operational functionality of 

solar cells is how device physics characteristics are affected by extreme environmental conditions 

of space. This study dedicated to the understanding how organic solar cells perform under intense 

low-energy proton irradiation, focusing particular attention to parameters as active layer thickness 

and device physics characteristics as generation, recombination, and extraction. Furthermore, the 

post-annealing treatment was employed on the irradiated device to study the effect of recovery of 

recombination centers. 
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3.2. Results and Discussion  

3.2.1 Device Physics 

Here, we study the most promising blend with the highest PCE achieved so far and it  includes 

Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]-2,5-

thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c']dithiophene-1,3-diyl]-

2,5-thiophenediyl]  (PM6) as a polymer donor and 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6) as an electron acceptor.  

In order to investigate the influence of proton irradiation on the device characteristics, the inverted 

device structure of ITO/ZnO/PM6:Y6/MoOx/Ag with certain energy levels of functional layers 

were utilized as shown in Figure 3.1 a and b.  The inverted OSCs with PM6:Y6 system were 

fabricated at varying thickness as 60 nm and 100 nm with the solvent additive 0.5 % CN , 260 and 

400 nm  thickness with the solvent additive 1.5 % CN. By increasing the amount of the solvent 

additive (chloronaphthalene (CN)) in the thick PM6:Y6 blend, the packing and crystallinity of the 

donor and acceptor components in the blend are modified, resulting in improved fill factor 

parameters of the organic solar cell that are equivalent to those of thin OSC 77. 

The protons, carrying an energy of 170 keV, interact with the structure of the device with different 

thickness of PM6:Y6 namely 60, 100, 260, and 400 nm. The INURA accelerator's parameters used 

for proton irradiation are shown in Figure SI3 which includes the function of  accelerating voltage 

(170 keV) and beam current (2A/𝑐𝑚2) on time. The proton beam fluence is in the range 1-

1.3 ·  1012 𝑝 𝑐𝑚2. The proton irradiation was applied to the rear side, namely Ag electrode and 

collisions occur in all functional layers of solar cells. Figure 3.1d presents the energy loss of 

protons in PM6:Y6 blend is 0.01 eV/Å-Ion and the highest value of energy loss taking place in 

ITO is 0.04 eV/Å-Ion.  
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Figure 3.1 a) Chemical structure of organic solar cell b)  Irradiation mechanism of solar cells from 

rear side (Ag electrode) c) energy level of functional layers d) Energy loss calculation in functional 

layers. 
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3.2.2 PM6:Y6 Bulk-Heterojunction Layer 

This section focuses on analyzing the material properties of a PM6:Y6 blend deposited on glass 

with different thicknesses (60, 100, 260, and 400 nm) in order to investigate optical, surface 

roughness and morphological properties. Next, the PM6:Y6 were exposed to proton irradiation 

and post-annealing treatments. Optical properties of PM6:Y6 blend deposited on glass, 

transmission and reflectance are measured by UV-vis spectroscopy and shown in Figure 3.2-3.3. 

Reflection of PM6:Y6 thin film exhibits similar values of PM6:Y6 thin films at different thickness 

identifying the reflection peaks at 640 and 880 nm corresponding to PM6 and Y6121 .The 

reflectance measurements show consistent results for all thicknesses, with no significant changes 

after irradiation and post-annealing. Transmission of PM6:Y6 blend thin films is dependent on the 

thickness of the blend. As it can be seen in Figure 3.3 that PM6:Y6 blend with thickness of 60 nm 

show higher transmission of 56% at 435 nm wavelength. At the same wavelength, active layer 

with 400 nm thickness shows transmission of 12.5 %. Proton irradiation of PM6:Y6 thin film does 

not affect its optical characteristics, a similar finding was observed when protons with 30 keV 

energy irradiated PM6:Y6 122.To determine the influence of proton irradiation and post-annealing 

on the surface topography of the PM6:Y6 system as presented in Figure 3.4, atomic force 

microscopy (AFM) was employed to image the height scan and calculate a root-mean-square 

(RMS). A uniform and smooth surface was detected in 100 nm thickness of PM6:Y6 showing 

RMS value 0.86 nm, 0.88 nm and 0.88 nm for as-prepared, irradiated and post-annealed, 

respectively. However, the surface roughness parameter (RMS) for thick (400 nm) thin film 

exhibits a slight decrease after proton irradiation from 7.1 nm to 5.4 nm. Due to a relatively high 

surface roughness of 400 nm as-prepared thick films, proton irradiation heats up the surface, 

therefore the roughness of the thick film’s surface smooths the surface. To investigate the 

morphology features of PM6:Y6 thin film, the Transmission Electron Microscopy was used and 

the  images are displayed in Figure 3.5. The PM6:Y6 thin film with 100 nm thickness exhibits an 

advantageous interpenetration of D-A nano-fibrous and  homogeneous morphology compared to 

other thicknesses such as 60, 260 and 400 nm. In the case of 400 nm thickness, the adverse 

interpenetration of D-A phase and larger course phase-separated grains are observed.  TEM images 

of thin and thick films are dissimilar because the thick films increase the elastic scattering due to 

fixed the mean-free path123 .  Therefore, we observe similar morphology of thin film with thickness 

60,100 and 260 nm but the morphology of 400 nm shows a strong contrast of dark and bright area 
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because of the mass-thickness effect. Moreover, there is no change in morphology observed after 

proton irradiation and post-annealing. 

 

Figure 3.2  Reflectance of PM6:Y6 thin film with thickness a) 60 nm b) 100 nm c) 260 nm d) 400 

nm 
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Figure 3.3 Transmittance of PM6:Y6 thin film with thickness a) 60 nm b) 100 nm c) 260 nm d) 

400 nm. 
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Figure 3.4 3𝜇𝑚 x 3𝜇𝑚 AFM (Atomic Force Microscope)  height images of PM6:Y6 blend. 
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Figure  3.5 TEM images of PM6:Y6 thin film with different thickness  for as prepared, irradiated 

and post-annealing. 
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3.2.3 Photovoltaic Characteristics  

 

Figure 3.6 presents the J-V characteristics of studied devices and EQE spectra. The detailed 

photovoltaic performance data of OSC are provided in Table 3.1. Devices with thickness 60 and 

100 nm of active layer revealed the highest PCE of 13.9 % and 14.3 % compared to thick active 

layer (260 nm and 400). To assess the degradation level of OSC after proton irradiation and post-

annealing treatment, remaining factor defined as the ratio of PV parameter (irradiated or post-

annealed) to the initial PV parameter was used. Figure 3.7a shows the dependents of remaining 

factor on the thickness of active layer. There is a small influence of thickness on the 𝑉𝑂𝐶 parameter 

after proton irradiation, since the 𝑉𝑂𝐶 of devices along thickness is almost flat. The 𝐽𝑆𝐶  of thicker 

devices suffered severely after proton irradiation, and its remaining factor reaches roughly 0.19 

and 0.16, 260 nm and 400 nm, respectively. In comparison to thick devices, the 𝐽𝑆𝐶  of thin devices 

were degraded in a moderate behaviour, reaching a remaining factor of 0.36 for 60 nm and 0.23 

for 100 nm. An increase in the thickness of the active layer correlates with a reduction in the 𝐽𝑆𝐶  

of the irradiated devices as shown in Figure 3.6 e,f,g and h. As shown in Figure 3.6b, 

photovoiltaic characteristcs of devices were improved after post-annealing treatment. On thin 

devices, the 𝐽𝑆𝐶  parameter has shown the greatest impact in terms of improvements, and its 

remaining factor has improved to 0.2. Thicker devices, on the other hand, showed just a small 

improvement. In addition to enhancements in the short circuit current density parameter, the EQE 

of the device has been also improved.  
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Figure 3.6 J-V charcateristics of devices measured under a) AM 1.5G solar irradiation at 100 

𝑚𝑊 𝑐𝑚−2  b) irradiated c) post-annealed.  External quantum efficiency spectra of devices under 

d) as deposited e) irradiated f) post-annealed. 
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Table 3.1. Photovoltaic parameters of PM6:Y6-based devices under AM 1.5G solar illumination.  

 
Thickness 

(nm) 
VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

As-prepared 

60 

0.82 (0.81±0.003) 23.6 (23.4±0.18) 70.5 (69.4±1.55) 13.6 (13.21±0.36) 

Irradiated 
0.66(0.66±0.01) 8.12 (7.81±0.27) 39.81(38.73±1.43) 2.1 (2.00±0.11) 

Post-

annealed 

 0.70 (0.69±0.02) 11.6(12.13±2.16)  45.88 (43.95±2.8) 3.73 (3.74±0.94) 

As-prepared 

100 

0.8 (0.8±0.01) 27.3(27.83±0.38) 64.75 (64.75±0.65) 14.27 (14.2±0.06) 

Irradiated 0.65(0.65±0.003) 6.0(6.3±0.29) 36.47(36.22±0.24) 1.42 (1.48±0.06) 

Post-

annealed 

0.69(0.7±0.002) 11.4(11.83±0.38) 41.59(41.59±0.25) 3.41 (3.4±0.12) 

As-prepared 

260 

0.79(0.79±0.001) 25(25±0.099) 56(55.97±0.07) 11.18(11.13±0.07)  

Irradiated 0.66(0.67±0.003) 3.36 (3.65±0.28) 27.07(55.97±0.07) 0.6 (0.66±0.05) 

Post-

annealed 

0.7(0.71±0.01) 5.1(3.65±0.04) 36.82(36.7±0.15) 1.32  (1.32±0.015) 

As-prepared 

 

0.78(0.71±0.008) 19.67(18.55±1.73) 37.6 (37.97±0.65) 5.8 (5.51±0.38) 

Irradiated 
0.68(0.7±0.039) 2.27(2.07±0.19) 23.34 (24.69±1.9) 0.36(0.36±0.0014) 

Post-

annealed 

0.72(0.73±0.004) 4.66 (4.52±0.26) 30.26 (30.6±0.53) 1.04(1.01±0.05) 

The average parameters of 3-4 devices are presented in brackets. 
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Figure 3.7 Remaining factor of photovoiltaic charcateristics of  devices after a) proton irradiation 

and b) post-annealing treatment.  

3.2.4 Thermal Annealing  

To explain the recovery mechanism of the irradiated devices, the irradiated device with 100 nm 

thickness was heated up at 110 °C  for 5 hours inside a nitrogen glovebox. The OPV performance 

of the irradiated devices are detected as a function of heating time , and result is presented in Table 

3.2.  It is noteworthy that the 𝐽𝑆𝐶  of the irradiated device is rised gradually from 6.3 mA/cm2 to 

17.87 mA/cm2 during 5 hours, as shown in Figure 3.8. However, upon heating the irradiated 

device for 1 hour, FF and 𝑉𝑂𝐶 are reached the highest value are reached at 1 hour, and those 

parameters fluctuate slightly the rest of the time.  The research conducted by Professor S. Forrest 

revealed a comparable pattern regarding the recovery process in the irradiated OSC.  The study122 

utilized a proton energy of 30 keV to irradiate the organic solar cells (OSCs) composed of the 

PM6:Y6 blend, followed by heating the irradiated OSCs at 85°C for 5.5 hours. Examining the 

irradiated OSCs at different temperature (85 °C 122 and 110 °C  (this work)) increased PCE by 

25.53% and 29% during the similar time, respectively.  The study demonstrated a comparable 

tendency of consistently increasing the 𝐽𝑆𝐶 , as shown in our research. 
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Table 3.2. Photovoltaic parameters of PM6:Y6-based devices at different time of thermal 

annealing. 

 

 

 

Figure 3.8 Remaining factor of Jsc  at various stages of thermal annealing. 

 Conditions 

Post-

Annealing 

Time  
Voc, V 

Jsc, 

mA/cm2 
FF PCE, % 

𝑃𝐶𝐸𝐼𝑟𝑟 𝑜𝑟 𝐴𝑛𝑛𝑒𝑎𝑙/

𝑃𝐶𝐸𝑎𝑠−𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑,% 

Comparison to 

S.Forrest work 

122 

𝑃𝐶𝐸𝐼𝑟𝑟 𝑜𝑟 𝐴𝑛𝑛𝑒𝑎𝑙/

𝑃𝐶𝐸𝑎𝑠−𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑,

% 

As-prepared  0.8±0.01 27.83±0.38 64.75±0.65 14.27±0.06 -  

Irradiated  0.65±0.003 6.3±0.29 36.22±0.24 1.48±0.06 10.37 50 

Post-annealed  5 min 0.68±0.01 11.23±2.68 38.6±0.87 2.97±0.71 20.8  

Post-annealed  10 min 0.7±0.002 11.83±0.38 41.59±0.25 3.4±0.12 23.8  

Post-annealed  30 min 0.69±0.02 13.07±3.6 42.03±2.81 3.74±0.76 26.2  

Post-annealed  1 hour 0.69±0.01 13.85±3.7 43.79±3.36 4.05±0.81 28.38 62 

Post-annealed  2 hours 0.7±0.01 16.75±1.32 41.54±0.92 4.8±0.55 33.6  

Post-annealed  3 hours 0.69±0.01 17.96±0.39 41.47±0.78 5.1±0.26 35.7 75 

Post-annealed  
5 hours 

0.68±0.01 17.87±0.71 41.78±0.96 5.13±0.37 
35.9 At 5.5 hours 

79  



65 
 

3.2.5 Generation, Recombination and Extraction processes  

Generation rate  

The thickness of each functional layer of the device and its optical properties (Figure 9 and 10) 

are used as input parameters for the transfer matrix approach, which models the generation rate at 

which excitons are created in OSC with a PM6:Y6 blend 101,102,124 .The generation rate as a function 

of wavelength λ and position within the active layer are plotted in a 2D plot fashion. The generation 

rate possesses the highest peak near the contact of the active layer with the ZnO transport layer in 

the 0 < x < 40 nm range and decrease along the thickness of the active layer. During the light 

illumination from the ZnO transport layer, the active layer absorbs the most photons; therefore, 

the generation rate reaches the peak near the interface. Notably, the generation rate profile exhibits 

no change after irradiation and post-annealing as shown in Figures 3.11. This is mainly because 

the optical properties of the PM6:Y6 active layer insignificantly change after irradiation and post-

irradiation annealing. 

 

 

 

 



66 
 

 

Figure 3.9 Refractive index (n) of PM6:Y6 thin films with thickness a) 60 nm b) 100 nm c) 260 

nm d) 400 nm.  

 

Figure 3.10 Extinction coefficient (k) of PM6:Y6 blend with thickness a) 60 nm b) 100 nm c) 

260 nm d) 400 nm. 
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Figure 3.11 2D contour plot of Generation rate in PM6:Y6 in dependence of wavelength and 

thickness. 
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Recombination dynamic 

 

Figure 3.12 Voc vs Ln[Light Intensity] measurements of OSC for as prepared, irradiated 

and post-annealed treatments a) 60nm b) 100 nm c) 260 nm and d) 400 nm.   

Figure 3.12 shows the 𝑉𝑂𝐶 measurement as a function of the natural logarithm of light intensity, 

identifying the slopes of the studied devices in order to evaluate the dominant  recombination. For 

an as-prepared device with varying thicknesses, the slope of 𝑉𝑂𝐶 vs Ln (light illumination) 

measuremnts are slightly higher then 1 kT/q, indicating that trap-assisted recombination is 

dominant. Proton irradiation significantly increases the slopes of the studied devices and there is 

trend when thickness of active layer is increased the slopes of the irradiated device is also increased 

identifying the dominant trap-assisted (SRH) recombination in the bulk of PM6:Y6. Post-

annealing treatment reduces the slope value in all devices, revealing recovery of radiation-induced 

traps. Noticeably, only devices with 400 nm thickness reveal a slight decrease in slope under post-

annealing treatment, showing the poor recovery of traps.  

 

To date the quantitative charcateristics of recombination processes, the impedance-voltage 

spectroscopy measurement combined with J-V characteristics was used.  At first, the density of 

charge carriers  and effective mobility are calculated using the measurements of impedance-
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voltage of devices for as-prepared, irradiated and post-annealed devices. The density of charge 

carriers were decreased for all studied devices after proton irradiation and recovered notably for 

devices with thin active layer (60 nm and 100 nm) after post-annealing as shown in Figure 3.13.  

Figure 3.14 shows the effective mobility as a function of  𝑉𝑐𝑜𝑟𝑟 .  For as-prepared devices, thick 

devices demonstrate a higher effective mobility of charge carriers compared to thin devices. The 

enhanced effective charge carrier mobility observed in thicker devices can be attributed to the 

higher concentration of 1.5% (v/v) 1-chloronaphthalene (CN) used as a solvent additive in the 

PM6:Y6 blend solution, in contrast to the 0.5% CN concentration employed in thinner devices77. 

The effective mobility of charge carriers in the irradiated devices  were reduced by one order of 

magnitude in thick devices compared to a half of magnitude reduction in thin devices. Devices 

with thick active layers (260 and 400 nm) showed a marginal improvement, while those with active 

layer thicknesses of 60 and 100 nm exhibited almost complete recovery in their effective 

mobilities. 
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Figure 3.13 Charge carrier density of  devices  at conditions: As prepared, Irradiated  and Post-

annealed  a) 60 nm b)100 nm c)260 nm and d)400 nm. 

 

Figure 3.14 Effective mobility of the devices at conditions: As prepared, Irradiated and Post-

annealing a) 60 nm b) 100 nm c) 260 nm and d)400 nm. 

The multi-mechanism recombination model was applied to quantify the density of traps in both 

the bulk and surface, along with the bimolecular recombination.  The fitting parameters as the   

Langevin coefficient ξ, the density of traps in the bulk 𝑁𝑡𝑏, and the density of surface traps 𝑁𝑡𝑠 

were employed to fit the simulated recombination current with experimental recombination 

current. The Langevin reduction factor revealed the stable behavior upon proton irradiation and 

post-annealing treatment. The unaltered Langevin reduction factor in all studied devices is 

correletes with optical properties and morphology of PM6:Y6 thin films120.  
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Figure 3.15   a) the density of traps in the bulk   b) the density of the trap at the surface.  

Figures 3.15 a and b present the density of bulk and surface traps after irradiation and post-

annealing treatment. Due to the larger, coarse, phase-separated grains, the prepared devices with a 

thickness of 400 nm exhibited the highest density of bulk and surface traps. The as-prepared device 

with a thickness of 100 nm exhibited the lowest density of surface traps, leading to both good 

photovoltaic performance and a low roughness value. Conversely, the thick active layer devices 

exhibited the highest density of  surface traps in the as-prepared device, which was associated with 

a high roughness value. Proton irradiation increases the density of bulk traps by almost 5 orders of 

magnitude in all devices. Importantly, the density of traps in the bulk was increased as the thickness 

of the active layer increased. Consequently, a high concentration of traps in the bulk led to the 

degradation of the𝐽𝑆𝐶and EQE spectra.  

The post-annealing treatment slightly restores the traps in the bulk of the active layer. Furthermore, 

post-annealing treatments recover slightly the density of traps in the surface in all devices. Based 

on the research carried out by the work119
, it has been shown that the radiation created traps in 

P3HT:PCBM and PCDTBT:PCBM systems, and it has identical electronic properties, and certain 

traps can be reversed by post-annealing. Since proton irradiation increases the density of traps in 

the surface, post-annealing treatment slightly recovered the trap in the surface in all thicknesses. 

This suggests that the residual compounds are surface traps that were recovered during post-

annealing, as a result of the removal of trapping centers at the ZnO/BHJ interface119,120. 

 

Charge extraction dynamic  
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The photocurrent density as a function of the effective voltage on a double logarithmic scale was 

used to provide the understanding of the extraction process in OSCs. The photocurrent density, 

denoted as 𝐽𝑝ℎ , is calculated as the difference between the current density under  light ( 𝐽𝑙𝑖𝑔ℎ𝑡  ) 

and the current density under  dark  (𝐽𝑑𝑎𝑟𝑘 ).  𝑉𝑒𝑓𝑓  is defined as the difference between 𝑉0  and 

𝑉𝑐𝑜𝑟𝑟 , where 𝑉0 - is the voltage at zero photocurrent and  𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑  − 𝐽  · 𝑅𝑠  is the corrected voltage 

that includes the voltage loss over the series resistance. As it can be seen in Figure 3.16, the 

photocurrent of as-prepared thin devices is higher compared to thick devices while the saturation 

voltage in thin devices is lower compared to thick devices.  Due to the high density of trap in the 

irradiated device, the increased saturation voltage and the reduced photocurrent density of 

irradiated devices are determined. The important observation is that the saturation regime of all 

irradiated and post-annealed devices has not been detected within the measured voltage range.  

This indicates that higher 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑  should be applied to all irradiated and post-annealed devicse in 

order to extract all charge carriers. Even with the requirement of higher applied voltage, the thin 

device shows better photocurrent compared to thicker devices, identifying the influence of the 

thickness of the active layer. 

 

Figure 3.16 Photocurrent density versus the effective voltage.  
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The Hecht equation calculated the average extraction efficiency by combining the extraction 

efficiency for electrons and holes, both of which are dependent on the position (x) of the active 

layer 125. The equations (3.1-3.4) define the average extraction efficiency of the inverted organic 

solar cells, which are illuminated from the ZnO transport layer. To describe the average extraction 

efficiency, the mean free path defined how charge carriers move in the active layer (with a 

thickness of L) before the charge carriers are recombined.  The mean free path is defined by the 

multiplication of the internal electrostatic field 𝑉𝑏𝑖/L with mobility and lifetime 114. 

 

                           𝜂̅ = 𝜂𝑛 + 𝜂𝑝                                                                   (3.1) 

                          𝜂𝑛 =
𝑤

𝐿
(1 − 𝑒𝑥𝑝(

−(𝐿−𝑤)

𝑤
))                                             (3.2)                                

                          𝜂𝑝 =
𝑤

𝐿
(1 − 𝑒𝑥𝑝(

−𝑥

𝑤
))                                                    (3.3) 

                          𝑤 =
𝜇𝜏𝑉𝑏𝑖

𝐿
                                                                        (3.4) 

Figure 3.17 illustrates the average extraction efficiency of the devices under short-circuit 

conditions, for as-prepared, irradiated, and post-annealed devices. Specifically, the irradiated thin 

devices deteriorate moderately (𝜂̅= 0.37 for thickness 60 nm), while the thicker devices degrade 

severely (𝜂̅ = 0.07 for thickness 400 nm). Proton irradiation reduces the extraction efficiency, 

which correlates with thickness of PM6:Y6. Figure 3.17 illustrates that the post-annealing 

treatment improves the extraction efficiency of  thin devices with a thickness of 60 nm , reaching 

a value of 0.62. In contrast, a device with a thickness of 400 nm shows insufficient recovery, 

reaching only 𝜂̅ =0.13. 
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Figure 3.17 The average extraction efficiency of devices at 0 V for PM6:Y6 blend with thicknesses 

60, 100, 260, and 400 nm at conditions: as-prepared, irradiated, and post-annealing. 

 

Organic semiconductors possess distinctive material characteristics in contrast to inorganic and 

perovskite semiconductors. Proton irradiation induces shallow traps in perovskite; nevertheless, 

these shallow traps do not participate in the nonradiative recombination process. Instead, they 

function as unintentional doping sources that unintentionally induce doping in perovskites. Proton 

irradiation in organic semiconductors generates traps within the deep energy levels of the bandgap. 

The breakdown of C-H and N-H bonds occurs due to their low mass, resulting in the formation of 

H-vacancies 122.The irradiation-induced trap, positioned as mid-gap states within the bandgap, is 

responsible for recombination due to the growth of bulk and surface traps, which function 

differently at varying thicknesses. Another distinctive characteristic of organic semiconductors is 

their reversibility during thermal annealing. Significantly, the C-H bond can reconnect and 

partially restore the functionality of OSC. According to the literature 33,126, N-H bonds can only be 

reversed at a temperature of 30 K. The irreversible nature of the N-H following heating may hinder 

the complete recovery of OSC. 

3.4 Experimental Section  

Materials: 
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The  PM6 was bought from 1-Material Inc.  company and the Y6 was bought from Ossila. The 

glass substrates coated with ITO were purchased from Ossila Ltd., GB. The diethyl zinc, 

tetrahydrofuran, chlorobenzene, and 1,8-diiodooctane were acquired from Sigma–Aldrich, USA. 

The molybdenum oxide powder and silver pellets were acquired from Kurt J. Lesker, USA. 

Material Characterization Characterization 

TEM  images  were  obtained  with  a  Jeol  JEM-1400  Plus  setup.  The  films were spin-coated 

as the active layers  on Glass/PEDOT:PSS.  Then,  each  film  was  carefully  detached  from  the  

substrate  by  dissolving  the PEDOT:PSS  layer  in  distilled  water  so  that  the  film  could  be  

transferred to a copper 100 mesh TEM grid. The active layer analysis was performed at an 

accelerating voltage of 80 kV  and 30 kx total magnification by Jeol  JEM-1400  Plus  system.  For 

analysis of chemical composition, PM6:Y6 active layers were deposited on Glass/ITO substrate 

by spin-coating method.  The transmission and reflection spectra of the PM6:Y6 active layer  were 

measured using UV–vis-NIR spectrophotometer (Lambda 1050, PerkinElmer). Atomic Force 

Microscope SmartSPM 1000 was used to measure the roughness of the PM6:Y6 active layer. The 

thickness of PM6:Y6 thin films were measured by contact profilometer (Dektak XT , Bruker 

company).  

 

 

Fabrication of Organic Solar cells 

The organic solar cells were fabricated in an inverted device structure as 

Glass/ITO/ZnO/PM6:Y6/MoOx/Ag. The Glass/ITO substrates were cleaned with soap and 

sonicated in distilled water, acetone, and isopropyl alcohol for 15 min. For the inverted device 

structure, a bottom contact ZnO  prepared  by a solution of tetrahydrofuran and diethylzinc in a 

2:1 volume ratio, then spin-coated at 4000 rpm for 15 s in air. The Glass/ITO/ZnO was annealed 

at 150  °C for 30 min and subsequently transferred to a nitrogen glovebox. The active layer 

PM6:Y6 with thickness 60 and 100 nm (11mg/mL and 17.6 mg/mL, 1:1.2 D/A mass ratio in 

chloroform with 0.5% chloronaphthalene ) were deposited on the top of ZnO by spin coating at 

3000 and 3600 rpm , respectively, for 30 s inside the glovebox.  For the thickness  260 and 400 

nm, the optimized receipt of PM6:Y6  was 77 (25 mg/mL, 1:1.2 D/A mass ratio in chloroform with 
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1.5% chloronaphthalene) was deposited by spin coating at 1800 rpm and 750 rpm, respectively,  

for 30 s. Then Glass/ITO/ZnO/PM6:Y6 samples were annealed on the hot plate inside glovebox 

at 110 °C for 10 min.  The electrode and the hole transport layer, Ag (120 nm) and  MoOx (5nm) 

were deposited by  thermal evaporation system in a vacuum deposition at pressure 10
−6.  The 

active area of the solar cell is 0.1 𝑐𝑚2 and the mask with 0.0512 𝑐𝑚2 the active area was used for 

measurements.  

Proton Irradiation 

Irradiatedof samples and devices were performed by INURA pulsed high-current proton/electron 

accelerator placed at Nazarbayev University.  

INURA  pulsed high-current proton/electron accelerator consists of a high voltage generator that 

produces an impulse with a rate of  10
12

 𝑝 𝑐𝑚21   and 100 ns duration.  

The production of proton beam is  based on the formation of  the surface  discharge  plasma  on 

the anode which is the birthplace for the proton beam. It is important to mention that a proton beam 

is gained by a single voltage impulse. The samples and devices are placed inside a vacuum 

chamber and   at a distance of 35 cm from the diode which is pumped down to 5  × 10
−2

 mTorr.  

The characteristics of proton beam: 150 ns, 170 keV, and flux 1012𝑝 𝑐𝑚−2.   

 Thermal Annealing 

The irradiated PM6:Y6 thin films deposited on glass and OSC devices were placed inside the 

glovebox. Devices and PM6:Y6 thin films deposited on glass were annealed on the hot plate at 

110  ° C for t=10 min inside the glovebox.  

Device Characterization  

Semiconductor Device Analyzer (B1500A, Keysight)  in union with an Oriel 3A solar simulator 

with an intensity of 100 mW cm−2 were utilized to measure the J–V characteristics of devices.For 

Voc & light intensity measurements, the same solar simulator system was used in conjunction with 

filter NDK01  by the company THORLABS. To measure the frequency-resolved capacitance, 

impedance analyzer (SI1260, Solartron) were used. The impedance spectra depending on 

frequency in the range of 101  − 106 Hz was measured  under 1 sun and dark modes, applying a 

small AC disturbance of 40 mV. The range of applied bias is in the range of -2 V to the respective 

𝑉𝑂𝐶 . In the case of EQE, ORIEL IQE 200 measurement system (Newport) was used to measure 

the external quantum efficiency spectra of the devices. 
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3.5 Supplementary Information  

 

 

 

Figure S3.1. The parameters of INURA accelerator: the accelerating voltage and proton beam 

current density. 

 

Table S3.1. The series resistance of studied devices. 

Thickness of  

PM6:Y6 blend 

As prepared 

𝑅𝑠(ohm 𝑐𝑚2) 

Irradiated  

𝑅𝑠(ohm 𝑐𝑚2) 

 

Post-annealed 

𝑅𝑠(ohm 𝑐𝑚2) 

 

60 nm 3.55 25.34 12.01 

100 nm 3.81 39.74 19.7 

260 nm 4.85 103.98 37.52 

400 nm 4.22 353 93.34 
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Recombination Current density  
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Figure S3.2. Fitting of  experimentally measured recombination current density  to simulated 

recombination current density for thinkness 60 nm a) As prepared b) Irradiated c) Post-annealed  

and 100 nm d) As prepared e) Irradiated f) Post-annealed. 
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Figure S3.3. Fitting of  experimentally measured recombination current density   to simulated 

recombination current density for 260 nm a) As prepared b) Irradiated c) Post-annealed  and 400 

nm d) As prepared e)Irradiated f) Post-annealed. 
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Chapter 4 Inverted vs Conventional structure of organic 

solar cells under proton irraditian and characteristics of 

radiation tolerance of functional layer 

4.1 Introduction  

 

The photovoltaic performance and stability of OSC are improved by transport layers, which extract 

electron and hole carriers from the photoactive layer and transfer them to the appropriate electrodes 

71. The transport layer in the device acts to adjust energy level alignment at the electrode/active-

layer interfaces, tailor the built-in electric field, define electrode polarity and enhance charge 

selectivity, control surface energy by modifying the active layer's morphology, and enhance 

transport stability between the active layer and electrodes 127–130 . The insertion of an transport 

layer between the active layer and the electrode intends to prevent the formation of a Schottky 

barrier, specifically by aligning the Fermi energy levels of the electrodes with the quasi-Fermi 

energy levels of the bulk heterojunction (BHJ) and selectively extracting charges 112. This 

improvements enhance the increase of  𝑉𝑂𝐶and FF parameters 131.  

Based on electrode polarity and transport layer properties,  the structure of organic solar can be 

inverted or conventional. Notably, C-OSC suffer from rapid deterioration and low lifetime caused 

by the acidic and hydrophilic nature of PEDOT:PSS, and the sensitivity of low WF metal anodes 

to oxygen and moisture 132,133. The advantageous of inverted (I-OSC) is the device stability due to 

high WF metals (i.e., Au, and Ag) as the top electrode and a low WF metal oxide cathode interface 

layer (CIL) modified ITO as the transparent cathode.  

Placing OSC into space consisting of the exposure of protons and electrons causes the deterioration 

of functional layers due to radiation-induced defects. For example, the investigation of the 

recombination process in organic solar cells under proton irradiation reveals the formation of traps 

in the bulk and at the interface. Especially, the formation of proton-induced defects in the ZnO and 

MoO transport layer raise the question about the radiation resistance of the functional layer120. 

Since the heart of a solar cell is semiconductor material, the radiation resistance of a variety of 

semiconductors has been investigated widely. However, the radiation resistance of the functional 

layer should be investigated separately in order to distinguish the deterioration from active layer 
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and transport layer/electrodes. Particularly, systematic discussions should explain the influence of 

each functional layer as well as the impact that the material properties of functional layers have on 

OSC device performance under harsh environment. More importantly, the radiation induced 

defects created within the transport layer affects the properties of the structural, optical and 

morphology features of functional layers which in turn affects the work function and mobility 

characteristics of the functional layers.   

Therefore, we investigate the radiation tolerance of the inverted (I-OSC) and conventional (C-

OSC) organic solar cells with absorber layer PM6:Y6 blend specifically focusing on the radiation 

resistance of the functional layers as electrodes and transport layers. Next, material characteristics 

of functional layers such as optical and structural are investigated.  

4.2. Results and Discussion 

4.2.1 Device Physics  

 

Figure 4.1. Device structure under proton irradiation a) inverted and b) conventional. The SRIM 

simulation of proton penetration within a device with quantitative analysis of energy loss and 

vacancies in each functional layer for c) inverted and d) conventional. 

 

Herein, we investigate the radiation resistance of inverted (I-OSC) and conventional (C-OSC)  

solar cells with absorber materials as the blend of Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-
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thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-

dioxo-4H,8H-benzo[1,2-c:4,5-c']dithiophene-1,3-diyl]-2,5-thiophenediyl]  (PM6) as a polymer 

donor and 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-

[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6) as an electron acceptor. Figure 4.1 a and 

b display the structure of the inverted and conventional structure consisting of following functional 

layers in I-OSC: Glass/ITO/ZnO/PM6:Y6/MoOx/Ag and C-OSC: 

Glass/ITO/PEDOT:PSS/PM6:Y6/PDINN/Ag. As it can be seen from device structure, the 

electrodes are identical but the polarity of electrodes are different due to interface layers. To 

identify the proton irradiation effect on the photovoltaic performance of I-OSC and C-OSC, the 

PM6:Y6 blend is prepared with the same thickness (100 nm) and identical receipt in both 

architectures. Identical proton irradiation and transportation conditions were applied to all devices. 

The interaction between protons and the device structure results in the loss of proton energy, 

causing atoms in the lattice to move and creating vacancies and interstitials. The SRIM software 

is used to determine the energy loss and vacancy production in device stack. The SRIM simulation 

is carried out using the density and thickness of the layers, as well as the energy of protons. Figure 

4.1 c and d illustrate the energy loss in both configurations of organic solar cells. The proton beam 

has the following characteristics: proton energy of 170 keV and a fluence of  1  · 1012p 𝑐𝑚−2. 

4.2.2 Photovoltaic Performance  

The photovoltaic charcateristics of devices are presented in Table 4.1. The external quantum 

efficiency (EQE) spectra are shown in Figure 4.2b. To evaluate the level of degradation in the 

irradiated devices, the remaining factor framework is used which is determined as the ratio of 

irradiated PV parameters to its initial value.  The proton irradiation causes a minimal decrease in 

the open circuit voltage (𝑉𝑂𝐶), with a remaining factor of 0.9 for I-OSC and 0.86 for C-OSC. The 

fill factor of the irradiated device exhibited moderate degradation with only minor difference 

observed between inverted and conventional OSC structures.  The most significant degradation is 

observed in the remaining factor of 𝐽𝑆𝐶  is 0.45 of the inverted structure and 0.35  of the 

conventional structure. It appears that the OSC with conventional structure suffers a significant 

decrease, notably the short circuit current density. Figure 4.2b displays the external quantum 
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efficiency (EQE) spectrum. The as-prepared inverted device exhibited a maximum EQE of 

approximately 83% at a wavelength of 560 nm. In comparison, the as-prepared conventional 

device demonstrated a slightly lower maximum EQE of 80.6% at the same wavelength. Upon 

exposure to ionizing irradiation, the EQE spectrum of the inverted device showed moderate 

degradation, with the EQE at 560 nm decreasing from 80% to 40%. In contrast, the irradiated 

conventional device displayed a more pronounced decline, with a maximum EQE of only 31%, 

observed at 470 nm. The EQE spectra of both irradiated and non-irradiated devices in both 

architectures show good correlation with the integrated short-circuit current density (𝐽𝑆𝐶), as 

presented in Figure 4.3. 

 

 

 
 

 

Figure 4.2. a) J-V measurement of as-prepared and proton irradiated  OSC  b) EQE  c) Remaining 

factor of  FF and Jsc d) Remaining factor of PCE and 𝑉𝑂𝐶.  
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Figure 4.3 EQE and integarted  𝐽𝑆𝐶  for as prepared and irradiated devices. 

 

4.2.3 Recombination  

To identify the dominant recombination, we employed the qualitative analysis of 𝑉𝑂𝐶 vs Light 

intensity of OSC in inverted and conventional structure before and after irradiation. Prior to proton 

irradiation, the as-prepared devices revealed the slope 1.3 kT/q and 1.22 kT/q for inverted and 

conventional structure as shown in Figure 4.4  a and b , respectively. This indicates trap-assisted 

recombination dominance in both structure. The irradiation exposure of devices  led to increase 

the value of the slope to 1.87 kT/q and 1.93 kT/q, for inverted and conventional, respectively. 

Considered in the scope of Shockley-Read-Hall (SRH) formalism, the increase of slope dictates 

the degradation of PM6:Y6 due to generated radiation-induced traps in the bulk and surface. 

However, the different levels of degradation in fill factor, 𝑉𝑂𝐶 and 𝐽𝑆𝐶  of device imply the non-

identical radiation resistance of transport layers.  
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Figure 4.4 𝑉𝑂𝐶 dependence on Ln (Light intensity) of both architectures e) As prepared and e) 

Irradiated. 
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Table 4.1. The photovoltaic performance of OSC. 

 

                  The average parameters of 3-4 devices are presented in brackets. 

 

Device Type  
Treatment 𝑽𝑶𝑪 (V) 𝑱𝑺𝑪(𝒎𝑨/𝒄𝒎𝟐) FF (%) PCEMAX 

(PCEAVE) % 

 Inverted 

  

As-prepared 0.8 

(0.78±0.005) 

28.0 

(27.4±1.12) 

63.6 

(64.8±1.22) 

 14.1   

(13.9±0.34) 

Irradiated 0.69   

(0.69±0.002) 

12.7 

(12.23±0.5) 

40.0  

(39.8±0.23) 

 3.5   

(3.37±0.15) 

Conventional As-prepared  0.79 

(0.78±0.008) 

28.38 

(28.4±0.15) 

 65.9 

(66.9±0.82) 

14.8  

 (14.9±0.14) 

Irradiated 0.62 

(0.61±0.02) 

8.9 

(7.9±1.4) 

31.6 

(31.1±0.48) 

 1.8 

(1.52±0.068) 
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Figure 4.5 a) Charge carrier concentration n of as-prepared devices b) Charge carrier 

concentration n  of irradiated devices the effective mobility of charge carriers c)  as-prepared 

devices d) irradiated devices. 

Impedance-voltage spectroscopy was used in order to determine the charge carrier density as well 

as the effective mobility of charge carriers before and after proton irradiation. The dependency of 

charge carrier concentration on the corrected voltage is shown in Figure 4.5 a and b, respectively, 

for both the as-prepared and the irradiated devices.  By increasing the DC bias that is applied to 

the as-prepared device in both structures, the density of charge carriers are increased. The photo-

generated charge carriers are driven to separate as a result of the simultaneous exponential charge 

injection and the reduction of the internal electric field 93. Compared to inverted architecture, 

conventional structure shows a higher charge carrier density in the as-prepared device, leading to 

better photovoltaic performance.  

Under forward bias, the irradiated devices yielded the minor change of  charge carrier 

concentration from 0 V to 𝑉𝑂𝐶. The irradiated inverted devices resulted in higher charge carrier 

concentration than conventional devices.The effective mobility of charge carriers in the irradiated 

devices was decreased in both structure due to proton irradiation.  
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4.2.3 Material characterization of transport layers 

Both the as-prepared and the irradiated devices have been tested to an analysis of the photovoltaic 

properties and recombination loss in conventional and inverted structure. Due to the fact that the 

active layer and electrode are identical in both architectures, it is necessary to analyse the 

characteristics of the transport layers, such as structural and optical properties, in order to identify 

the differences in PV performance and recombination loss for each structure.  

Structural Characterization 

The crystallinity and phase of thin film, which serve a huge role in terms of mobility of charge 

carriers and work function, can be identified through interpretation of diffraction patterns.The 

structural features of functional layers such as ZnO, MoOx, Ag, PEDOT:PSS, and ITO were 

characterized using Grazing Incident X-ray Diffraction as shown in Figure 4.6. For ZnO thin film, 

the grazing incident angle was at 0.3° degree. As prepared ZnO thin film shows the intense peaks 

at planes as (100) and (002), and (101) with low intensity and weakly observable, identified as 

hexagonal phase corresponding to JCPDS no. 36-1451134. As-prepared ZnO thin film presents the 

pure nanocrystalline ZnO based on diffraction patterns. The GIXRD pattern of  MoOx the thin film 

exhibited no obvious peaks of crystalline MoOx. Due to room temperature deposition of MoOx, 

MoOxthin film showed the amorphous structure in diffraction pattern and corresponded to the 

following work 135,136.The diffraction pattern of Ag thin film indicates the (111) plane with high 

intensity and relatively small intensity of (200) plane ; it corresponds to PDF NO.41-1104 137.  

The irradiated  ZnO and MoOx  thin films yield no peaks in diffraction patterns, thus the structure 

of thin films transformed to the amourphous structure 138. Interestingly,proton irradiation creates 

radiation-induced defects in ZnO thin film, thus it disorders the crystallinity resulting in 

amourphous structure. In contrast, the irradiated Ag thin films reveal the plane (111) at 2 𝜃 =34.8 

with reduced intensity which implies the change the phase transformation due to the  knock-on process 

137. Additionally, the irradiated Ag thin film has no (200) plane identyfing the disorder in 

crystallinity. The stable structural characteristics under proton irradiation exhibited by ITO and 

PEDOT:PSS thin films shown in Figure 4.6 d and e. 

 



90 
 

 

 

Figure 4.6. a) GIXRD spectra of ZnO as-prepared and irradiated b) GIXRD spectra of MoOx thin 

films as-prepared and irradiated c) GIXRD spectra of Ag thin films as-prepared and irradiated d) 

sheet resistance of thin films ITO and e) PEDOT:PSS  for as-prepared and irradiated thin films.   

 

 

Optical Characterization  

Transmission parameter is an essential requirement for ETL and HTL in OSC in order to improve 

the light absorption by the active layer. Spectroscopic ellipsometry was used to evaluate 

transmission before and after proton irradiation in the 200–2500 nm region in order to determine 

the influence of proton radiation on the transmission of ETL, HTL, and ITO. Figure 4.7 displays 

the transmission spectra of thin films including PEDOT:PSS, PDINN, ZnO, MoOx, and, as a 

function of wavelength. Among all thin films,  ZnO and ITO thin films show negligible shifts in 

transmission value in the visible range. Proton irradiation causes no significant alteration in the 

other thin layers. The transmission of a glass substrate is known to decrease noticeably when it is 

exposed to irradiation with 69 MeV protons, and this exposes the penetration depth of protons to 

be around 1 mm 32,34. However, due to the shallow penetration depth, the glass that has been 
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irradiated with low energy protons such as 250 KeV and the glass exposed with 150 KeV lack any 

observable influence on transmission 139. 

 

 

 
 

 

Figure 4.7 Transmittance measurements of a) MoOx and PDINN, b) ZnO and PEDOT:PSS , c) 

ITO .  

Surface Morphology  

Figure 4.8 displays surface images of ZnO and Ag thin films, both as-prepared and after proton 

irradiation. Spin-coating deposition is used for the deposition of ZnO thin films, while a thermal 

evaporator deposits Ag thin films. As-prepared ZnO thin film reveals multiple hole-shaped 

surfaces; however, the proton irradiation smooth those hole-shaped surfaces, and the surface 

became homogenous. Ag thin films deposited by thermal evaporators reveal the grains of different 

sizes in the as-prepared thin films. However, proton irradiation alters the size of grains in Ag thin 

films, leading to the unification of some small, coarse particles into grains. GIXRD measurements 

confirm this observation, indicating a shift in crystallinity into amorphous Ag thin films. The beam 

impulse of low-energy protons heat the surface of thin films, leading to alteration in structural 

properties, as observed in GIXRD measurements. There were no modifications observed on the 

surface of the remaining thin films, which included PEDOT:PSS, PDINN, MoOx, and ITO thin 

films, when they were exposed to proton irradiation as shown in Figure 4.9-4.10. 
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Figure 4.8. SEM image of the surface of the as-prepared and irradiated ZnO and Ag thin films. 

 

Figure 4.9 SEM images a) MoOx  as prepared b) the irradiated  MoOx c) ITO as prepared d) the 

irradiated ITO.  



93 
 

 
 

Figure 4.10 SEM images of PDINN  and PEDOT:PSS thin film for as-prepared  and irradiated. 

4.4 Experimental section 

Fabrication of organic solar cells   

The organic solar cells were fabricated in an inverted device structure as 

Glass/ITO/ZnO/PM6:Y6/MoOx/Ag and conventional structure as 

Glass/ITO/PEDOT:PSS/PM6:Y6/PDINN/Ag. The glass/ITO substrates were cleaned with soap 

and sonicated in distilled water, acetone, and isopropyl alcohol for 15 min. For the conventional 

device structure, we cleaned a bottom contact PEDOT:PSS with filters 0.45 um and spin-coated it 

at 4000 rpm for 15 s in air. The glass/ITO/PEDOT:PSS was annealed at 150 °C for 20 min and 

subsequently transferred to a nitrogen glovebox. The active layer PM6:Y6 with thickness 100 nm 

(17.6 mg/mL, 1:1.2 D/A mass ratio in chloroform with 0.5% chloronaphthalene) was deposited on 

the top of PEDOT:PSS by spin coating at 3000 and 3600 rpm, respectively, for 30 s inside the 

glovebox. Then Glass/ITO/PEDOT/PSS/PM6:Y6 samples were annealed on the hot plate inside 

the glovebox at 110 °C for 10 min. In the next step, a methanol solution of CIMs (PDINN) was 

added to the active layer at a concentration of 1.0 mg 𝑚𝐿−1 and spun at 3000 rpm for 30 seconds. 
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A thermal evaporation system deposited the electrode, Ag (120 nm), under vacuum deposition at 

pressure10−6. The solar cell has an active area of 0.1 𝑐𝑚2, and we used a mask with an active area 

of 0.0512 𝑐𝑚2for our measurements. 
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Figure S4.1 The accelerator characteristics used in the current work : Accelerating voltage 

and beam current density.  

 

Table S1. The series resistance parameter of OSC. 

 

Device Type Inverted Conventional 

Treatment As prepared Irradiated As prepared Irradiated 

𝑹𝑺 (ohm 𝒄𝒎𝟐) 
4.9 

(4.56±0.38) 

18.78 

(20.26±1.5) 

4.08 

(4.09±0.23) 

31.7  

(31.7±0.01) 
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Chapter 5 The effect of electron irradiation on TiN thin 

films properties deposited on  Quartz and Sapphire 

Substrates 

5.1 Introduction  

Space electronics indeed involves a complex interplay of various materials such as semiconductor, 

insulator and conductor. The design and integration of these materials to space electronics must 

account the harsh conditions of space, including radiation, temperature extremes, and vacuum, to 

ensure reliability and functionality in space missions.  The impact of high-energy particles on space 

electronics leads to the breaking of chemical bounds within materials and changes their structural 

and morphological properties 140,141. In semiconductor materials, radiation produces a significant 

amount of nonequilibrium electron-hole pairs, which impairs the functionality of optoelectronic 

devices by changing their optical and electrical characteristics 142,143. The main physical process 

in material structure originating from radiation is the displacement of atoms within the lattice, 

which results in the formation of defects and dislocations144. This causes the charge carrier flow 

to become distorted, which eventually results in current leakage within the device 140,144,145. The 

intricate mechanism of space electronics and the space environment need radiation-resistant 

materials, not just for semiconductors but also for functional materials such as transport layers and 

electrodes146,147.Titanium nitride has unique physiochemical and a wide bandgap characteristics 

which is the promising candidatesfor space technology. TiN thin film possesses a unique capacity 

to operate as semiconductor and electrode for electronic applications, in addition to possessing 

remarkable mechanical qualities. Due to the outstanding thermal, optical and electrical properties, 

TiN thin films is a potential candidate for photovoltaic, nuclear energy, and battery148,149.  

According to the work, cumulative damaging effects to space technology arose from trapped 

electrons rather than other sources. From a scientific and commercial viewpoint, it is necessary to 

understand the degradation mechanism of titanium nitride (TiN) thin film properties used in 

optoelectronic devices under electron radiation. With this motivation, here, we investigated the 

radiation resistance of electrical, optical, and structural properties of TiN thin films deposited on 

quartz and sapphire substrates. 
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5.2 Results and Discussion 

5.2.1 TiN thin film deposition  

We use DC reactive magnetron sputtering to deposit TiN thin film on substrates as quartz and 

sapphire (c-0001). Ti - target and N-gas (4.8×10⁻³ mbar) were used along with an annealing 

substrate holder (300°C) and 120 W of power to deposit a 90-nm-thick TiN thin film, and thickness 

of TiN thin film  shown in Figure 5.1. 

 

Electron irradiation was conducted at the Institute of Nuclear Physics in Almaty, Kazakhstan, 

employing the ILU-10 linear accelerator. The electron energy was adjusted to 5 MeV, achieving a 

total fluence of 7×1013 e/cm2. The electron fluence were measured using GEZ B6001 polystyrene 

calorimeters and GEX B3002 film dosimeters 150. 

 

 

Figure 5.1.  Cross section SEM image of thickness TiN: a) before irradiation and b) after 

irradiation. 
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5.2.2 Structural analysis 

To evaluate the impact of electron irradiation on TiN thin film’s crystalline structure, diffraction 

pattern measurements were performed using the GIXRD system both pre and post-irradiation. In 

the case of magnetron sputtering, the crystalline structure of the thin film is mostly constructed by 

the substrate's crystallinity and the deposition conditions. The as prepared TiN thin films  deposited 

on c-(0001) plane sapphire substrate  revealed a polycrystalline structure, featuring the (111), 

(200), (220), and (222) planes, which corresponds to literature151, as illustrated in Figure 5.2. In 

contrast, the diffraction pattern of TiN films fabricated on quartz showed the (200) plane, 

corresponding to prior research 150,152. At post-irradiation treatment, the crystallinity of TiN on 

quartz substrates exhibited a peak at 40°, corresponding to the (111) plane with the highest 

intensity, and another peak at 44° identified as the (200) plane. Moreover, a peak around 53° in 

the diffraction pattern can indicate the various crystallographic phases, with two possible versions 

being hexagonal close-packed (hcp) titanium (COD ID 9011600) and anatase titanium oxide 

correspondes to (ICSD:172914). Based on the results of the diffraction pattern findings , high-

energy electron bombardment caused lattice defects and crystallographic disorder in the TiN thin 

films deposited on sapphire and quartz. Additionally, electron exposure appeared to produce new 

peaks attributed to vacancies and interstitials, resulting in a phase transition observed in the TiN 

films fabricated on quartz. 

Grain size analysis based on the diffraction patterns of the TiN thin films are represented in Table 

5.1.The limitations encountered during the thin film deposition process affect grain size and 

crystallinity, leading to various texture modifications and shifts in diffraction angles. The disorder 

levels in TiN thin films on sapphire and quartz prior to irradiation varied significantly, mainly due 

to differences in grain sizes across various planes. The grow of grain size under high-energy 

electron exposure is affected  by phase transitions from crystalline to amorphous states due to the 

electron knock-on mechanism153. This mechanism generates an electrostatic force through the 

polarization of atoms and ions caused by electron exposure, which promotes the movement of free 

atoms and ions, thereby aiding in the absorption and dissolution of nanograins 154. Previous studies 

have indicated that a significant consequence of this type of irradiation is an increase in entropy 

and a shift in Gibbs free energy, that might potentially cause changes in texture and modifications 

in diffraction angles155 . 
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Figure 5.2. Diffraction pattern analysis of TiN thin films deposited on quartz and sapphire: pre- 

and post-irradiation. 

Table 5.1.  Grain sizes determined using the Scherrer equation utilizing the measured diffraction 

patterns of the TiN. 

Name 2 theta FWHM D (grain size 

in nm) 

Cps Plane 

TiN/quartz 

before 

44.58 0.57 15.82 351 200 

TiN/quartz 

after 

44.67 0.48 19.47 35 200 

TiN/sapphie 

before 

38.086 0.42 20.91 157 111 

TiN/sapphie 

after 

39.88 0.37 23.87 94 111 
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5.2.3 Surface analysis  

The surface of thin film dictates the interfacial loss in optoelectronic devices. The surface of TiN 

thin film is characterized by AFM in order to determine the RMS parameter. Figure 5.3 presents 

the topogpahy images of TiN thin films in size 5 𝜇𝑚 ∙5 𝜇𝑚 before and after irradiation. As 

explained earlier, during the deposition process some level of disorder existed due to the surface 

of substrates which also affects the surface of TiN thin film. The RMS parameter of as-prepared 

TiN thin film deposited on sapphire is 5.18 nm higher than  TiN thin film on quartz  with 0.68 nm. 

In case of irradiated TiN thin films deposited on sapphire, RMS is decreased by 2 times. The 

opposite effect of electron irradiation is observed in TiN thin films on quartz revealing the increase 

of RMS to 0.23 nm. Interestingly, electron irradiation impacted TiN thin film’s surface differently 

depending on the substrate.  The images of surface at higher magnification by SEM showed no 

visible changes before and after irradiation as shown in Figure 5.4.  

 

 

 

 

Figure 5.3. Surface topogrophy of TiN thin films for pre and post-irradiation.  
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Figure 5.4. SEM image of the TiN thin film’s surface. 
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5.2.4 Chemical composition analysis 

 The XPS tool conducted a chemical composition measurement on the TiN thin film to evaluate 

the effect of electron exposure. TiN thin films grown by magnetron sputtering were exposed to the 

air, so the surface contamination was cleaned up with argon ions (etching process). As shown in 

Figure 5.5, the XPS Ti 2p spectra identified two pairs of spin−orbit splitting of Ti 2𝑝3/2 and Ti 

2𝑝1/2. The XPS spectra is fitted according to the chemical composition of TiN based on the 

following reference : Ti−N (454.9 and 460.8 eV), Ti−O−N (456.8 and 462.5 eV), and Ti−O (456.3 

and 464.0 eV). The as-prepared TiN thin films showed Ti 2𝑝3/2 peaks at 454.9 and 454.7 eV, 

attributed to Ti–N bonding, in quartz and sapphire, respectively. According to works 151,156, TiN 

thin films demonstrate that, in these systems, shake-up peaks at 462.5 eV (Ti-O-N) and 460.8 eV 

(Ti-N) arise from broad Ti3d-N2p hybridized states near the Fermi level that enable several 

transitions to different states. The binding energy of the Ti 2𝑝3/2 doublet in the spectra of irradiated 

TiN on sapphire is detected at 455.4 eV, and the full width at half-maximum (FWHM) value is 

tracted to be 2.6 eV (Figure 5.5b), while the irradiated TiN on quartz is shown in Figure 5.5d, 

where the Ti 2𝑝3/2doublet is located at 454.6 eV (FWHM value of 2.4). Moreover, variations in 

the relative intensity of Ti 2p peaks are noted in all specimens, correlating with alterations in the 

crystal structure. Analysis of the Ti 2𝑝3/2and Ti 2𝑝1/2peaks after electron irradiation revealed a 

transformation from Ti−N bonding to Ti−O in the TiN thin films on sapphire. Electron irradiation, 

however, influenced the TiN thin films formed on quartz by altering the chemical bonds from 

Ti−N and Ti−O to Ti−O−N, as illustrated in Figures 5.5 a and b. This discovery can be ascribed 

to a complex process involving electrochemical interactions between electrons and component 

atoms, along with the exchange of subsurface nitrogen with oxygen adatoms 152–154. 
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Figure 5.5. The results of chemical composition analysis (XPS spectra) of TiN thin film  

5.2.5 Work Function 

To quantitively analysis the impact of electron exposure on TiN thin film, UPS technique 

was employed to measure the work function. The work function of the TiN thin film is 

calculated from the onset position of measured UPS spectra.The UPS spectra of TiN thin 

films deposited on quartz and sapphire pre - and post electron exposure  are shown in 

Figure. 5.6a. The UPS spectra are enhanced by two  with electron irradiation for as-

deposited TiN on both substrates.The cut-off energy of the as-prepared TiN is shown to be 

higher than irradiated TiN thin films on both substrates, presented in Figure 5.6b. The UPS 

spectrum indicated a broad defect band existion  after irradiation with a highly dense 

concentration of localized states under the Fermi level 155.Fermi level pinning and the 

density of interface states can influence band alignment157. TiN thin films on both 

substrates have a work function a little bigger than 4.2 eV before electron exposure. 

However, the work function of irradiated TiN is lowered and showed 4.05 eV as the 

consequence of the change in the density of free charge carriers and surface dipoles as 

shown in Figure 5.6d158. 
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Figure 5.6. UPS spectra  and work function analysis of the TiN thin films. 

 

5.2.6 Electrical properties 

The van der Pauw technique was employed to measure Hall coefficients of TiN thin films and 

further identification of the electrical characteristics: Hall mobility, specific conductivity, and 

charge carrier density. The electrical properties of the as prepared and irradiated TiN thin film are 

illustrated in Figure 5.7  identifying the n-type conductivity on the both substrates.  The specific 

combination of titanium and nitrogen atoms enables titanium nitride (TiN) to form metallic and 

covalent bonds, leading to a high density of free electrons in the conduction band. The source of 

high-concentration electrons in the conduction band results from thermal activation of energy 

levels linked with excess titanium atoms159 . The carrier concentration of TiN thin film post-

irradiation increased by two orders of magnitude on quartz and exhibited a modest increase on 

sapphire substrate.  In terms of specific conductivity, the TiN thin film on a sapphire substrate 

exhibited a major shift from 97 Ω⁻¹ cm⁻¹ to 228 Ω⁻¹ cm⁻¹, while TiN on quartz displayed a minor 

rise.  There is an inverse relationship between charge carrier concentration and mobility in TiN 

thin films 160. It was found that the electron mobility in the irradiated TiN thin films on both 

substrates are decreased. The alteration in electrical properties of TiN thin films can be affected 

by point defects, implanted atoms and grain boundaries 161 . 
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Figure 5.7 The electrical features of TiN thin films.  

5.2.7 Optical properties 

 

Figure 5.8 Optical properties of TiN as-prepared and irradiated conditions on different substrates: 

a)quartz and b) sapphire.  
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Figure 5.9. Tauc plot of the TiN on sapphire, extrapolated lines to define Energy gap: (a) black 

line- before irradiation and dashed line –after irradiation, Tauc plot  of the TiN on glass (b) , 

extrapolated lines to define Energy gap: black line- before irradiation and dashed line –after 

irradiation. 

Having examined the effect of electron exposure to TiN thin films deposited on different 

substrates, Lorentz and Drude dispersion models were applied to fit the Delta and Phi function 

characteristics measured by spectroscopic ellipsometry. The pre  and  post-irradiated TiN thin 

films deposited on quartz remain their forms of extinction coefficients as well as refractive index 

in the measured range 0.6-6 eV. However,  the high energy electron exposure propogates the 

increase in the extinction coefficient of TiN deposited on quartz  at the visible range. The electron 

exposure propogates the phase transition identified by GIXRD measurements that explaines the 

increase in extinction coefficient in TiN thin film deposited on quartz. In contrast  to  the extinction 

coefficient TiN thin film deposited on quartz, TiN on sapphire  revealed totally opposite effect of 

electron exposure. The extinction coefficient of TiN thin film on sapphire slightly enhanced under 

electron exposure in the range from 0.6 eV to 3.6 eV photon energy.  The interband characteristic 

of transition is identified in TiN thin films based on the certain shape of extinction coefficient due 

to the grow of nitrogen p-states and titanium d-states162. Even so the electron exposure changed 

the electroric structure of TiN thin film, the metallic characterics of TiN thin films retained after 

high energy electron exposure based on 2.7 eV value as shown in Figure 5.8 a and b.  

The refractive index of TiN on quartz is reduced during electron exposure in the low photon energy 

range of 0.6-2.5 eV; however, a transition from reduction to an increase in refractive index is 

observed in the range of 2.5 to 3.1 eV under electron exposure. Compared to low photon energy,the 

refractive index of the irradiated TiN thin film on quartz is moderately reduced at high energy 

photon energy range. Due to electron exposure TiN thin film on sapphire, the refractive index 
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changed slightly differently in the whole range of photon energy.  Band gap of thin films is 

important parameter in semiconductor fields based on absorption coefficient using Tauc plot. The 

Tauc plot is based on the relationship between (αhυ)² and the incident photon energy, where the 

extrapolation of the linear segment of the (αhυ)² against hυ  to the photon energy axis determines 

the band gap value. Band gap of TiN thin film is decreased to 0.1 eV deposited on the sapphire 

and 0.3 eV on quartz, respectively as shown in Figure 5.9.  
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6 Conclusion  

This thesis presents a comprehensive investigation into the performance of OSCs under conditions 

relevant to space applications, with a particular focus on radiation effects. Radiation exposure, 

including both electron and proton irradiation, is among the most critical environmental stressors 

in space. The operational mechanisms of OSCs with varying active layer thicknesses were 

evaluated using the i-NURA proton accelerator, which provided high-energy proton irradiation at 

170 keV with fluences in the range of 1–1.3 × 10¹² p/cm²—conditions that approximate three years 

of operation in LEO. Post-annealing was also conducted to assess recovery effects. Devices with 

thinner active layers (60 nm) demonstrated superior performance post-irradiation. This 

enhancement is attributed to reduced bulk trap densities, minimized space-charge accumulation, 

and improved charge-carrier extraction. Thinner active layers shorten the carrier transport distance, 

thereby reducing recombination losses and mitigating the impact of radiation-induced trap states. 

Moreover, they exhibit less field screening and charge accumulation in tail states, which often 

hinder charge collection in thicker films. These combined factors contribute to the enhanced 

efficiency and recovery of thinner OSCs after radiation exposure. Based on findings by Prof. 

Stephen Forrest, proton irradiation primarily affects the C–H bonds in OSCs, given the low atomic 

mass of carbon and hydrogen. However, displaced hydrogen atoms can reattach to the molecular 

structure during thermal annealing at temperatures above 45 °C, enabling partial recovery of 

device performance which corresponds with current research.  

A comparative study between inverted and conventional OSC architectures under proton 

irradiation (170 keV, 1 × 10¹² p/cm²) further highlighted the superior radiation resistance of the 

inverted structure. Photovoltaic characterization of irradiated devices revealed that inverted OSCs, 

incorporating inorganic transport layers such as ZnO and MoO₃, exhibit greater resilience 

compared to conventional devices that employ organic transport layers as PEDOT:PSS and 

PDINN. This difference is attributed to the higher energy bond of inorganic materials under 

irradiation. Overall, the results demonstrate that reducing the active layer thickness and employing 

inverted architectures with inorganic transport layers are effective strategies for enhancing the 

radiation hardness of OSCs. These insights are crucial for the design and development of 

lightweight, robust, and efficient OSCs tailored for the challenging conditions of space, thereby 

underscoring their potential for next-generation photovoltaic applications. 
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The final part of the thesis explores titanium nitride (TiN) as a potential transparent conductive 

material due to its excellent thermal, optical, and electrical properties, and its wide bandgap. It was 

observed that conventional glass substrates undergo significant changes in optical properties under 

68 MeV proton irradiation, motivating the research for more stable substrates32. Consequently, 

studying the radiation resistance of TiN deposited on quartz and sapphire substrates under electron 

irradiation is necessary. TiN films deposited on quartz and sapphire substrates were subjected to 

electron irradiation at 5 MeV to assess their suitability for space applications. Post-irradiation 

analyses revealed changes in the structural, optical, and electrical properties of TiN films. Notably, 

TiN deposited on sapphire exhibited increased specific conductivity after electron exposure, 

suggesting its promise as a transparent conductive layer for solar cells in space environments.  

Limitations 

As with any experimental work, certain limitations in the experimental setup are inevitable. For 

accurate evaluation of solar cell performance, the AM0 solar spectrum—characterized by a total 

irradiance of 136.7 mW 𝑐𝑚−2 -should ideally be employed, as it more accurately replicates the 

solar environment in space, where ultraviolet radiation is more intense and atmospheric scattering 

and absorption are absent. However, in this study, the AM1.5 solar spectrum with an irradiance of 

100 mW cm⁻² was utilized to assess the radiation resistance of organic photovoltaic (OPV) devices. 

This deviation was due to technical constraints that prevented the implementation of an AM0 

testing setup. Additionally, challenges with the X-ray Photoelectron Spectroscopy (XPS) 

equipment and the INURA accelerator limited the scope of chemical composition and surface 

analysis of the transport layers, thereby restricting the depth of the characterization in this aspect. 

Future Work  

Following the evaluation of ionizing radiation resilience in organic photovoltaic (OPV) devices, 

the next critical aspect for space qualification is the assessment of thermal stability through thermal 

cycling tests. One of the key challenges in establishing the experimental setup is the requirement 

for co-location of ionizing radiation facilities, thermal cycling equipment, and fabrication 

laboratories within the same building. This logistical constraint is essential to minimize sample 

degradation due to environmental exposure during transport and to ensure consistency and 

accuracy in performance measurements. 
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