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Abstract  

As a clean and non-exhaustible energy source, solar energy is becoming 

increasingly important in reducing energy prices and influencing the global climate 

change. Compared to the traditional inorganic solar cells, conjugated polymer-

based organic solar cells (OSCs) have shown much promise as an alternative 

photovoltaic technology for producing solar cells on large scale at low-cost. 

However, despite the rapid progresses made in the development of new donor 

materials, fullerene derivatives and hybrid small molecule/polymer blends, the 

efficiency and stability of OSCs are still limitations on the potential applications. 

The performance of OSCs is primarily hampered by the limited light absorption, 

caused by the mismatch between light absorption depth and carrier transport scale, 

low carrier mobility and unstable electrode/organic interfacial properties.  

Improved utilization of light in solution-processed OSCs via different light 

trapping schemes is a promising approach. The feasibility of light trapping using 

surface plasmonic structures and textured surfaces to confine light more efficiently 

into OSCs has been demonstrated. However, plasmon excitations are localized only 

in the vicinity of metal/organic interface, while the absorption enhancement due to 

the textured surfaces improves light trapping irrespective of the wavelength. A 

generic approach towards improving light harvesting in the organic active layer 

thinner than optical absorption length is one of the key strategies to the success of 

OSCs. The aim of this PhD project is to undertake a comprehensive study to analyze 

broadband and omnidirectional light absorption enhancement in bulk 

heterojunction (BHJ) OSCs, to understand the dynamics of charge transport, charge 

recombination, charge collection, and to develop solutions to improve the stability 

of OSCs.  



	   iii	  

 In this work, the broadband light absorption enhancement in solution-

processed BHJ OSCs is realized by incorporating 2-D photonic structures in the 

active layer, formed using a nano-imprinting method. The performance of photonic-

structured OSCs and planar control cells, fabricated with the blend of poly[4,8-

bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-bA] dithiophene-2,6-diyl] [3-fluoro-2-

[(2ethylhexyl) carbonyl] thieno[3,4-b]-thiophenediyl] (PTB7): [6,6]-phenyl-C70-

butyric-acid-methyl-ester (PC70BM) is analyzed. By introducing the photonic 

structures with 500 nm structure period, the performance of structured OSCs is 

optimized by adjusting the structure height in the active layer. With the comparison 

of the current density−voltage (J−V) characteristics, the incident photon to charge 

carrier efficiency (IPCE) spectra and also the finite-difference time-domain (FDTD) 

calculated electric field distributions, our results reveal that the photonic structures 

allow improving light absorption in PTB7:PC70BM layer, especially in the long 

wavelength region. It is shown that the photonic-structured OSCs possess a 6.15 % 

increase in power conversion efficiency (PCE) and a 7.53 % increase in short circuit 

current density (JSC) compared to that of a compositionally identical planar control 

cell. 

Light absorption in the 2-D photonic-structured OSCs is a function of the 

photonic structures and the optical properties of the active layer. The correlation 

between the choice of the photonic structures and the enhanced spectral response 

in photonic-structured OSCs is analysed systematically using theoretical simulation 

and experimental optimization. It is found that the integrated absorption of the 

active layer decreases slightly with increase in the period of the photonic structures. 

The results reveal that the photonic-structured OSCs exhibit a stronger absorption 

enhancement over a broader range of the angle of incident light. The incorporation 
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of the appropriate periodic nano-structures in the active layer is apparently 

favourable for efficient cell operation as compared to light absorption in the planar 

control cells made with the same blend system, which decreases rapidly with an 

increase in the angle of the incident light.  

Omnidirectional and broadband light absorption enhancement observed in 

photonic-structured OSCs agrees well with the theoretical simulation. More than 

11% increase in the PCE of photonic-structured OSCs is obtained compared to that 

of an optimized planar control cell, caused mainly by the absorption enhancement 

in the active layer. 2-D photonic structures allow achieving broadband absorption 

enhancement in OSCs over a wider range of the angle of the incident light from -

45 deg to +45 deg with respect to the normal to the cell surface. For example, the 

higher light absorption in the active layer of photonic-structured OSCs, integrated 

over the visible light wavelength range from 380 nm to 780 nm, changes slightly 

from 70.1% (normal) to 67.7% (45 deg), remaining 96.6% of the absorption in the 

cells at the normal incidence. While for the control planar OSC, the integrated 

absorption follows a faster decrease from 66.2% (normal) to 62.2% (45 deg), 

revealing a quicker reduction in the absorption of the cells at an angle of the incident 

light away from the normal incidence. 

In addition to the absorption enhancement, charge transport, recombination and 

collection are also prominent factors for the efficient operation of OSCs. Thus, it is 

crucial to improve the understanding of these important processes and their impacts 

on the cell performance in order to design optimized device architectures. The 

charge recombination processes, the distribution of charge density under different 

operation conditions and charge collection at the organic/electrode interfaces in 

PTB7:PC70BM-based OSCs are studied systematically using a combination of 
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theoretical calculation, transient photocurrent (TPC) measurements, morphology 

analyses and device optimization. The charge transport and recombination 

properties in the BHJ OSCs are investigated using the photo-induced charge 

extraction by linearly increasing voltage (Photo-CELIV) method. Combined with 

light intensity-dependent J–V characteristic and TPC measurements, it is shown 

that the use of the ZnO cathode interlayer has a profound effect on enhancing charge 

collection efficiency and thereby improving in the overall performance of OSCs. 

The origin of the improvement in the cell performance is mainly associated with 

improved electrical properties. The TPC results reveal that the presence of the ZnO 

interlayer helps to prevent the unfavourable interfacial exciton dissociation for 

achieving efficient charge collection at the active layer/electrode interface. Light 

intensity-dependent J–V characteristics and the photo-CELIV results support the 

findings in showing that the charge recombination at the organic/cathode interface 

can be effectively suppressed by inserting a thin ZnO cathode interlayer, leading to 

a significant improvement in the charge collection efficiency.  

A comprehensive study on the degradation mechanisms of solution-processed 

BHJ OSCs has been performed. It is manifested that the suppression in bi-molecular 

recombination and enhancement in charge mobility, achieved through appropriate 

electrode modification, is one of the effective approaches for achieving stable and 

performance reproducible OSCs. The effect of the solution-processed anode 

interlayer, e.g. a mixture of MoO3 and Au nanoparticles (MoO3:Au NPs), on the 

performance of BHJ OSCs is also examined, with the aim to replace the acidic and 

hygroscopic poly(3,4-ethylenedioxylenethiophene): polystyrene sulfonate 

(PEDOT:PSS) hole extraction layer (HEL). A 14.3% enhancement in the PCE of 

OSCs with an anode interlayer of MoO3:Au NPs (7.78%) is obtained compared to 
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that of the structurally identical devices with a pristine MoO3-based interlayer 

(6.72%), due to the simultaneous improvements in both JSC and fill factor (FF).  

The accelerated aging tests for as-prepared structurally identical OSCs 

fabricated with different HELs were carried out in the ambient condition. It is 

shown that the solution-processed MoO3:Au NPs and pristine MoO3 interlayers are 

superior to the frequently-used PEDOT:PSS HEL for efficient operation over the 

long-term. PCE of the MoO3-based OSCs maintains about 40% of their initial value, 

while a catastrophic failure in the control devices with a PEDOT:PSS HEL is 

observed after the accelerated aging test under the same condition, with a high 

relative humidity of 90% at room temperature for 180 min. The degradation 

behavior of different OSCs performed in the accelerated aging test correlates well 

with light-intensity J−V characteristic and TPC measurements. The outcomes of 

this work help to the creation of device knowledge and process integration 

technologies for realization of high performance solution-processed OSCs. It is 

anticipated that the adoption of the affordable organic photovoltaic technology as 

one of the clean energy sources will contribute to the preservation of the 

environment. 
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Chapter 1: Introduction  

1.1 Renewable Energy Resources 

Renewable energy resources are referred to as energy generated from natural 

resources which can be replenished. It includes sunlight, wind, tides, hydropower, 

geothermal heat, and various forms of biomass. Until now, renewable energy 

mainly provides energy in three important areas: electricity generation, air and 

water heating/cooling, and transportation services. 

 

Fig. 1.1: Energy outlook of fuel consumption from British Petroleum. 

The energy consumption is growing tremendously to meet the demand for the 

development of industrialization, technology innovation and improvement of our 

life quality. Renewable energy resources play an important role in meeting the 

growing energy demands and achieving sustainable development of the society. 

However, its progress and deployment have been relatively slow in the past decade 

due to many barriers in the energy market and lower fossil fuel prices. The energy 
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outlook of fuel consumption in 2035 from British Petroleum (BP) is shown in Fig. 

1.1. Oil, gas and coal, which belong to non-renewable fossil fuels, are still the three 

most important fuels which supply basic human needs. As the amount of these non-

renewable energy resources is limited, the huge consumption will inevitably lead 

to the continuous depletion of energy resources, resulting in resource exhaustion in 

a short time if consumption continues to grow. The use of these fossil fuels 

generates the most greenhouse gases and emerging adverse environmental 

problems. Rigorous methods are needed to accelerate the development and 

utilization of renewable energy resources, and to increase their contribution to the 

current energy supply system. 

Solar energy, as one of the inexhaustible and environmental friendly energy 

sources, is attracting increasingly more attention. It is considered as one of the best 

promising renewable energies for three reasons. Firstly, huge amount of solar 

energy is absorbed by the atmosphere, oceans and land masses every day. The 

electricity power generated can easily satisfy the present energy needs if 0.1% of 

the earth surface is covered with solar cells with 10% PCE.1 Secondly, the 

technology used to convert the solar energy into electricity does not produce smoke 

or other air pollutants. Thirdly, sunlight tapping scheme does not harm the 

environment. 

1.2 Status of Photovoltaic Technologies 

Solar cells, also known as photovoltaic (PV) cells or PV devices, are devices 

that convert light energy directly into electrical energy. Various types of inorganic 

and organic semiconductors have been studied and used for application in solar 

cells over the past few decades.2-5 Power conversion efficiency (PCE) of solar cells 
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has increased over the years and the best research-cell efficiencies are summarized 

in Fig. 1.2. The efficiency of multi-junction inorganic solar cells has achieved over 

46%. Despite high efficiency, inorganic solar cells face the challenges such as 

fabrication complexity and high manufacturing cost, limiting the wide application 

in both industry and daily life.  Huge amount of energy is used during the 

fabrication of inorganic solar cells, e.g., high temperatures over a long period of 

time and ultrahigh vacuum condition, resulting in high fabrication costs. 

Considerable reduction in production cost is needed if PV technology is to become 

a viable option for sustainable and large scale energy production. 

 

Fig. 1.2: Best research-cell efficiencies of different solar cells (from NREL). 

Organic Solar Cells (OSCs) are an attractive alternative PV technology to the 

conventional inorganic solar cells with unique characteristics such as being light 

weight, cost effective production of the cells on both flexible and rigid substrates 

via solution fabrication processes. All of these advantages indicate excellent 

potential for large scale fabrication at a low cost.6-8 As shown with the red dot line 

in Fig. 1.2, the PCE of OSCs has been achieved over 11%.  
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OSC research started with a single layer structure (Fig.1.3 (a)) based on the 

chlorophyll–a (Chl–a) dye material by C. W. Tang and Albrecht in 1975,9 with an 

initial PCE of 0.01%. However, due to the poor charge separation efficiency at the 

active layer/metal electrode interface, the improvement in the PCE of OSCs 

progressed slowly before the bi-layer heterojunction structure was first introduced 

in 1986.10 As shown in Fig. 1.3(b), a bi-layer acceptor/donor heterojunction is 

sandwiched between the anode and cathode in the cell. The difference in energy 

levels between the highest occupied molecular orbitals (HOMO) of the donor and 

the lowest unoccupied molecular orbitals (LUMO) of the accepter assists in an 

efficient exciton dissociation taking place at the donor/acceptor interface, leading 

to a higher PCE.  

 

Fig. 1.3: Device structures for OSCs: (a) Single layer OSC; (b) Bi-layer OSC; (c) 

Bulk heterojunction OSC. 

However, PCE of bi-layer heterojunction OSCs was still quite low at that time. 

Most of the photo-generated excitons recombined before they could reach the 

donor/acceptor interface due to the relatively short exciton diffusion length. 

Subsequently, further improvements were reported with the introduction of bulk-

heterojunction (BHJ) structure in 1995.11, 12  As shown in Fig. 1.3(c), the donor and 

accepter materials were blended together to form a BHJ layer, enlarging the 

donor/accepter contact interface and facilitating efficient exciton dissociation. 
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Recombination loss was thus effectively reduced during the diffusion process with 

the bulk heterojunction which greatly increased the charge separation efficiency, 

leading to higher device efficiency. 

Tremendous efforts have been made to improve the efficiencies of OSCs to a 

level that is comparable to that of the inorganic cells. Although encouraging 

progresses have been made, PCE of OSCs is still a long way from being efficient. 

One reason for the low PCE is the relatively poorer light absorption in OSCs, due 

to the mismatch between optical absorption depth and charge transport scale.11, 13 

Much research has been focused on improving light absorption in the active layer, 

including designing new donor materials with broader absorption range and new 

structures in the active layer.7, 14-16 Results showed that the band gap of donor 

materials is one of the important factors determining the absorption in OSCs. The 

donor materials with a deep HOMO level are a prerequisite for achieving high 

performance OSCs. The synthesis of donor materials with efficient light absorption 

has been performed to improve coverage of the solar spectrum over longer 

wavelengths. Polymer PTB7, which has a desired HOMO level to that of the 

acceptor favoring for light harvesting and exciton dissociation, was developed by 

Y.Y. Liang et al. for achieving BHJ OSCs with a PCE of 7.4%.17 New polymer or 

small molecule donors, such as PTB7-Th, PDBT-T1 and SMPV1, are being 

developed for attaining OSCs with PCE of >10%.18-20  

In parallel to the progresses made in the development of organic active 

materials, different cell structures to enhance the absorption in the active layer have 

been proposed. For example, double-junction or even triple-junction tandem 

structures, consisting of two or more subunit cells that response to different parts 

of the solar spectrum, are stacked together for achieving high PCE. A polymer 
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tandem solar cell with PCE of 10.6% was first reported in 2013, proving that multi-

junction structure is one of the effective solutions to improve the efficiencies of 

OSCs.21 Recently, tandem solar cells with PCE of > 12% have been reported. The 

design and working principle for realizing high performance tandem OSCs will be 

discussed in the following chapter. 

Many efforts have also been devoted to improving light absorption in the active 

layer without increasing its thickness through various light trapping effects. Light 

trapping schemes based on the use of metal nanoparticles, formed by thermal 

deposition or chemical synthesis, have been proposed.22-30 S. W. Baek et.al reported 

to incorporate silver nanoparticles into the anodic buffer layer  (PEDOT:PSS)  for 

boosting light absorption in OSCs, due to the enhancement in local electromagnetic 

field induced by the surface plasmon resonance.31 The external quantum efficiency 

(EQE) was significantly enhanced by the absorption enhancement due to the 

plasmonic and scattering effect. Light trapping schemes based on periodic 

patterning were also reported.32-35 The feasibility of light trapping using textured 

surfaces to couple and/or confine incident light more efficiently into OSCs has been 

demonstrated. However, the textured surfaces improve light trapping irrespective 

of the wavelength, while the enhanced light absorption due to plasmon excitations 

is strongly localized in the vicinity of metal/organic interface. Recently, it has been 

demonstrated that the periodic nano-structures based on moth’s eye nanostructure 

(MEN) are good candidates for this attempt.36, 37 It is shown that OSCs with MEN 

structures formed on ZnO electron transporting layer and anti-reflection coating on 

the front surface of glass substrate have a significant enhancement in short circuit 

current density (JSC) without any loss in open circuit voltages (VOC) and fill factor 

(FF) as compared to the planner control device.38, 39  
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In addition to light trapping schemes for absorption enhancement, realization 

of efficient charge collection via an appropriate organic/electrode interfacial 

modification is important for high performance OSCs. The exciton dissociation at 

the organic/electrode interface plays a critical role in determining charge collection 

in OSCs. It has been reported that the interfacial defects at the organic/metal 

interface can be produced during the deposition of metal (Al) contact on the surface 

of the functional organic layers. The formation of interfacial defects creates a 

hampered charge collection behavior at the organic/Al interface, thereby resulting 

in an inefficient operation of the cells. The origin of inefficient electron collection 

is mainly due to the compensation of drifted photo-generated electrons at the 

organic/cathode (Al) interface, which can be eliminated, e.g., by interposing an 

ultrathin ZnO electron transporting layer between the organic BHJ and Al electrode. 

This work reveals that the removal of the unfavorable interfacial exciton 

dissociation is a perquisite for a significant enhancement in PCE in OSCs.40 Further 

to the desired interfacial exciton dissociation, the improvement alignment in energy 

levels at the electrode/organic interfaces also favors the efficient charge collection, 

thereby improving the performance of OSCs including JSC, VOC and FF that are also 

a function of electrode/organic contact quality. 

The poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) 

is one of the most commonly used anode buffer layers, formed on the surface of 

indium tin oxide (ITO) substrate, prepared by spin-coating processes, to improve 

the work function and also to modify the morphology of the ITO for enhancing 

charge collection. However, PEDOT:PSS shows progressive degradation to the 

devices because of its acidic and hygroscopic nature.41, 42 Therefore, PEDOT:PSS 

surface is often modified with solution-processed high work function metal oxides, 
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such as MoO3, V2O5 and WO3, for improving the performance of OSCs.43-46. 

Modification of the cathode also is a key issue for efficient operation of the OSCs. 

It has been demonstrated that OSCs with PCE of 9.2% can be achieved by 

interposing a thin poly [(9,9-bis(3′ -(N,N-dimethylamino)propyl) -2,7- fluorene)-

alt-2,7-(9,9–dioctylfluorene)] (PFN) interlayer between the active region and the 

cathode.47 Environmental stable and highly transparent metal oxides such as ZnO 

and TiO2, serving as a cathode buffer layer, are also widely used for application in 

OSCs. For example, the use of the TiO2-based cathode buffer layer enables to 

improve both the internal quantum efficiency and stability of PCDTBT-based 

OSCs.40, 48 

Though exciting progresses have been made in OSCs, further enhancement is 

still needed before the OSCs can bring about practical benefits. Higher efficiency, 

longer device stability and less fabrication cost should be achieved if OSCs were to 

become a viable option for commercialization. There is still much a room for 

improvement in the design and fabrication of high performance OSCs. Therefore, 

the basic physical mechanisms behind these designs and treatments in OSCs require 

much more systematic and comprehensive studies in order to provide better 

guidance for performance improvement.  

1.3 Thesis Objectives 

The performance of OSCs is hampered by limited light absorption due to the 

mismatch between charge transport scale and optical absorption length, caused by 

the low charge mobility in organic materials. A key technical development to 

circumvent this hurdle is a device design to enhance light trapping and charge 

collection.  Much effort has been made for improving light absorption in the active 
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layer without increasing its thickness through different light trapping effects, 

including incorporating metal nanoparticles or introducing photonic structures in 

OSCs. Recent study shows that light absorption in photonic structured OSCs can 

be increased substantially through excitation of horizontally propagating surface 

plasmon polaritons, localized surface plasmons, waveguide modes and their mutual 

coupling.  

 Apart from the efficient absorption in the OSCs, competent charge collection 

efficiency at the organic/electrode interface is also a prerequisite for attaining high 

device performance. Typical approaches to improve the charge collection 

efficiency in OSCs include morphology control of the organic active layer, smart 

design of functional organic materials and effective interfacial modification. 

Incorporation of a suitable interfacial interlayer between the organic active layer 

and electrodes has been proved to be an efficient approach for improving the OSC 

performance. A proper interlayer could help to facilitate an efficient charge 

collection at the organic/electrode interface. The use of metal oxides, acting as 

either the anode or cathode interlayer, has been adopted for application in OSCs.  

The aim of this PhD project is to undertake a comprehensive study to analyze 

broadband and omnidirectional light absorption enhancement in BHJ OSCs, to 

understand the dynamics of charge transport, charge recombination, charge 

collection, and to develop solutions to improve the stability of OSCs. 

Broadband light absorption enhancement in OSCs with 2-D photonic-structure 

is investigated using FDTD simulation in the wavelength range from 300 nm to 800 

nm. In the simulation, incoming light at an incident angle θ normal to the cell is 

considered. Light absorption in OSCs with 2-D photonic structures and a planar 
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control cell over a wide-angle range from 0-45 degrees was examined. The 

measured results of angular dependent absorption characteristics of photonic-

structured and planar control cells are analyzed and compared with theoretical 

simulations. Nano-imprinting technique is applied to create the 2-D photonic 

structures in to the active layer. FDTD method based on the differential numerical 

model was applied to verify the absorption changes of the active layer with different 

structural parameters including the height and period of the photonic structures. In 

addition to understand light absorption profiles in different OSCs, interfacial 

engineering, charge collection and recombination phenomena occurring at the 

organic/electrode interfaces were investigated for attaining high performing OSCs. 

The charge transport and recombination characteristics in OSCs are studied using 

photo-CELIV and light intensity dependent J−V characteristic measurements. The 

effect of metal oxide interlayers on interfacial exciton dissociation at organic/metal 

interface and thereby charge collection in OSCs is analyzed using TPC 

measurements. The aims and objectives of this thesis are briefly summarized in Fig. 

1.4. 

 

Fig. 1.4: Flow of research work in this thesis. 
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1.4 Organization of This Thesis 

There are eight chapters in this thesis. Chapter 1 gives an overall introduction 

on the development of renewable energy resources and the status of photovoltaic 

technologies, including the challenges, opportunities and recent development of 

OSCs. The objectives for this thesis are also outlined in Chapter 1. The operation 

principle of OSCs is described in Chapter 2. The optoelectronic properties, charge 

transport, excitonic processes in organic semiconductors, energy conversion 

processes and the fundamental characteristics in excitonic solar cells are discussed.  

Chapter 3 describes approaches of the experimental optimization and 

theoretical simulation used in this work. The experimental details include material 

formulation, device design, charge transport and charge recombination processes, 

fabrication process optimization and device characterization. The operation 

principles of characterization techniques including current density-voltage (J–V) 

characteristics, incident photon-to-electron conversion efficiency (IPCE) systems, 

light intensity-dependent J–V characteristics, photo-CELIV technique and TPC 

measurements are introduced. The surface morphology of the functional layers is 

examined using SEM and AFM measurements. The theory of FDTD numerical 

simulation is also presented.  

Realization of absorption enhancement in OSCs with 2-D photonic structures 

is discussed in Chapter 4. By introducing the photonic structures, the performance 

of nano-structured OSCs is optimized by adjusting the photonic structures in the 

active layer. OSCs with 2-D photonic structure exhibit higher PCE compared to a 

state of the art planar control cell, achieved through simultaneous excitation of 

surface plasmons, waveguide modes and their mutual coupling. 
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In Chapter 5, the effect of angular dependency on light absorption in 2-D 

photonic structured OSCs is studied. Broadband and omnidirectional absorption 

enhancement in photonic structured OSCs over a broader range of the incident 

angles is achieved. Both the experimental and theoretical results reveal that the 

incorporation of photonic structures in the active layer with appropriate periodicity 

is apparently favorable for a stronger absorption enhancement over a broader range 

of the angle of incident light as compared with the planar control cells.  

Chapter 6 discusses the charge collection and recombination processes and 

their impacts on the performance of PTB7:PC70BM-based OSCs. Results reveal 

that the inserting a thin ZnO interlayer between the active layer and the cathode has 

a profound effect on enhancing charge collection efficiency and thereby improving 

in the overall performance of OSCs. Light intensity-dependent J–V characteristic, 

Photo-CELIV and TPC measurements point out that the presence of a thin ZnO 

interlayer enables to prevent unfavourable interfacial exciton dissociation at the 

active layer/cathode interface, thereby achieving efficient charge collection. 

The degradation mechanisms of solution-processed BHJ OSCs are discussed 

in Chapter 7. The mixture of the Au NPs into the solution processed MoO3 could 

help to suppress bi-molecular recombination and enhance charge mobility, 

achieving higher PCE when compared with the structurally identical devices having 

a pristine MoO3-based interlayer. The accelerated aging tests indicate that the 

performance and the stability of the OSCs with solution-processed interlayers of 

MoO3:Au NPs and pristine MoO3  are superior to the similar cells with a 

PEDOT:PSS hole transport layer (HTL). 
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Chapter 8 summarizes the research findings of this thesis, including the results 

on realization of absorption enhancement, dynamics of carrier recombination and 

carrier collection processes in BHJ OSCs, and the main findings derived from this 

work. Finally, the continued research work for achieving high performing and 

eventual application of OSCs is discussed. 
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Chapter 2: Fundamentals of Organic Solar Cells 

In this section, device physics of OSCs is discussed, including optoelectronic 

properties, dynamics of carrier recombination and charge transport in organic 

semiconductors, excitonic processes and performance characteristics in excitonic 

organic solar cells. 

2.1 Basics of Organic Semiconductors 

There are two types of organic semiconducting materials including small 

molecules and conjugated polymers. Small molecules are organic compounds with 

a relatively low molecular weight (<900 daltons) with a molecule size in order of 

10−9 m. Polymer is a large molecule having a main chain structure constituted by 

repeated basic units. The accordingly large molecular mass may produce many 

unique physical properties. Small molecules, polymers, and their combinations are 

often used for application in a variety of organic semiconductor devices through 

sublimation and solution fabrication routes, e.g., OSCs, light-emitting diodes, field-

effect transistors, organic photodetectors etc. For eventual production of OSCs, 

there is a need to develop a robust and an effective fabrication approach that can be 

easily repeatable for making high performance OSCs via solution-processable route. 

In this work, the research is primary focused on the properties of OSCs fabricated 

with solution-processed semiconducting polymers and metal oxides. Fig. 2.1 shows 

the molecular structures of some commonly used donor and acceptor materials that 

can be solution-processed.  

Charge transport and energy levels of organic semiconductors are two crucial 

properties determining the performance of organic electronic devices. The carbon-

carbon (C-C) bonds act as the backbone in polymers. The outermost electron 
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orbitals of one carbon atom in the C-C backbone consist of three s-p hybridized 

orbitals and one p orbital, which can form sigma bonds and pi bonds. As displayed 

in Fig. 2.2, the sigma bond refers to the covalent bond resulting from the end-to-

end overlap of the s-p hybridized orbitals of two adjacent carbon atoms.  

 

Fig. 2.1: Summary of the molecule structures of some commonly used 

organic materials in OSCs. 

 

Fig. 2.2: Schematic diagram illustrating the formation of pi bonds and sigma 

bonds in organic semiconductors. 

Electrons in pi bonds are less localized due the overlap of the p orbitals of two 
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adjacent carbon atoms along a plane perpendicular to the sigma bonds connecting 

the nuclei of the atoms. The electrons in sigma bonds are in orbitals between the 

nuclei of the two bonding atoms, where the high density electrons can interact with 

the nuclei forming strong covalent bond. The binding energy between electrons in 

pi bonds is weaker than that in sigma bonds, due to the relatively far distance from 

the electron clouds in pi bonds to the atomic nuclei. However, the electron clouds 

in two adjacent pi bonds are much closer than those in two adjacent sigma bonds, 

with more easily overlapped wave functions. Thus it would be easier for electrons 

to transfer among adjacent pi bonds than sigma bonds. With the alternating of the 

single bond and the double bond, the migration of electrons in the delocalized pi 

bonds endows the conjugated system with semiconductor properties. Polymers in 

OSCs are usually amorphous with disordered structure, resulting in localized trap 

states. Charge transport in conjugated polymers proceeds from the electrons 

hopping between two localized trap states. 

Most physical processes in organic semiconductors are essentially related to 

the energy levels of organic materials. For BHJ OSCs with a blend of polymer 

donor and fullerene acceptor, photons with energy larger than the optical band gap 

of the functional organic materials can be absorbed. In inorganic semiconductors, 

conduction band (CB) and valence band (VB) are two crucial concepts. The 

schematic band diagram in a single crystalline semiconductor is shown in Fig. 

2.3(a). Energy states exists in the conduction and valence bands, there is no energy 

states in the energy gap between the conduction band minimum (EC) and valence 

band maximum (EV). The density of energy states varies with energy levels as 

shown by the red curves in Fig. 2.3(a). For the ground state, all the electrons will 

move to the energy states within VB, leaving all the energy states in CB empty. 
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With thermal or optical excitation, electrons in VB are excited to the energy states 

within CB by absorbing photo energy that is higher than the bandgap. The electrons 

in CB can move freely, thus making the materials semiconducting.  

 

Fig. 2.3: Schematic energy band diagrams for (a) single crystal inorganic 

semiconductors and (b) amorphous organic semiconductors. 

However, there is no such clear conduction band in disordered organic 

polymers and the energy levels for polymers used in OSCs are completely different 

from those in the inorganic semiconductors. Instead of CB and VB, the concepts of 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) are introduced. Although the specific values for HOMO 

and LUMO are usually experimentally determined, the edges of HOMO and 

LUMO are not clearly defined. The densities of energy states around the HOMO 

level or LUMO level decrease gradually extending into the bandgap forming so-

called band tail states as shown in Fig. 2.3(b).49, 50 The density of energy states in 

these band tails can be described by Gaussian model or exponential model, for 

analyzing charge transport processes in OSCs. The Gaussian distribution model 

could be expressed as follow:51 
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where ND/A is the total density of hole or electron states, E is energy level and σ is 

defined as the width of Gaussian distribution of the energetic disorder parameter.  

BHJ OSCs have a donor/acceptor blend photoactive layer sandwiched between 

a front transparent ITO anode and a rear cathode. The photons with energy larger 

than the optical band gap of the functional photoactive materials can be absorbed 

to generate excitons. The absorption coefficients of small molecules and conjugated 

polymers are typical in the order of >105 cm-1. However, the diffusion range of the 

photo-generated excitons is much less than the absorption depth in organic 

semiconductors. Thus only a fraction of the excitons is able to find the 

donor/acceptor heterojunction interface at which exciton dissociation can take place. 

BHJ is often used to promote the efficient exciton dissociation, and also to create 

efficient charge transfer through donor/acceptor interpenetrate network in the BHJ. 

Solutions for improving the performance of OSCs includes (1) using materials with 

extended exciton diffusion lengths, (2) stacking of single heterojunction sub cells 

that response to different parts of the solar spectrum, and (3) combining the 

photonic structures with novel light trapping schemes. The open circuit voltage of 

the OSCs is closely related to the energy difference between the HOMO level of 

donor and LUMO level of acceptor, and it reduces with decrease in the band gap of 

the donor materials. PCE of OSCs is dependent on JSC, FF and VOC. The optimal 

device configuration and appropriate selection of functional materials with desired 

match in their HOMO and LUMO levels are prerequisite for efficient operation of 

BHJ OSCs. 
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2.2 Excitonic Solar Cells 

In organic semiconductors, the charge transport characteristics is quite 

different form that in traditional inorganic semiconductors. So far for most of the 

OSCs, two different kinds of organic materials are required in OSCs to transport 

holes and electrons separately in two channels, serving as the donor and accepter 

separately. Disparate material properties result in very different device structures 

for OSCs and inorganic solar cells. OSCs with different configurations and the cell 

working principles are discussed in the following sections. 

Device Structures 

 

Fig. 2.4: A typical layer configuration of BHJ OSCs having a photo active layer 

sandwiched between a front transparent contact and a rare opaque metal electrode. 

The most commonly applied device architecture of OSC is shown in Fig. 2.4. 

The BHJ active layer, composing of a blend of polymer donors and fullerene or 

fullerene-derivative based acceptors, are sandwiched between two conductive 

electrodes. Uniformly blended donor and accepter can achieve larger 

donor/accepter interface, benefiting the exciton dissociation. The regular 

configuration OSCs have a donor/acceptor blend layer sandwiched between a front 

transparent ITO anode and a rear opaque metal cathode. Light enters the regular 
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cells through the transparent anode side. While the inverted OSCs use a pair of a 

front transparent cathode and a rare opaque anode, the incoming light penetrates 

through the transparent cathode side. In both cell configurations, the anode and 

cathode are often modified with desired hole extraction layer (HEL) and electron 

extraction layer (EEL) to improve the chare collection efficiency at the anode/BHJ 

and cathode/BHJ interfaces. 

 

Fig. 2.5:  Schematic layer configurations showing the structures of (a) 

conventional and (b) inverted OSCs. 

ITO is one of the most commonly used transparent electrodes for use in OSCs, 

due to its high electric conductivity, high optical transparency in the visible light 

wavelength range, smooth surface morphology and good compatibility with device 

fabrication process. The average visible light transparency of a 100~200 nm thick 

ITO-coated glass could be higher than 85%, which is of great importance for OSC 

light absorption. As indium is not abundant on Earth, due to the large demand of 

ITO in flat panel displays and thin film solar cells, a variety of ITO replacements have 

been investigated, including high conductivity PEDOT:PSS, fluoride doped tin oxide 

(FTO), aluminum-doped zinc oxide (AZO), metal grid lines and graphene.52 Metal 

electrodes, such as Ag and Al, are often modified with appropriate HEL and EEL to 

facilitate the efficient charge transport and collection at the organic/electrode 

interfaces in OSCs. 
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Fig. 2.6: (a) Schematic diagram of a tandem OSC and (b) illustrating the sub 

cells having polymers P3HT and PCE10 respond to different parts of the solar 

spectrum. 

There are two structures for the basic single junction OCSs: the conventional 

structure and the inverted structure. The corresponding device structures are shown 

in Fig. 2.5. Take the ITO transparent electrode as an example, in the conventional 

OSCs, ITO serves as the anode. The surface of ITO can be modified to convert to 

a transparent cathode for use in inverted OSCs. Different interlayers are designed 

to modify the ITO surface to achieve preferred work function alignment for 

attaining efficient charge extraction at the anode/organic and cathode/organic 

contacts in OSCs. In the conventional structure, PEDOT:PSS is often coated on 

ITO surface and serves as HEL. However, the use of acidic PEDOT:PSS is not 

favorable for efficient operation of OSCs over long term, due to the deterioration 

in the ITO/PEDOT:PSS interfacial contact property. In contrary, the inverted OSCs 

are usually more stable compared to that of the conventional cells, due to the 

removal of the acidic PEDOT: PSS in the devices. A thermally evaporated 

molybdenum oxide (eMoO3) thin film is one of the widely used HELs, e.g., 

interposed between the active layer and the top metal electrode in inverted OSCs, 
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while thin films of solution-processable n-type metal oxides, such as ZnO and TiO2, 

are used as the EEL. 

As the absorption range of single junction solar cells is usually narrow and 

covers only a small fraction in the solar spectrum, large portion of solar spectrum 

would remain unabsorbed. The performance of single junction OSCs is hampered 

by inefficient light absorption. Another major loss mechanism for single junction 

solar cells is the loss in photo-voltage due to the formation of the hot carriers in the 

cells, caused by absorbing photons with energy greater than the band gap. Tandem 

solar cell is further adopted to overcome these limitations using sub-cells with 

desired optical gaps to harness photons in different parts of the solar spectrum.53-56 

In the tandem structure, two or more sub-cells with BHJs absorbing different parts 

of solar spectrum are stacked together. The typical device structure of a tandem 

device with two sub cells serially stacked together is shown is Fig. 2.6 (a). By 

covering different wavelength range, the absorption spectra of top cell and bottom 

cell are usually complementary. Fig. 2.6 (b) presents one example for two polymers 

with complementary absorption spectra, which can be used in tandem OSCs.  In 

this way, the photon utilization efficiency can be significantly improved by 

eliminating losses caused by the hot carriers. The tandem structure requires a 

recombination interlayer to connect the stacked cells. The sub-cells in the tandem 

OSCs are able to respond efficiently to different parts of the solar spectrum. It is 

important that the photocurrent generated by the sub-cells is optimized to achieve 

current matching.  

Physical Processes in Energy Conversion 

The energy conversion process in OSCs generally involves five main steps: (1) 
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light absorption, (2) exciton generation, (3) exciton diffusion, (4) exciton 

dissociation and (5) charge transport. Fig. 2.7 illustrates the schematic diagram of 

energy conversion processes in OSCs. Details of each step are summarized as 

follow: 

 (1) Light absorption 

 

Fig. 2.7: Schematic diagram of energy conversion processes in OSCs. 

The absorption step refers to the response ability of the organic material to the 

incident solar energy. Most polymers used in OSCs have a higher absorption 

coefficient compared to crystalline silicon, which means a thinner polymer layer 

can absorb the same amount of sunlight. However due to the mismatch of the 

refractive indices between polymers and air, an appreciate amount of the incident 

light could not be absorbed due to reflection. Photons, with energy ( E hv= ) equal 

to or larger than the bandgap energy, could be absorbed by the polymer. The 

bandgap energy is the energy difference between the HOMO and LUMO of the 

polymer. In general, only a small fraction of the incident light can be absorbed due 

to the large bandgap in most polymers. 

(2) Exciton generation 

After absorbing a photon of sufficient energy by the organic polymer, an 
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electron is promoted from HOMO level to LUMO level and leaves behind a hole 

in the HOMO, forming an excited state called exciton. However, due to electrostatic 

interactions, free charge carriers in organic semiconductors cannot be generated due 

to the high excitonic binding energy. The exciton with a binding energy of 200-500 

meV57, 58 in the organic polymers is roughly one order of magnitude larger than that 

of the excitons in inorganic semiconductors,  e.g., silicon, where photoexcitations 

typically lead to the creation of free carriers at room temperature. While, the thermal 

energy at room temperature (~25 meV) is not sufficient to efficiently generate free 

charge carriers in organic materials by exciton dissociation.59 It is estimated that 

only 10% of the photoexcitations will lead to free charge carriers in pure conjugated 

polymers.60  

(3) Exciton diffusion 

In OSCs, exciton generation often occurs only at one interface, forcing the 

exciton to diffuse from the point of photogeneration. In this step, excitons diffuse 

to the interface of donor (p-type polymer) and acceptor (n-type fullerene and its 

derivatives) in order to be dissociated into free charge carriers.61. Excitons can drift 

along one polymer chain and shift to another chain. The exciton diffusion length is 

approximately tens of nanometers. Exciton quenching due to radiative and non-

radiative recombination will occur if the excitons fail to arrive at the donor/acceptor 

interface within their lifetime. Therefore, the thickness of active layer is restricted 

by exciton diffusion process, which significantly influences the PCE of device. The 

energy loss mechanism in this stage is the exciton recombination during diffusion. 
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(4) Exciton dissociation 

 

Fig. 2.8: Schematic diagram of charge transfer and energy transfer between 

donor (D) and accepter (A). 

The abrupt difference in energy levels between the LUMO of donor and 

acceptor gives rise to a relatively strong electric field at the interface. The excitons 

are relaxed to form weakly bound charge transfer (CT) states at the donor-acceptor 

interface, and their subsequent dissociation to free charge carriers, mediated by the 

built-in potential across the active region in the cell. The fullerene and its 

derivatives are strong electron acceptors, enabling efficient exciton dissociation 

when they are blended with donor polymers forming BHJ in OSCs.62 The electrons 

can be relaxed from the LUMO of the donor to the LUMO of the acceptor if the 

difference in energy level (ΔΦ) between LUMO of the donor and LUMO of the 

acceptor is larger than the exciton binding energy. However, this process, which is 

called photo-induced charge transfer, can lead to free charges only when the hole 

remains on the donor due to its higher HOMO level. In contrast, if the HOMO of 

the acceptor is higher, the exciton transfers itself completely to the material of lower 

band gap accompanied by energy loss as shown in Fig 2.8. The process of charge 

separation is accomplished in a time-scale of tens of femtoseconds, much faster 

than other exciton release mechanisms like photoluminescence.63 Significant 
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amount of CT excitons can be recombined at the donor/acceptor interface before 

they have a chance to completely separate to form free carriers. 

(5) Charge transport 

Generated free charges are transported to their respective electrodes under the 

built-in potential across the active layer, caused by the difference in the Fermi levels 

of the anode and cathode contacts. Cathode with a low work function and the anode 

with a relatively high work function are usually employed to enhance the charge 

transport in OSCs. The recombination of photo-generated charges during the 

transport is one of the energy loss mechanisms, due to the limited charge mobility 

and the interfacial barrier at the organic/electrode interface. 

2.3 Fundamental Characteristics 

 

Fig. 2.9: Typical I−V curves of an OSC in dark (blue line) and under 

illumination (red line). 

PCE, JSC, VOC and FF are four important device parameters in OSCs which can 

be derived from the J−V characteristics. As one of the most important 
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characteristics of OSCs, the typical J−V characteristics of an OSC in dark condition 

and under illumination are showed in Fig. 2.9 respectively.  

In the dark condition, the J−V characteristics of an OSC resemble to that of a 

typical p-n junction diode. For the solar cells working under illumination, they do 

not generally operate under exactly one atmosphere's thickness with normal 

incidence and usually the sun is at an angle to the Earth's surface. Solar energy 

reaching the earth surface is related to the incidence angle due to absorption in the 

atmosphere because the effective thickness of the atmosphere will be greater for 

lager incidence angle. For a path length P through the atmosphere with solar 

radiation incident at angle θ, the air mass (AM) coefficient is defined as: 

AM = P/P0≈1/cosθ                                             (2.2) 

where P0 is the zenith path length for normal incidence at sea level and θ is the 

zenith angle in degrees between the incident direction of solar irradiation relative 

to the normal to the Earth's surface.  

 

Fig. 2.10: Air mass at incident angle θ (from Gambar: Laser Focus World). 

Fig. 2.10 gives the definition for AM1.0, AM1.5 and AM 2.0. The AM number 

varies with the passing seasons of the year, time of day and also with the latitude of 
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the observer. To compare the performance of different OSCs, a standard 

illumination spectrum and light intensity should be defined. Conventionally, 

AM1.5G (global spectrum) solar spectrum, which refers to 1.5 atmosphere 

thickness and corresponds to a solar zenith angle of θ=48.2°, has been chosen for 

all standardized testing or rating of terrestrial solar cells in the solar industry. 

Under illumination, an external bias is applied on the two electrodes across the 

OSCs for the J−V characteristic measurement. At 0 V, it refers to the short circuit 

condition and the corresponding output current is defined as the short circuit current 

(ISC), shown as point (a) in Fig. 2.9. Then JSC could be achieved by dividing ISC with 

the effective area of the OSC. When the applied bias increases to a certain value, 

the total current in the OSC would be zero since the diffusion current and injected 

current are completely offset, and the bias value now is defined as VOC, represented 

by point (c) in Fig. 2.9. At a certain point (b) existing between points (a) and (c), 

the output power, which equals to the product of applied voltage and the output 

current, reaches its maximum. This point is named by the maximum power point 

(MPP), the corresponding current and voltage are denoted as VMPP and IMPP. 

Therefore, the PCE of an OSC can be calculated from Equation 2.3:  
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==                                         (2.3) 

The FF is defined by:  
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VI

VI
PFF

×
×

=
×

=                                    (2.4) 

The spectral response is another important characteristic of OSCs. To identify 

the spectral response, the photocurrent generated by a monochromatic light is 
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measured over the wavelength range from 300 nm to 850 nm, the spectral response 

is known as the incident photon-to-electron conversion efficiency (IPCE) or 

external quantum efficiency (EQE), which can be calculated using Equation 2.5:  

IPCE = 
qP
hcI

n
n SC

ph

e

λ0
= ,                                              (2.5) 

where the numerator ne is the number of pair of collected holes and electrons, nph is 

the number of incident photons, P0 is the incident optical power, c is the speed of 

light, λ is the wavelength and q is the elementary charge. As presented in Equation 

2.5, ne is dependent on light absorption, charge transport and charge collection 

efficiency in the cells. Thus the IPCE spectrum reflects not only the behavior of 

light absorption, but also the information about charge transport and collection 

processes in OSCs. The typical IPCE spectrum of an OSC with a regular device 

structure of ITO/PEDOT:PSS/PTB7:PC70BM/ZnO/Ag is plotted in Fig. 2.11. 

 

Fig. 2.11: Typical IPCE spectrum of an OSC. 
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Chapter 3: Experimental Optimization and 

Theoretical Simulation 

 A systematic investigation of the performance enhancement in OSCs has been 

performed by a combination of experimental optimization and theoretical 

simulation. The details of experimental approaches, including material formulation, 

device design, fabrication process optimization and different characterization 

techniques are presented in this chapter, along with the description of the theoretical 

models and key parameters of the cells used in the FDTD simulations. 

3.1 Material Formulation, Device Design and Fabrication 

3.1.1 Solution-processable MoO3 and ZnO Interlayers 

Both solution-processable metal nano-particles of ZnO and MoO3 are 

synthesized in-house following the procedures summarized below: 

Synthesis of solution-processed ZnO NPs  

ZnO NPs are synthesized following the procedure reported by Hermann Jens.64 

In our experiment, zinc acetate dehydrate (ZnAc⋅2H2O) and potassium hydroxide 

(KOH) are purchased from Sigma-Aldrich and used as received without further 

modification. 780 mg ZnAc⋅2H2O and 390 mg KOH powders are first weighted 

inside the glove box and stored in two separated beakers. 780 mg ZnAc⋅2H2O is 

then transferred out of the glove box and dissolved in 50 ml methanol. The 

ZnAc⋅2H2O solution is then transferred into a three-necked bottle with a condenser 

pipe connected into one of the three necks. Half of the three-necked bottle is kept 

in the water bath with the water temperature kept at 65 oC. Next, the KOH powder 
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in the glovebox is taken out and dissolved in 30 ml methanol.  The KOH solution 

is then added gradually into the three-necked bottle. The reaction between 

ZnAc⋅2H2O and KOH then takes place inside the three-necked bottle, leading to a 

muddy solution gradually as the reaction continues. After about 3 hours, the 

reaction completes with white ZnO NPs precipitated at the bottom of the three-

necked bottle, having a diameter of ZnO nanoparticles of ~5 nm. ZnO NPs are then 

purified and re-dissolved in methanol, with a concentration of ~0.01 mol/L. The 

solution of ZnO NPs can then be used to form ZnO thin films in OSCs without post 

annealing treatment. 

Synthesis of solution-processed MoO3  

 

Fig. 3.1: The photo picture of blue MoO3 solution synthesized in our lab. 

The solution-processed MoO3 are synthesized following the procedures 

described in a previous work.65 The molybdenum powder is purchased from Sigma-

Aldrich and stored in the glove box. 100 mg molybdenum powder is first weighted 

using the electronic analytical balance in the glove box and then kept in a 

transparent white 20 ml vessel. After adding 10 ml ethanol into the vessel, the 
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solution is stirred in air for about 10 minutes to dissolve molybdenum powder. Then, 

0.35 ml hydrogen peroxide (H2O2) (30%) solution is dripped gradually into the 

molybdenum ethanol solution. The reaction of forming MoO3 nanoparticles 

continues for about 20 hours, the suspension changes gradually from greyish color 

to dark blue MoO3 solution, as shown in Fig. 3.1. The blue color indicates the 

solution-processed MoO3 are ready to use with concentration ~0.1 mol/L. During 

our device fabrication process, the MoO3 suspension is further diluted 15 times 

using ethanol solvent. 

3.1.2 Formulation of Donor/acceptor Blend Solution 

 PTB7 (1 Materials) donor and the PC70BM (Nano C) accepter are used for 

device fabrication, which are stored in the glove box after received. A polymer 

blend of PTB7 and PC70BM in a weight ratio of 1:1.5 is dissolved in chlorobenzene 

solution. For example, to prepare 1 ml PTB7:PC70BM blend solution, 10 mg PTB7 

and 15 mg PC70BM are weighted by the electronic analytical balance inserted in 

the glove box and stored in a semitransparent brown vessel (4 ml). 970 ul 

chlorobenzene (CB, Sigma Aldrich) and 30 ul 1,8-diiodooctane (DIO, Sigma 

Aldrich) are then added in the vessel to dissolve the organic materials, the mixed 

solution is stirred at 60 oC on a hotplate overnight to fully dissolve the organic 

materials. 

3.1.3 Spin-coating and Nano-imprinting  

Basically, the glove box, the multi-chamber vacuum system and the spin-coater 

are three fundamental facilities for OSC device fabrication. With sealed and leak-

proof construction, a glove box is designed to store and process organic materials 

in a control environment. The devices can be prepared and characterized in situ 
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inside the glove box, improving the performance reproducibility of the cells. In our 

lab, the glove box (MBRAUNMB 20/200) is purged with very high purity nitrogen 

(N2) gas, with a solvent absorbing system and a gas purifier system to remove 

organic solvents, H2O and O2. Both the H2O and O2 levels of less than 0.1 parts per 

million (ppm) in the glovebox are maintained for device process and 

characterization. As shown in Fig. 3.2, the glove box is directly connected to the 

multi-chamber vacuum system (SCIENS), which includes the sample preparation 

chamber, the thermal evaporation chamber and the sputtering chamber. The thin 

films of MoO3 and metal (Ag/Al) electrodes are deposited in the thermal 

evaporation chamber. The base pressure in the chambers is below 5×10-4 Pa, 

pumped by a turbo-molecular pump which is backed by a rotary pump. There are 

two transmission rods installed inside the system to transfer the samples between 

the glove box and different chambers without breaking the vacuum system, 

avoiding the possible contamination of the samples due to the encroachment of 

moisture and oxygen in air. The vacuum systems can be vented using high purity 

N2 gas for refilling source materials. 

 

Fig. 3.2: The combination of vacuum chamber system and glove box. 
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Spin-coating process  

 

Fig. 3.3: Schematic diagram illustrating the spin coating process. 

The functional layers of PEDOT:PSS, PTB7:PC70BM, ZnO and solution-

processed MoO3 in the devices are prepared by spin-coating method, forming 

uniform thin films. The schematic diagram illustrating the spin coating process is 

shown in Fig.3.3. The substrates are placed in the center of the spin plate and sucked 

by vacuum pump to fix the substrate and balance the strong centrifugal force during 

the spin-coating process. A small amount of material solution is dropped in the 

center of the substrates to cover the function area of the substrate. Before the 

dropping of the solutions, the substrate is either kept without rotation or spun at a 

low rotation speed. The substrate with material solution is then accelerated to a high 

speed, thus the liquid materials are spread evenly on the substrate by the centrifugal 

force. Rotation is continued from a specific period and some of the fluid spins off 

the edges of the substrate with solvent volatilized simultaneously. The film 

thickness can be controlled by the concentration of solutions, rotation speed and 

time. For solution with a given concentration, the thickness of the resulting films 

decreases with increase in the rotation speed. Usually, the film thickness could be 

optimized by changing the solution concentration, the solvent viscosity and 

volatilizing rate, the acceleration and spin speeds, as well as the spin time. 
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In this work, thin films of PEDOT:PSS (in aqueous solution) and MoO3 (in 

ethanol solvent) on ITO/glass substrates are prepared in the fume hold, using the 

spin-coater Laurell (WS-650Mz-23NPP). Film coating using other organic 

solutions including ZnO NPs (in methanol) and organic blend layers (in CB) are 

prepared a built-in spin coater (SAWATEC) inside the glovebox. 

Nano-imprinting process 

Nano-imprinting, a simple pattern transfer process having advantages of low 

cost, high throughput and reliable repeatability, has attracted a lot of attention for 

application in fabrication of functional devices during the past decades. Metal 

patterns with periodic feature, formed by nano-imprinting, was first reported by 

Prof. Stephen Chou’s group in Science in 1996. In the following years, the nano-

imprinting technique has been widely introduced into the fabrication of electronic 

devices, which could help to conduct sub-wavelength resonant gratings, anti-

reflective and scattering structures, photonic and plasmonic structure devices. In a 

typical nano-imprinting process, the desired structures are first defined and 

patterned using electron beam lithography on Si wafer, forming a Si mold. A 

polydimethylsiloxane (PDMS) elastomer stamp is subsequently created using the 

Si mold. The PDMS imprint mold can then be used to form the desired pattern in 

the thin films of functional materials. During the device fabrication process, a thin 

film is first spin-coated or casted on the substrate. As shown in Fig. 3.4, the desired 

patterns can be transferred to the films by imprinting the PDMS mold directly on 

its surface. Here, the film should have suitable softening characteristics in order to 

fill up the pattern. After a period of time which should depend on the material 

characteristics, the PDMS mold is then detached from the film. The patterns could 

be successfully transferred onto the film for further device fabrication. Examples 
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demonstrating the fabrication of nano-structured OSCs using nano-imprinting 

technique are described in the section. 

 

Fig. 3.4: Schematic diagram illustrating the nano-imprinting process. 

Example 1: A biomimetic nano-structured active layer and a antireflective 

coating are used forming nano-structured OSCs with a device structure of 

ITO/ZnO/P3HT:ICBA/MoO3/Al using the imprinting technique.66 An obvious 

absorption in the nano-structured cells is obtained, leading to a 24.3% increase in 

JSC and 22.2% enhancement in PCE. Both the experimental and theoretical results 

show that the improvement in the cell performance is mainly from the light trapping 

in the nano-structured active layer, the reduction in the ambient reflection, caused 

by the antireflective coating and surface plasmonic resonance excited by corrugated 

Al electrode on the surface of the nano-structured active layer. 

Example 2: The effect of plasmonic resonance on performance enhancement 

in nano-structured inverted OSCs with a device structure of ITO/ZnO/PTB7:PC71 

BM/MoO3 /Ag is demonstrated.67 The rear grating type contact in the OSCs was 

produced by evaporating oxide/metal electrode on the surface of nano-patterned 

active layer, formed by the imprinting process. By introducing the metal grating 

with a period around 700 nm, the PCE of OSCs improved from 7.20 % to 7.73%. 

Results indicate that existence of the periodic nano-structures significantly 



	   37	  

enhances the absorption in the active layer, due to the plasmonic resonance and 

light scattering effects, leading to an overall increase in PCE of the OSCs. 

3.1.4 Finite-difference Time-domain Numerical Simulation 

Finite-difference time-domain (FDTD) simulation is a technique calculating 

the distribution of electromagnetic field in a media or a system composed of 

different materials  by solving Maxwell’s equations in the time domain. The 

calculation considers the nonlinear properties of the materials in a natural way and 

covers a wide frequency range with a single simulation run. The FDTD simulation 

uses the general class of grid-based differential numerical modelling methods. In 

the FDTD approach, both space and time domains are divided into discrete 

segments.  

 

Fig. 3.5: A Yee cell used in the FDTD simulation. 

Space is segmented into box-shaped cells, which are smaller compared to the 

wavelength. The electric fields are located on the edges of the box and the magnetic 

fields are positioned on the faces as shown in Fig. 3.5. This orientation of the fields 

is known as the Yee cell and is the basis for FDTD simulation. An FDTD grid or 

mesh consisting of an array of Yee cells in a three-dimensional volume. The Yee 
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cell used for calculation with distributed electric and magnetic field components is 

shown in Fig. 3.5. Each field element is surrounded by other four field components. 

 

Fig. 3.6: A typical interface model of a 2-D periodic structured OSC used in 

the Lumerical FDTD simulation. 

The profile of the electromagnetic field in the photonic structured OSCs is 

calculated rigorously by solving the Maxwell's equations. The optical field 

distribution in both flat and nano-structured OSCs is calculated using the Lumerical 

FDTD simulation software. The simulation interface for an OSC with a 2-D 

periodic structure is shown in Fig. 3.6. The nano-structure of devices used in the 

FDTD simulation is chosen based on the structure parameters adopted in the cell 

fabrication, the wavelength dependent optical constants (n , k ) are derived using 

variable angle spectroscopic ellipsometer (VASE) measurements. One periodic unit 

is studied in the simulation region, considering a lateral periodic boundary 

condition. The simulation accuracy is influenced by the mesh level of the device, 

precision of the (n, k) constants and other factors. 

 



	   39	  

3.2 Device Characterization 

3.2.1 Current Density-Voltage Characteristics  

The J–V characteristics are the basic properties of OSCs. The schematic 

diagram of the J−V characteristic measurement set-up and a photo picture taken for 

the SAN-EI ELECTRIC XEC-301S solar simulator used in our lab are shown in 

Figs. 3.7(a) and (b), respectively. The intensity tunable solar simulator is integrated 

with the glove box, calibrated to the solar AM 1.5G standard irradiation at 100 

mW/cm2. The J−V characteristics of OSCs can be measured in situ in the glove box 

without exposing the devices to air. The intensity of the solar simulator is calibrated 

using a silicon reference cell (with a KG-5 filter) to minimize the spectral 

mismatch.37 

 

Fig. 3.7: (a) The schematic diagram of the J−V characteristic measurement 

system; (b) Photo picture taken for the SAN-EI ELECTRIC XEC-301S solar 

simulator used in our lab. 

With calibrated AM 1.5G irradiation of 100 mW/cm2, the J−V characteristics 

of the OSCs are measured over a voltage range from -1 V to 1 V. With a given 
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active area of the cells, the J–V characteristics including PCE, JSC, VOC, FF, RS and 

RSH can be derived. There is a shutter placed between the solar simulator and the 

sample holder, thus the dark and the J−V characteristics of the OSCs under 

illumination can be obtained easily without moving the position of the samples. The 

dark and photo currents are obtained for analyzing the performance of the cells, 

device analysis will be introduced in the following chapter. 

3.2.2 Incident Photon-to-electron Conversion Efficiency  

The schematic diagram illustrating the IPCE measurement system installed in 

our lab is shown in Fig. 3.8. The IPCE set-up uses a Xenon lamp illumination source, 

and a monochromator is applied to generate monochromatic light with wavelength 

range from 300 nm to 850 nm. The monochromatic light is first guided to pass 

through an optical chopper and a lock-in amplifier with a given frequency, which 

could help to distinguish the signal in noisy background to enhance the signal to 

noise ratio.  

 

Fig. 3.8: Schematic diagram of the IPCE measurement system. 

Usually, the IPCE measurement is carried out 20 min after the Xenon lamp is 
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switched on, to obtain stabilized light intensity. The spectral response of a standard 

Si cell, over the wavelength range from 300 nm to 850 nm, is first recorded as the 

reference signal IR(λ). Then the photocurrent of the test cell is measured and 

recorded as IS(λ). In the IPCE measurement, the focused light is located inside the 

active area of the cell. With given IPCE response of the Si reference cell (IPCER), 

the IPCE of test cell can be calculated using the following relation: 
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The JSC value of the test cell can also be calculated using IPCE spectrum, e.g., 

using the following equation: 
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where q is elementary charge, c is the speed of light, h is the Planck constant and 

P(λ) is the given intensity distribution of AM1.5G solar irradiation with an intensity 

of 100 mW/cm2 condition at different wavelengths. 

3.2.3 Light Intensity-dependent Current Density-Voltage Characteristics  

PCE and other characteristics of the cells are dependent on the intensity of the 

incident light. The recombination kinetics of photo-generated charges and the 

distribution of charge density under different light intensities and the correlation to 

the performance of OSCs can be investigated using light intensity-dependent J−V 

measurements. 

Light intensity-dependent J−V characteristics of the OSCs are measured by 

adjusting the intensity of the solar simulator over the range from 0.2 to one sun 
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condition. The variation of light intensity is obtained by tuning the power supply of 

the Xenon lamp and the corresponding intensity is calibrated using a c-Si reference 

cell. However as shown in Fig. 3.9, it is found that there is an observable shift in 

the spectral distribution over the wavelength range from 800 nm to 1000 nm under 

different intensities of the Xenon lamp, resulting in a mismatch in the spectral 

distribution of light calibrated by the standard c-Si cell. The spectral response of 

PTB7-PC70BMbased OSCs is primary over the wavelength range from 300 nm to 

800 nm. Therefore, it can be considered that the spectrum distribution of light 

source at different light intensities remains unchanged over the visible light 

wavelength range from 380 nm to 800 nm the measurements of light intensity-

dependent J−V characteristics of the OSCs. 

 

Fig. 3.9: Normalized spectral intensity distribution of Xenon lamp measured at 

different illumination intensities within the spectrum range of 380 nm to 1000 nm. 

 The photocurrent density of OSCs is almost directly dependent on the intensity 

of light. The empirical relationship between Jph and the intensity of light (I) is:68, 69 

)()( 0 aph VVPIJ −∝ α                                          (3.3) 
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where Jph is the photocurrent density (Jph = JSC−JD), P is the exciton dissociation 

probability, (V0-Va) is the effective bias across the organic active layer. The 

exponent α in Equation (3.3) is usually approaching one when with very good 

charge collection, and recombination of the photo-generated charges in the device 

generally results in a deviating from one i.e., α<1.70, 71 At high intensity of light, 

charge accumulation in the active layer of an OSC will be quickly saturated due to 

the limited trap states. While at the low intensity of light, the charge accumulation 

processes will be limited and the recombination becomes more significant as the 

charge density increases with light intensity, canceling out a portion of the 

photocurrent.72, 73 Therefore, irradiation of less bright light can be used to analyze 

the charge accumulation and recombination processes in the OSCs.  

3.2.4 Photo-CELIV Technique 

Photo-CELIV method provides a manner to measure charge transport and 

recombination in bulk heterojunction solar cells. The Photo-CELIV technique, was 

first introduced by G. Juška et al. in 2000.74 They applied two consecutive pulses 

of linearly increasing voltage to obtain the current transients related to extraction 

of equilibrium carriers. Due to its ability to measure the mobility and recombination 

parameters simultaneously, CELIV technique has attracted much interest in the 

organic semiconductor research. It is also applicable for calculating the drift 

mobility and bulk conductivity of high conductivity materials. Basing on the 

principles of the CELIV technique, the photo-CELIV method has been further 

introduced allowing one to determine the mobility and the lifetime of the charge 

carriers simultaneously. Moreover, it is applicable to practical devices with low 

conductivity materials and relatively thin active layer thickness directly, e.g., 

organic semiconductors typically used in organic electronic devices. Recently, 
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many insightful results have been obtained using the photo-CELIV method, 

including the effect on mobility from electric field, temperature and density, the 

simultaneous determination of lifetime and mobility, as well as the determination 

of recombination mechanism.75-80  

 

Fig. 3.10: Schematic illustration of the photo-CELIV method. The measurement 

parameters are introduced in the results and discussion section. 

The schematic illustration of the photo-CELIV technique is shown in Fig. 3.10. 

A 532 nm pulsed Nd:YAG laser with a 5 ns pulse width is illuminated on OSC 

samples to generate charge carriers within the photoactive layer. The laser pulse 

irradiates through the ITO side. The generated charge carriers are then extracted 

using a linearly increasing reverse bias pulse (triangular-shaped voltage pulse). The 

voltage pulse is created using a digital function generator. The delay time (tdel) 

between the laser flash and the initial position of the applied triangular bias pulse 

is controlled by a digital delay generator, which is in the range of 5 to 1000 µs. A 

special sample holder is designed to establish electrical contact with anode and 
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cathode through which the voltage pulses are applied. The peak voltage in the 

reverse direction (Umax) is approximately 1 V-5 V and is applied to the Al or Ag 

cathode with a varied offset bias (Uoffset) in the forward direction. Uoffset is chosen 

to compensate the intrinsic built-in potential (Vbi) of the device, thereby nulling the 

internal electric field before the charge carrier extraction. The resulting current is 

monitored as a function of time using the 50 Ω input of a digital storage oscilloscope. 

All Photo-CELIV measurements are carried out under ambient condition at room 

temperature. Samples are first encapsulated in the glove box to avoid possible 

degradation due to the encroachment of H2O and O2.  

Upon application of a reverse triangular-shaped voltage ramp in the dark, the 

typical CELIV response is a rectangular-shaped current transient with a plateau 

value and no charge extraction peak is detected. However, when a strongly 

absorbed laser flash hits the sample, photo-carriers are generated throughout the 

active layer. The photo-generated carriers either undergo recombination or exit the 

device through the external circuit under the influence of the built-in electric field. 

To minimize the external photocurrent upon photoexcitation and forcing the charge 

carriers to remain in the device and to recombine, a forward offset voltage (Uoffset) 

is applied to compensate the built-in field. Therefore, the remaining charge carriers 

can be extracted after an adjustable delay time (tdel), determining their lifetime and 

mobility. By selecting the proper voltage rise speed (A) and Uoffset, typical Photo-

CELIV transients at various delay times can be recorded. The maximum of the 

extraction current Δj and the time to reach the current maximum tmax, can be directly 

read from the photo-CELIV transients, then the effective charge carrier mobility µ 

of the organic film can be calculated according to the following equation:75 
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µ= 2d2

3Atmax 1+0.36∆j j(0)
  if ∆𝑗 ≤ 𝑗(0)                                (3.4) 

3.2.5 Transient Photocurrent Measurement  

TPC measurement is a technique employed in the study of generation of 

photocurrent in thin film semiconductor devices. It provides good approaches to 

analyze the time-dependent transient dynamics of charge extraction and 

recombination kinetics in solar cells on a microsecond time scale. A stack of 

organic films is sandwiched between two conductive electrodes in an OSC. A short 

laser pulse is incident from the transparent electrode to excite photo-generated 

charges. The generated charges are then extracted by the electrodes, resulting in a 

current. An oscilloscope in form of voltage across a resistor is employed to detect 

and record the transient photo-current.  

 

Fig. 3.11: Schematic diagram of the TPC measurement system. 

Fig. 3.11 exhibits the schematic diagram for TPC measurement set-up in our 

lab. An 355 nm Nd:YAG pulsed laser with pulse duration of  5 ns was used to 

generate the transient signal for TPC measurements. The two electrodes are 

connected with an oscilloscope (Agilent DSO8064A Infiniium Digital Oscilloscope, 
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with the bandwidth of 600 MHz) to record the transient photovoltage generated by 

the transient excitons and free carriers. The internal resistor (50 Ω) of the functional 

generator is utilized to convert the transient photovoltage to transient current. 

The dark transient current (ID) is first recorded as the noise and dark current. 

Then the laser excited transient current (IL) is recorded when the device is irradiated 

by the laser pulse. The transient photocurrent (ITPC) of the device can be expressed 

as: 

DLTPC III −=                                            (3.5) 

ITPC is contributed by both the drift current formed under the internal electric 

field (Eint) and the current contributed by the exciton dissociations at the D/A 

interface, dependent on the internal electric field across the active region Eint, and 

at the organic/electrode interface that is not dependent on Eint. Usually, ITPC due to 

the exciton dissociations at D/A and organic/electrode interfaces cannot be easily 

distinguished during the TPC measurements, while ITPC contributed from the drift 

current under Eint can be offset by applying an opposite external bias (Vb) on devices 

during the TPC measurements. Therefore, exciton dynamics and recombination 

kinetics of photo-generated carriers at organic/ electrode interface can be analyzed 

by applying different Vb during the TPC measurements. It is crucial to improve the 

understanding of charge transport and charge collection behavior at the 

organic/electrode interface in order to design optimized device architectures. This 

would also help to identify suitable material process conditions which can increase 

both the stability and efficiency of the OSCs. 
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3.2.6 Scanning Electron Microscope 

Scanning electron microscope (SEM) is a commonly used technique to produce 

images showing the surface morphology of the samples. The electron beam could 

interact with atoms on the surface of the samples and produce various signals 

revealing information about the surface topography and composition of the samples. 

Fig. 3.12 exhibits the photo picture taken for SEM (LEO 1530) used in this work.  

The surface of specimens applied for SEM imaging must be electrically 

conductive and be grounded to the metal sample holder to prevent the accumulation 

of the charges on its surface during the SAM measurement. For nonconductive 

specimens, a thin layer of electrically conducting material such as carbon or gold 

should be first deposited on the sample by sputter coating or thermal evaporation. 

 

Fig. 3.12: Photo picture taken for SEM and EDX used in this work. 

Samples are placed in the vacuum chamber and an electron beam is 

thermionically emitted from an electron gun which is further accelerated by a high 

voltage. The electron beam is then focused to a small spot about 0.4 nm to 5.0 nm 

in diameter by the condenser lenses. With the primary electron beam scan through 
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the sample surface, signals from the sample can be collected and analyzed for 

surface imaging and other information, including emission of elastic and inelastic 

scattering electrons and the emission of electromagnetic radiation, 

3.2.7 Atomic Force Microscope  

Atomic-force microscopy (AFM) is a kind of scanning probe microscopy with 

high resolution, which is designed to characterize local properties, such as surface 

morphology of the specimens at nanometer scale. It not only can provide 2-D and 

3-D topography images of the sample surface, but also provide a number of 

operation modes depending on the application. 

 

Fig. 3.13: Schematic diagram of AFM measurement set-up. 

 Fig. 3.13 shows the typical schematic diagram of an AFM. A cantilever with 

a very sharp tip is applied for surface sensing, scanning over a small area of the 

sample surface. As the tip is brought into close-range of the sample surface, 

attractive forces between the tip and the sample surface can lead to a deflection of 

the cantilever towards the surface. However, as the distance between the cantilever 

and the surface is even closer, the increasingly repulsive force will cause the 

cantilever to deflect away from the surface according to Hooke's law. 

An optical lever is used to scale deflections of the cantilever, which operates 

by reflecting a laser beam off the cantilever. It should detect deflections towards or 
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away from the surface and any deflection will cause direction changes of the 

reflected beam. The changes are further traced by a position-sensitive photodetector. 

The AFM is able to generate an accurate topographic map of the surface features at 

nanometer scale by employing a feedback loop to keep the constant height of the 

tip above the surface. 

3.2.8 Ultraviolet Photoelectron Spectroscopy  

Ultraviolet photoelectron spectroscopy (UPS) is a versatile technique aimed to 

measure the kinetic energy spectra of photoelectrons emitted by the samples. In 

UPS, ultraviolet photons are applied to excite the photoelectrons in the valence 

band of the atoms on the surface of a solid. The lower energy of the UV photons 

restricts their interactions to the valence band，so it can provide an invaluable 

technique for analysing the HOMO level in organic semiconductors or valence 

electronic structure of an inorganic semiconductor or Fermi edge of transparent 

conducting oxides, e.g., ITO and metal. 

The basic requirements for an UPS experiment system are: 

1.  A source of fixed-energy radiation. Typically, the UPS has a helium 

discharge lamp as the radiation source, emitting He I photon (light emitted from 

neutral atoms) with a wavelength of 58.4 nm or radiation energy of 21.2 eV.  

2.  An electron energy analyzer. The resolution of the analyzer should be high 

enough to disperse the distributions of emitted photoelectrons according to their 

kinetic energy. 
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3.  A high vacuum environment. The high vacuum pressure (P < 10−8 mbar) is 

required to avoid the attenuation of He I photons and detect the emitted 

photoelectrons form the interference of gas phase collisions. 

As shown in Fig. 3.14, the process of photoionization can be considered as 

follows: a photon with energy hν hits the atom, then the atom is ionized with one 

electron escaped from the valence band to the free space. The kinetic energy is then 

given by 

EK= hν -EB                                                   (3.6) 

where h is the Planck constant, ν is the radiation frequency, EB is the binding energy 

representing the energy difference between the ionized and neutral atoms. 

 

Fig. 3.14: Schematic diagram of the process of photoionization in UPS 

measurement. 

One of the most useful results from UPS measurements is to determine 

the work function of contacts and also to analyze the interfacial electronic structure 

at the semiconductor/electrode interface. Fig. 3.15, shows the typical UPS spectrum 

measured for a thin PEDOT:PSS film deposited on ITO/glass substrate. The work 

function φm of the conductive layer is given by:    

φm = hν –W,                                                     (3.7) 
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where W is the width of the UPS spectrum measured for the sample, a spectrum 

obtained over the binding energy range between the secondary electrons cut-off and 

the Fermi edge. hν is the energy of the incident UV light, e.g., 21.2 eV used in our 

UPS measurement. The work function 5.9 eV measured for a thin PEDOT:PSS film 

is obtained : 

Φm = 21.2 eV -15.9 eV = 5.3 eV                                (3.8) 

 

Fig. 3.15: The typical UPS spectrum measured for a thin PEDOT:PSS film coated 

on ITO/glass substrate. 
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Chapter 4: Realization of Absorption 

Enhancement in Organic Solar Cells with 2-D 

Photonic Structures 

Due to the mismatch between the optical absorption depth and the charge 

transport scale in organic semiconductors, light absorption in OSCs is limited. This 

severely restricts the PCE of OSCs.11, 13 To solve this problem, many efforts have 

been devoted to improving light absorption in the active layer through different 

light trapping effects. Various approaches have been reported including 

incorporating metal nanoparticles, photonic structures and textured substrate 

templates in OSCs to boost light absorption.22, 25, 26, 30, 66, 81-84 Among these studies, 

realization of absorption enhancement in OSCs by creating photonic structures in 

the active layer, formed using nano-imprinting technique with advantages of 

reusable, inexpensive, and large-scalable soft imprint mold, has received 

tremendous attention. On one hand, light absorption in the nano-structured active 

layer can be achieved over a wide wavelength range of solar spectrum, thereby 

improving the PCE of the cells.85-87 On the other hand, the use of metallic structures 

with surface plasmon polariton resonances can achieve a strong confinement and 

scattering of the incoming light, thus effectively enhance the light absorption in the 

active layer of OSCs. 88-90 

Incorporation of these photonic-structures for absorption enhancement in 

regular configuration OSCs has been demonstrated.91, 92 An inverted architecture 

has process advantages compared to that of the regular structured OSCs. OSCs with 

a reverse geometry also possess enhanced absorption and stability comparing to the 
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corresponding OSCs having a regular configuration.93 Recently, performance 

enhancement in inverted OSCs with a thick sol-gel ZnO grating buffer layer, 

formed by nano-imprinting following with a high sintering treatment, has been 

demonstrated.39, 66 However the sintering process required for forming the sol-gel 

ZnO buffer layer is not a favourable approach for application in fabrication of large 

area flexible OSCs. A solution processable annealing-free ZnO electron extraction 

layer (EEL) has advantages for producing efficient inverted OSCs.94 In a related 

work, it is found that organic/Al contact in regular OSCs always hampers the 

electron collection, proven by the TPC measurements, due to the unfavorable 

interfacial exciton dissociation occurred at the organic/Al cathode interface. 

However, this is not observed in inverted OSCs.40 

In this chapter, 2-D periodic photonic-structures were incorporated for 

attaining light absorption enhancement in inverted OSCs. The photonic-structured 

OSCs were fabricated by imprinting 2-D pattern in the active layer without 

additional post-annealing or vacuum treatment, a process that can be easily adopted 

for application in large area and flexible OSCs. The structure patterning in the 

inverted OSCs was optimized by controlling the mold pressure during the 

imprinting process. Performance of the photonic-structured OSCs was closely 

related to the imprinted structures. The optimized photonic-structured OSCs 

produced an average JSC of 15.2±0.1 mA/cm2, with an increase of 7.8% compare to 

that measured for the optimized planar cells (14.1±0.2 mA/cm2). The improvement 

in JSC was primarily attributed to the enhanced light absorption, resulting in a PCE 

of 7.0±0.2%, increased by 6.1% compared to that of the best performing planar cell 

(6.6±0.1%). 



	   55	  

4.1 Light Absorption in Planar Organic Solar Cells 

 The performance of planar OSCs with a structure of 

ITO/ZnO/PTB7:PC70BM/MoO3/Ag was analyzed. The ITO/glass substrates, with 

a sheet resistance of 10 Ω/square, were cleaned by ultrasonication sequentially with 

detergent, deionized water, acetone and isopropanol each for 20 min. A 10 nm thick 

ZnO EEL was then fabricated on ITO/glass by spin-coating inside a N2-purged 

glove-box with O2 and H2O levels less than 0.1 ppm. A PTB7:PC70BM BHJ layer 

was then deposited on ZnO-modified ITO/glass substrates by spin-coating inside 

the glove-box. Samples were finally transferred to an adjacent vacuum evaporator, 

with a base pressure of 5.0×10-5 Pa, for the deposition of a 2 nm thick MoO3 HEL 

interlayer and a 100 nm thick Ag top contact.  

 

Fig. 4.1: Relationship between the integrated absorbance of the active layer as a 

function of its layer thickness in a planar cell. 

To achieve the best performance, the integrated absorbance of the active layer 

is first calculated using the following equation:95, 96 
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where Ф(λ) refers to the flux of AM 1.5G solar irradiation incident on the device in 

W·m-2·nm-1, A(λ) is the light absorption in the active layer calculated using FDTD 

simulation. The integrated absorbance of the active layer as a function of its layer 

thickness over the range from 10 nm to 150 nm is presented in Fig. 4.1. The results 

allow us to optimise the thickness of the active layer through maximizing the 

integrated absorbance. Fig. 4.1 indicates the oscillation behaviour relationship 

between the integrated absorbance and the active layer thickness. It is clear that the 

maximum absorption occurs at the active layer thickness of 90 nm~100 nm for the 

planar device. 

 

Fig. 4.2: Simulated electric (|E|) field distributions in planar cells at different 

wavelengths of (a) 379 nm, (b) 455nm and (c) 842 nm. 

 The electric field distribution |E| in the planar device is analyzed using the 

FDTD simulation. The |E| profiles of the planar device at different wavelengths of 

379 nm, 455 nm and 842 nm are illustrated in Fig. 4.2. It can be seen that the electric 

field distributions in the active layer vary with the different wavelengths of incident 

light. As the intensity of light is in direct proportion to |E|2, higher electric field 

distribution indicates higher light intensity. It would be beneficial for efficient light 

absorption in OSCs if the highest electric field distribution locates exactly within 

the active layer. While it could be clearly seen in Fig. 4.2 that the electric field 

distribution in the active layer is relatively low for the planar device. The location 
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of highest electric field distributions is outside of the active layer at the wavelengths 

of 379 nm and 455 nm, expanding to the ZnO EEL and the ITO layer that would 

not contribute to the absorption enhancement in the OSCs. 

4.2 Light Trapping in Photonic-structured Organic Solar Cells  

To fabricate photonic-structured OSCs, 2-D structures were introduced in the 

PTB7:PC70BM-based active layer by nano-imprinting using a PDMS mold. The 

height of the photonic structures in the active layer was optimized by controlling 

the mold pressure during the imprinting process for achieving high efficiency. The 

imprinting process was carried out at room temperature with duration of 5 minutes. 

After the mold was removed, samples were then transferred to an adjacent vacuum 

evaporator for the deposition of the 2 nm thick MoO3 anode interlayer and 100 nm 

thick Ag top contact. 

 

Fig. 4.3: (a) Schematic diagram of a 2-D photonic-structured OSC, (b) SEM 

image measured for the nano-imprinted PTB7:PC70BM layer.  

The schematic 3-D drawing of the photonic-structured OSCs is shown in Fig. 

4.3 (a). Fig. 4.3 (b) reveals the SEM image measured for the nano-structured active 

layer. The SEM result confirms the creation of the hexagonally-arranged periodic 

structures in the PTB7:PC70BM active layer, formed by the nano-imprinting 

process. Considering the wettability and the capillary effect during the cell 
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fabrication via the one-step imprint process, a mold with a periodicity of ~480 nm 

was used. Apart from the periodicity of the pattern, the structure depth was found 

to be another important factor on the device performance. For the same mold, 

photonic-structure with different depths, which can be controlled by the pressing 

pressure, had a great impact on the performance of the cells. The photonic-

structured OCSs with different structure heights in the active layer were made, 

along with the control planar cells for comparison studies.  

 

Fig. 4.4: 3-D AFM images measured for (a) the PTB7:PC70BM active layer 

imprinted with a pressure of 9.68 kPa, and (b) the Ag cathode surface of the 

corresponding photonic-structured OSC. 

AFM images measured for the top surface of the PTB7:PC70BM layer, formed 

by the imprinting process with a pressure of 9.68 kPa, and the Ag cathode surface 

of the photonic-structured cells are shown in Fig. 4.4(a) and (b), respectively. The 

AFM images further confirm the periodic structure in the active layer and also in 

the silver layer being conformal with the imprint pattern having a period of ~480 

nm and a height of ~51 nm. In this work, the periodic pattern with different structure 

heights in the active layer was controlled by adjusting the imprinting pressure over 

the range from 1.94 kPa to 19.36 kPa, with the corresponding average height of the 

periodic structure in the active layer ranging from 42 nm to 64 nm. The modulation 
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parameters of the photonic structure obtained in the AFM measurements were then 

used in the simulation. 

 

Fig. 4.5: Simulated electric (|E|) field distributions in photonic-structured cells 

with different structure heights of (a) 42nm, (b) 51 nm and (c) 64nm for plane 

wave incident light at wavelength of 379 nm. 

 

Fig. 4.6: (a) Calculated absorption spectra of photonic-structured and control 

planar OSCs (insert: the analog cell used in the FDTD simulation. The dash line 

refers to the cross section of the field distribution); (b) Enhancement factor on 

absorption of the imprinted OSCs over the control planar device. 

Fig. 4.5 presents an example of the |E| field distributions calculated for the 

imprinted devices with different structure heights in the active layer at the 

wavelength of 379 nm. It reveals that the electric field distributions in the device 

can be controlled by varying the structure height in the active layer. For devices 

with 51 nm structure height, the electric field in the active layer is stronger than that 
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with 42 nm structure height, indicating better light trapping in the active layer. 

While for that with 64 nm structure height, although a much stronger electric field 

distribution is observed, part of the electric field concentration locates outside of 

the active layer which does not contribute to the light absorption of the active layer. 

The simulated absorption spectra and the corresponding enhancement factor of 

the active layer at normal incidence for different OSCs are plotted in Fig. 4.6(a) and 

(b). The unit cell in x-y plane used in FDTD simulation is shown in the inset in Fig. 

4.6(a), and the cross section of the field distribution is set at y = 0 in the FDTD 

simulation. The results, shown in Fig. 4.6(b), reveal that the enhancement factor on 

absorption calculated for the imprinted OSCs over the planar cell is wavelength 

dependent and occurs at specific wavelengths.  

4.3 Performance Enhancement of Organic Solar Cells with 

Photonic Structures 

The J−V characteristics measured for a series of the photonic-structured and 

planar OSCs are shown in Fig. 4.7(a). The statistical analyses of JSC and PCE with 

the corresponding measurement errors are summarized in TABLE 4.1, revealing 

that there is an obvious enhancement in the performance of the photonic-structured 

cells, as compared to the best performing (optimized) planar cells. Regardless of 

the variation in the structure of the active layer, these OSCs yielded a consistent 

VOC of 0.71 V to 0.72 V, which are in good agreement with the reported values. 

The JSC of 15.2±0.1 mA/cm2 was obtained for imprinted cells having an average 

structure height of 51 nm in the active layer, showing a 7.8% increase in JSC 

compared to that of a structurally identical control planar cell (14.1±0.2 mA/cm2). 
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7.8% enhancement in JSC is an improvement averaged from more than 10 cells, not 

the result from the champion device. 

 

Fig. 4.7: (a) J−V characteristics measured for the best planar cell and photonic-

structured OSCs having different structure heights in the active layer, (b) Jph−Veff 

characteristics of the optimized photonic-structured OSCs and the control planar 

cells. 

TABLE 4.1: Summary of the performance of the optimized planar cell and 

photonic-structured OSCs having different structure heights of in the active layer.  

Structure height  

(nm) 

VOC 

(V) 

FF 

(%) 

JSC 

(mA/cm2) 

PCE 

(%) 

RS 

(Ω⋅cm2) 

RSH 

(Ω⋅cm2) 

64 0.71 63.3 15.0±0.2 6.7±0.2 6.4 591.2 

55 0.72 65.2 14.7±0.1 6.9±0.1 3.6 739.1 

51 0.72 64.3 15.2±0.1 7.0±0.2 3.9 688.4 

44 0.72 64.0 14.9±0.2 6.9±0.1 3.9 620.0 

42 0.71 62.7 15.0±0.1 6.7±0.1 4.1 597.6 

Planar 0.72 65.1 14.1±0.2 6.6±0.1 3.7 710.4 
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A 7.8% enhancement in JSC can be quite impactful as it is realized via a very 

simple one-step imprinting process without acquiring any post annealing treatment. 

There is a small reduction in the FF of the imprinted devices, induced by a slight 

increase in the series resistance (RS) and a small decrease in the shunt resistance 

(RSH). For example, compared to the control planar cell, 5% increase in RS and 3% 

decrease in RSH were observed in the imprinted OSCs with a 51 nm height pattern 

in the active layer. The optimized photonic-structured OSCs with a PCE of 

7.0±0.2% were obtained, showing a 6.1% increase in PCE compared to that of a 

structurally identical best performing control planar cell (6.6±0.1%). 

In order to better understand the origin of the enhancement in the performance 

of the photonic-structured OSCs compared to the control planar cells, the 

recombination characteristics in the OSCs were analyzed. Fig. 4.7(b) shows the 

double logarithmic plot of the net photocurrent density Jph (Jph = Jl – Jd, where Jl 

and Jd are the photocurrent and dark currents), generated as a function of the 

effective voltage Veff (Veff = V0 –Vb, where V0 is the built-in voltage measured at Jph 

= 0, and Vb is the applied bias), measured for an imprinted OSC and a planar cell. 

As Veff decreases, charge recombination would increase and not all the photo-

generated carriers could be collected by the electrodes. Thus, under specific Veff, 

charge extraction efficiency P can be expressed as:97   

,

( , )( , ) ( )
ph eff

eff
ph sat

J I VP I V J I=                               (4.2) 

P approaches unity at a high Veff, corresponding to the complete collection of 

the photo-generated charges.98 In this regime, recombination is negligible. The 

recombination becomes increasingly important at low Veff as P decreases with Veff. 
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As shown in Fig. 4.7(b), monomolecular recombination is the dominant 

recombination mechanism at the high Veff, while bimolecular recombination is the 

dominant recombination process at the low Veff. Jph–Veff characteristics of the 

photonic-structured OSCs are almost identical to that measured for the control 

planar cell over the Veff range from 1 V to approximately 0.25 V that is close to the 

maximum power point of the cells. This suggests that both photonic-structured and 

control planar OSCs possess the same charge collection efficiency in this Veff region. 

The value of P reflects an overall measure of the loss in the photo-generated charges 

in the OSCs. The results shown in Fig. 4.7(b) reveal clearly that the photonic-

structured OSCs had similar charge collection properties to that of the control 

planar cell, suggesting that the creation of the periodic structure in the active layer 

does not affect the charge recombination process and the charge collection 

properties. 

The IPCE spectra measured for the photonic-structured OSCs and planar cells 

are shown in Fig. 4.8(a). Comparing the IPCE spectra measured for the imprinted 

and the control planar OSCs, the enhancement factor on IPCE due to the photonic 

structure at different wavelengths ((IPCE of photonic-structured device)/(IPCE of 

planar device)-1) is shown in Fig. 4.8(b). It can be observed that the enhancement 

factor on IPCE is wavelength dependent. The enhancement occurs at specific 

wavelengths, e.g., at 379 nm and 544 nm. There is a spectral region with decrease 

in absorption, e.g., at 455nm. For OSCs with periodic photonic-structures, light 

diffraction and light scattering play an important role contributing to the absorption 

enhancement in the cells, although the improved spectral response due to light 

scattering effect is not wavelength dependent. The results in Fig. 4.8 imply that 



	   64	  

absorption enhancement in the photonic-structured OSCs is mainly attributed to the 

2-D periodic grating effect, as the absorption enhancement is wavelength dependent. 

 

Fig. 4.8: (a) IPCE spectra measured for the photonic-structured and the planar 

OSCs. (b) IPCE enhancement factor of photonic-structured cell over the planar 

cell.  

For photonic-structured OSCs with an optimized structure height of 51 nm in 

the active layer, |E| and |H| field distributions, at x-z plane when y = 0 at incident 

wavelengths of 379 nm, 455 nm, and 544 nm, are illustrated in Fig. 4.9. It can be 

seen that the E| and |H| field distributions in the active layer of the structured cells 

are clearly modified at these wavelengths. The profile of the field distributions 

arises from the distorted cavity hybridization modes, caused by the distinct optical 

phenomena in periodic photonic-structures and the multilayer interference effect.99 

At 379 nm, the resonant optical modes of the electric field distribution cover exactly 

within the active layer, explaining the observed 15.2±0.1% enhancement in the 

absorption. However, at longer wavelength (e.g., 544 nm), part of the electric field 

concentration locates outside the active layer, resulting in only ~2% increase in 

absorption. It shows that the absorption enhancement in photonic-structured OSCs 

occurs at the specific wavelengths, e.g., at 379 nm and 544 nm.  
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Fig. 4.9: Simulated electric (|E|) and magnetic (|H|) field distributions in photonic-

structured cells with structure height of 51 nm for plane wave incident light at 

different wavelengths of 379 nm, 455nm and 544 nm. 

A decrease in absorption over a spectral region is also observed, e.g., at 455 

nm, as compared to a planar cell, observed in both experiments and the simulation. 

The behaviour of such a wavelength-dependent absorption enhancement is mainly 

due to the distinct optical phenomena in the OSCs containing periodic patterns. The 

electric and magnetic field distributions calculated for the photonic-structured and 

the control planar OSCs at 455 nm are shown in Fig. 4.9(b) and (c). FDTD 

simulation reveals that a large portion of the field enhancement at 455 nm is 

distributed outside the active region in photonic-structured cells. This imposes a 

limitation in the absorption over a spectral region near 455 nm. However, PTB7 

does not have a strong absorption below 500 nm. Photonic-structured cells still 

benefit from an overall absorption enhancement due to the 2-D periodic grating 
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effect over the wavelength region from 500 to 750 nm, attaining a 7.8% increase in 

JSC as compared to the control planar cell. 

4.4 Summary 

In this chapter, annealing-free high performance inverted photonic-structured 

OSCs were demonstrated. Charge collection and absorption enhancement in the 2-

D photonic-structured OSCs were investigated. The enhancement in the PCE of 

photonic-structured OSCs (7.0±0.2%) over a control planar OSC (6.6±0.1%) was 

mainly due to the broadband absorption enhancement in the active layer. FDTD 

simulation supported the experimental findings in showing that the enhancement in 

JSC is mainly from the absorption enhancement in the photonic-structured OSCs. 
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Chapter 5: Effect of Angular Dependency on 

Light Absorption in Organic Solar Cells 

OSCs are a promising alternative photovoltaic technique to the conventional 

solar cells due to their mechanical flexibility and low-cost solution process 

fabrication capability for application in architectural surfaces, tension membrane, 

textiles and building facades etc., which are expected to be used without a sunlight 

tracking system.100 Usually the efficiency of the cells under normal incidence (i.e. 

AM 1.5G) is often reported. However in the actual applications, OSCs mostly 

receive sunlight under varying angles, and the performance of the cells is dependent 

on the angle of the incident light.101, 102 Therefore, light absorption in the cells under 

different angles of the incident light and its impact on the performance of OSCs are 

important factors for device design.103  

For a more accurate assessment of cell performance in practical applications, 

it is important to take into account the absorption in OSCs under different angles of 

incident light, e.g., the variation in the intensity of the solar irradiation from sunrise 

to sunset  throughout the day.104-106 After the sunrise and our days start, the angle 

of incident light to the normal of the solar panel reduces, reaching to the normal 

incidence at noon, then the behaviour repeats in reverse in the afternoon till sunset. 

The performance of the solar cells varies quite substantially with the angle of the 

incident light. Suppression of the angle dependent light absorption using 

nanostructures has been adopted for application in thin film solar cells.37, 107, 108 A 

more detailed investigation of the angular dependent absorption behavior in OSCs 

is desired, particularly, the effect of angular dependency on light absorption in 

nano-structured OSCs with regard to the excitation of SPPs, waveguide modes and 
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LSPs in the active layer 

In this chapter, we focus on the investigation of light absorption in OSCs under 

different angles of the incident light and its impact on the performance of OSCs 

using a combination of experimental measurements and FDTD simulation in the 

wavelength range from 380 nm to 780 nm. In the simulation, we consider incoming 

light at an incident angle θ normal to the cell. Light absorption in OSCs with 2-D 

photonic structures and a planar control cell over a wide-angle range from 0 to 45 

degrees is examined. The calculated results of the angular dependent absorption in 

the OSCs are compared with the experimental results, measured for both nano-

structured and planar control OSCs at different angles of incident light. For OSCs 

with a photonic-structured active layer, having a structure period of 350 nm, 11.5% 

increase in power conversion efficiency was obtained. Results show that the JSC of 

the photonic structured OSCs changes slightly as the angle of the incident light 

increases from 0 deg to 45 deg. While for the planar control cells, it decreases much 

faster with the increase in the angle of the incident light over the some wavelength 

range. Angular dependency on light absorption in OSCs with different photonic 

structures was analyzed.  

5.1 Optical Phenomena in 2-D Photonic Structured Organic Solar 

Cells 

The results reveal that absorption, reflection and diffraction of the incident light 

in the photonic structured OSCs strongly depend on the period of nanostructures.104, 

109, 110 To better investigate the optical characteristics of OSCs, the absorption in 

the active layer and reflection of the OSCs with different structure periodicity as a 

function of the angle of incident light are calculated. The 2-D square-arranged 
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structures are introduced into the active layer, as shown in the insert of Fig. 5.1(a). 

For cells with different structure periodicity, the duty ratio (structure size/period) 

used in the calculations is kept unchanged, using a constant structure height of 30 

nm. Fig. 5.1(a) displays the absorption spectrum of the active layer in structured 

OSCs with different structure period, the corresponding enhancement factor 

compared with the planar device are shown in Fig.5.1 (b).  

 

 

Fig. 5.1: (a) Absorption spectra calculated for photonic-structured OSCs with 

different structure periods in the active layer; (b) Enhancement factor on 

absorption of the photonic-structured OSCs over the planar device. 

 

Fig. 5.2: Relationship between the structure period and the integrated absorption 

in the active layer, and the reflection of the device. 

The relationship between structure period (p), varied from 200 nm to1000 nm, 
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and the absorption in the active layer, and the correlation between p and the 

reflectivity of the cells under normal incidence of light are calculated, the results 

are plotted in Fig. 5.2. It can be seen that the absorption in the active layer, 

integrated from 380 nm to 780 nm, increases slightly with decrease in the structure 

period, while the reflectivity of the cells decreases with the structure period for 

periodicity of the nano-structure below ~400 nm. The integrated absorption 

decreases slightly from 70.1% to 68.7% and the device reflection increases from 

17.7% to 19% as the structure period increases from 200 nm to 1000 nm. The 

corresponding absorption and reflection calculated for the planar cell under normal 

incidence are 66.2% and 20.3%, respectively. It indicates that photonic-structured 

OSCs with a smaller structure period favors for more effective light-harvesting, it 

shows that OSCs with a period of 200 nm  the highest absorption in the active layer. 

While it would be more complicated and more expensive to design periodic 

structure with such small period, so there should be a tradeoff between the 

absorption enhancement and the structure period.  

5.2 Angular-dependent Absorption Profiles  

To further investigate the oblique illumination performance of the planar and 

photonic-structured OSCs, angular dependent absorption and reflection spectra as 

a function of the wavelength were calculated. Fig. 5.3 shows the integrated 

absorption and reflection of the cells, calculated over the wavelength range from 

380 nm to 780 nm, under different angles of incident light from –45 deg and 45 deg. 

Though with different structure periods, both absorption and reflection of photonic-

structured OSCs show similar variation trends. The absorptions of photonic-

structured cell with different structure periods are all larger and also less angle-
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dependent than the planar cell in our case. Considering the light absorption of the 

active layer and the cost to design the periodic structure, a period of 350 nm for the 

OSCs was chosen for further study.  

 

Fig. 5.3: Integrated (a) absorption and (b) reflection calculated for the planar 

control cells, and those obtained for the photonic-structured OSCs with different 

structure periods under incident angle range from -45 deg to +45 deg. 

 

Fig. 5.4: Absorption spectra calculated for (a) a 350 nm period photonic-

structured device and (b) planar control cell under different angles of the incident 

light.  

Fig. 5.4 reveals the absorption spectra calculated for a 350 nm period photonic-

structured device and the planar control cell under different angles of the incident 

light. It can be seen the absorption spectra of both the photonic-structured cell and 
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the planar cell change with the angle of the incident light. 

5.3 Broadband and Omnidirectional Absorption Enhancement in 

2-D Photonic-structured Organic Solar Cells 

 

Fig. 5.5: (a) Schematic cross-sectional view of the photonic-structured OSC; (b) 

AFM image measured for the surface of nano-imprinted PTB7:PC70BM layer.  

 

Fig. 5.6: (a) J–V and (b) normalised Jph–Veff characteristics of photonic-structured 

and planar cell.  

OSCs were fabricated with a structure of glass substrate/ITO/ZnO (10 

nm)/PTB7:PC70BM (photonic-structured)/ MoO3 (2 nm)/Ag (100 nm), as plotted 

in Fig. 5.5(a). The 2-D periodic structures with structure period of 350 nm were 

transferred onto the active layer by nano-imprinting method using a PDMS mold. 

The imprint process was carried out at room temperature with duration of 10 
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minutes. Fig. 5.5(b) shows the AFM image of photonic-structured PTB7:PC70BM 

active layer, indicating well-defined 2-D square-arranged periodic structures in the 

active layer with a period of ~350 nm and height of ~30 nm. We find that Ag 

cathode forms a conformal 2-D periodic structures on the active layer.37  

TABLE 5.1: Summary of the device parameters obtained for the photonic-

structured and planar cells. 

Devices VOC (V) 
JSC 

(mA/cm2) 
FF  (%) PCE (%) 

RS 

(Ω⋅cm2) 

Structured 0.73±0.01 15.17±0.20 70.0±1.2 7.74±0.20 3.7±0.5 

Planar 0.73±0.01 14.01±0.15 68.1±1.1 6.94±0.15 3.8±0.6 

 

Fig. 5.6(b) reveals the dependence of the normalized photocurrent density Jph 

as a function of the effective voltage Veff, recorded for the photonic-structured and 

planar cells under illumination at 100 mW/cm2. The perfectly overlapped curves 

reveal clearly that the photonic-structured OSCs share similar charge collection 

properties compared with that of the planar control cell, suggesting that the creation 

of the periodic structure in the active layer does not affect the charge recombination 

process and the charge collection properties. This is similar to the charge 

recombination characteristics of the 480 nm periodic hexagonal-structured OSCs 

discussed in the previous chapter, indicating the imprinted OSCs with good charge 

collection efficiency.  
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Fig. 5.7: (a) IPCE spectra measured for the photonic-structured and planar control 

cells at normal incidence and the corresponding IPCE enhancement factor over 

the visible light wavelength range; (b) IPCE spectra measured for the photonic-

structured and (c) planar devices over different angles of incident light from 

normal incident (0 deg) to 45 deg. (d) JSC calculated using IPCE  spectra 

measured for the nano-structured and planar control cells under different angles of 

incident light. 

Fig. 5.7(a) shows the IPCE spectra measured for the photonic-structured and 

planar OSCs at normal incidence and the corresponding IPCE enhancement factor 

(IPCE of photonic-structured device)/(IPCE of planar device)-1). Interestingly, 

there is an obvious broadband enhancement in IPCE of the photonic-structured 

devices. The broadband enhancement suggests that the increase of JSC and PCE of 

the OSCs are attributed to the improved light absorption in the active layer. IPCE 

spectra measured for the photonic-structured and planar devices over different 
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angles of incident light from normal incident (0 deg) to 45 deg are displayed in Figs. 

5.7(b) and (c), respectively. Fig. 5.7(d) shows JSC calculated using IPCE spectra 

measured for the photonic-structured and planar control cells under different angles 

of incident light (see in Fig. 5.5(a)), using the Equation 3.2.  

As shown in Fig. 5.7(d), the integrated JSC of the photonic-structured devices 

shows little dependence on the incident angle, which is largely different from the 

situation for the planar devices. As the incident angle increases normal (0 deg) to 

45 deg, JSC of photonic-structured cell is 14.76 mA/cm2, which is 97.3% of the JSC 

obtained at normal incident (15.17 mA/cm2). While for the planar cell, JSC decreases 

from 14.02 mA/cm2 (normal incident) to 13.15 mA/cm2 (45 deg) and remains only 

93.8%, indicating a faster decrease in the absorption of the planar cells as the angle 

of incident light increases. The results in Fig. 5.7 reveal clearly that the use of 

periodic nano-structures not only significantly enhances JSC, but also greatly 

reduces the angular dependency on light absorption in the OSCs at oblique incident 

angles as compared to the planar control OSCs, achieved by omnidirectional and 

broadband absorption enhancement. The feature of weak angular dependency on 

light absorption in photonic-structured OSCs is of great importance in practical 

application. With different incidence angle of solar irradiation, light trapping can 

be mutated in the active layer of the photonic-structured device. The incorporation 

of the periodical structures enables the effective light trapping for attaining 

omnidirectional and broadband absorption enhancement in OSCs.  

Figs. 5.8(a) and (b) show the contour plots of the absorption in the active layer 

calculated for the photonic-structured and planar OSCs. As can be seen, the high 

absorption region (i.e., red part) of the photonic-structured cell over the incident 

angle range from normal (0 deg) to 45 deg is broader than that of planar control cell 
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over the wavelength region from 400 nm to 720 nm.  

 

Fig. 5.8: The contour maps of (a) absorption in photonic-structured OSCs, (b) 

absorption in planar control cells, (c) the ratio of absorption in the photonic-

structured OSCs to the planar OSCs over range of angles of incident light from 

normal (0 deg) to 45 deg, and a wavelength range from 380 nm to 780 nm. (d) 

The integrated absorption in the photonic-structured and planar control cells as a 

function of the angle of incident light.  

This is attributed to the enhanced light trapping in the active layer due to the 

patterned structure. Therefore, the enhanced light absorption in the nano-structured 

OSCs under different angles of the incident light is achieved as compared to that of 

the planar control cell over a broad wavelength range. In order to further illustrate 

the point, we have calculated the ratio of absorption in the photonic-structured 

OSCs to that in the planar control cells for a range of angles of incident light from 

normal (0 deg) to 45 deg, and a wavelength range from 380 nm to 780 nm. Results 
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are shown in Fig. 5.8(c), where the contour map of the absorption ratio of the 

photonic-structured OSCs to that of planar OSCs, absorption of photonic-structured 

device)/ (absorption of planar device), is plotted. It can be observed that the 

broadband absorption in the photonic structured OSCs is achieved over different 

angles of the incident light. In particular, at wavelengths around 450 nm to 570 nm, 

the higher absorption occurs in the active layer of photonic-structured OSCs, which 

are in good agreement with the enhancement in IPCE as shown in Fig. 5.7(a).  

The integrated absorption in the active layer of the nano-structured and planar 

control cells was calculated using AM 1.5G solar spectrum over the wavelength 

range from 380 nm to 780 nm, the results are shown in Fig. 5.8(d). As the angle of 

the incident light increases from 0 deg to 45 deg, the absorption of the active layer 

in photonic-structured OSC changes slightly from 70.1% to 67.7%, remaining 96.6% 

of its absorption obtained at the normal incidence. While for the planar OSC, the 

absorption in the active layer at an oblique incident angle of 45 deg remains only 

94% of its absorption obtained at normal incidence, e.g., a large decrease in the 

absorption from 66.2% to 62.2%. In addition to the broadband absorption 

enhancement, the photonic-structured OSCs also have the advantages in generating 

high photocurrent at the oblique angle of incident light, a very unique feature for 

practice applications.  

5.4 Summary 

  The effect of angular dependency on light absorption in OSCs has been 

investigated. For the planar control cells, the performance of the cells decreases 

quickly with the increase in the angle of the incident light. The decrease in the cell 

performance is mainly due to the reduction in JSC. Large improvement in the 
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performance of photonic-structured devices is obtained. This is achieved due to a 

combination of the efficient light trapping and efficient charge extraction in the 

cells. An average PCE of 7.74% is obtained for optimized photonic-structured 

OSCs, with a structure period of 350 nm, which is 11.5% higher than that of a planar 

control cell. In addition to the broadband light absorption enhancement, our results 

reveal clearly that photonic structured cells possess a weak angular dependency on 

light absorption as compared to that of the planar cells. 
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Chapter 6: Analysis of Charge Recombination 

and Collection in Organic Solar Cells 

Despite the rapid growth during last decade, the performance of OSCs, 

associated with low charge mobility and unstable organic/electrode interfacial 

properties, have placed a limitation on practical applications. The diffusion length 

of the excitons is only within a few nanometers. Exciton dissociation at the 

donor/accepter interface determines the photo-current generation.111 To facilitate 

efficient separation of photoinduced excitons, the BHJ is introduced to minimize 

the domain size on nanometer scale, thereby to facilitate the efficient exciton 

dissociation.13, 112 However, the high interfacial area in BHJ could also lead to 

increasing recombination of the photo-excited carriers, which is one of the main 

loss mechanisms that limits the photocurrent generation in the cells.113 The 

processes of charge collection and recombination in OSCs are critical factors 

influencing the JSC and FF, hence the efficiency of OSCs.16, 114 The interfacial 

properties at the organic/electrode interfaces have a profound impact on charge 

collection, efficiency and operation stability of OSCs. In order to further improve 

the performance of OSCs, it is important to understand charge recombination, 

transport and collection processes in the cells, and the effects on the cell 

performance. 

The loss of the photo-generated carriers due to recombination includes 

monomolecular and bimolecular recombination processes. Monomolecular 

recombination is considered as the first order recombination process, where the 

charges in the excited states are still bounded due to the coulomb interaction. The 

recombination process takes place between charges from the same exciton.30, 113, 115 
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Monomolecular recombination process occurs in the OSCs that are operated 

typically in the voltage range between the short circuit condition and maximum 

power point, due to the low carrier mobility and strong Coulomb interaction 

between the charges in the excited states in the organic BHJ blend. 

The bimolecular recombination is the recombination process that occurs 

between the photo-generated electrons and holes before they are collected by the 

respective electrodes in the cells.48, 114 Bimolecular recombination is one of the 

main losses affecting the charge transport in the BHJ and charge collection at the 

organic/electrode interface, resulting in inefficient charge extraction. Bimolecular 

recombination process has a strong impact on the FF, and is dominated in the OSCs 

operated at a relatively low effective potential across the active region, e.g., 

corresponding to the cells that are operated over the voltage range between the 

maximum power point and open circuit condition. 

Recombination of the charges prior to the charge collection at the 

organic/electrode interface has been identified as one of the most critical factors 

limiting the device performance.111, 116 Different charge extraction layers, including 

EEL and HEL, are used to engineer the organic/electrode interfaces to minimize 

the recombination loss, and therefore to enhance the charge collection efficiency. 

The use of the appropriate charge extraction layer also helps to modify the surface 

of the electrodes forming a desired ohmic contact at BHJ/electrode interface, 

avoiding the formation of unfavorable interface dipoles/carrier traps for efficient 

device operation.117-121 A thin film ZnO EEL is one of the most commonly applied 

cathode interlayers, which can be prepared by the different solution fabrication 

processes.122-125 It has been reported that the morphology and surface properties of 

ZnO interlayer have a great impact on the cell performance. The performance of 
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the cells is also influenced by the ZnO process conditions, e.g., ZnO formulation,126 

process condition127 and post-deposition treatment 128. However, the detailed 

studies on the charge recombination and collection process, and thereby the 

performance reproducibility of the solution-processed OSCs is rather rare. 

In this research, the effect of ZnO interlayer on charge collection and 

recombination properties in OSCs with a ZnO EEL-modified cathode is analyzed 

systematically using a combination of Photo-CELIV, TPC and light intensity 

dependent J−V characteristic measurements. Our results suggest that the effect of 

the ZnO cathode interlayer is to effectively improve the charge collection efficiency 

though suppression of the bimolecular recombination at the organic/cathode 

interface. An obvious increase in PCE from 7.03 % to 7.69 % is observed when a 

20 nm thick ZnO layer is interposed between the active layer and the cathode (Al) 

in a PTB7:PC70BM-based OSC having a conventional device configuration. The 

improvement in the cell performance is mainly attributed to the enhanced FF. Light 

intensity dependent J−V and TPC measurements point out that the presence of a 

ZnO interlayer helps to remove the unfavorable interfacial exciton dissociation and 

also reduce the bimolecular recombination at the PTB7:PC70BM/Al interface.  

6.1 Effect of ZnO Cathode Interlayer on Cell Performance 

A 30 nm thick PEDOT:PSS (Baytron PVP AI4083) was first spin-coated onto 

the pre-cleaned ITO substrate and annealed at 140°C in air for 10 min. A 90 nm 

thick PTB7:PC70BM layer was then formed on the surface of PEDOT:PSS by spin-

coating the polymer blend solution at 2000 rpm for 120 s inside glovebox. After 

drying at room temperature for ~1h, a 20 nm thick ZnO layer was spin-coated on 

the surface of the active layer. Finally, samples were transferred to an adjacent 
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vacuum evaporator for the deposition of a 100 nm thick Al top contact. The OSCs 

made have a device structure of ITO/PEDOT:PSS (30 nm)/PTB7:PC70BM(90 

nm)/ZnO(20 nm)/Al(100 nm). A structurally identical control cell without the ZnO 

interlayer was also made for comparison studies. 

 

Fig. 6.1: (a) J−V characteristics and (b) dark J−V characteristics measured for 

OSCs with a 20 nm thick ZnO cathode interlayer and the structurally identical 

control cell without the ZnO interlayer.  

TABLE 6.1: Summary of the parameters obtained for OSCs made with and 

without the ZnO interlayer.  

 
PCE 

(%) 

JSC 

(mA/cm2) 

FF 

(%) 

VOC 

(V) 

RS 

(Ω⋅cm2) 

RSH 

(Ω⋅cm2) 
with ZnO 7.69 14.22 72.94 0.74 4.8 1513.8 

Control 7.03 14.13 67.23 0.74 5.9 987.1 

 

The J–V characteristics of OSCs with a ZnO EEL and control cell measured 

under AM 1.5G illumination (100 mW/cm2) are plotted in Fig. 6.1(a). The cell 

parameters obtained for both types of cells are summarized in TABLE 6.1. It can 

be found in Fig. 6.1 that an obvious improvement in FF is obtained when a ZnO 
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cathode interlayer is used, this is achieved without any compensation in JSC and 

VOC as compared to that of the optimized control cell. The use of a 20 nm thick 

ZnO interlayer produces a high FF of 72.94% as compared to that of the control 

cell (67.23 %), thereby improving the PCE from 7.03% to 7.69%. As shown in 

TABLE 6.1, the OSC with a ZnO interlayer also has a relatively lower RS and 

higher RSH compared to that of the control cell. RS and RSH seen in the OSC are 

associated with the charge transport and extraction at the organic/electrode interface, 

affecting FF of the cell. The results suggest that the use of ZnO cathode interlayer 

improves the contact quality the active layer/Al interface, leading to a significant 

reduction in the leakage current, seen in the dark J–V characteristics in Fig. 6.1(b).80 

As a result, the use of the ZnO interlayer contributes to the enhanced charge 

extraction and collection capability in the cells. 

6.2 Time-dependent Carrier Mobility and Recombination in 

Organic Solar Cells 

The charge mobility and recombination process are important factors 

determining the performance of OSCs. The influence of the ZnO interlayer on 

bimolecular recombination coefficient and concentration of the photo-excited 

charges in the OSCs were analyzed using Photo-CELIV measurements. Photo-

CELIV is a powerful technique for analyzing the extracted density of carriers by 

varying delay time, providing an efficient way to investigate both the carrier 

mobility and recombination dynamics.75-80 In the Photo-CELIV measurement, a 

laser pulse is introduced to generate the photo-carriers. The photocurrent extracted 

under the linearly increasing voltage pulse can then be recorded using an 

oscilloscope. A reverse bias linearly increasing voltage pulse with a voltage rise 



	   84	  

speed A=dU/dt is used in the measurement. The photo-generated charges can be 

extracted by adjusting the delay between the laser pulse and the voltage pulse. The 

time taken to reach the extraction current maximum (tmax) and the maximum current 

due to photoexcitation (Δj) can be estimated from the Photo-CELIV transients. The 

charge mobility (µ) can be calculated using Equation 6.1 as given below:  

                  ( )⎥⎦
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Equation 6.1 is corrected for the electric field re-distribution during the charge 

extraction process. By selecting the proper voltage rise speed A and forward offset 

voltage Uoffset in the Photo-CELIV measurements, the photo-CELIV transients are 

recorded for OSCs with a thin ZnO interlayer and the control cell over a delay time 

range from 5 µs to 1000 µs. Uoffset is set to be -0.6V, which is very close to the built-

in potential in the cell. Fig. 6.2 presents the typical photo-CELIV transients 

measured for the OSCs using different delay times of 5 µs and 10 µs. The carrier 

mobility results, calculated using Equation 6.1, show that the effective carrier 

mobility µ in the device with a ZnO/Al cathode is higher than that of the control 

cell. For example with a delay time of 5 µs used in the Photo-CELIV measurement, 

the mobility for the carriers in the device with a ZnO/Al contact is estimated to be 

2.0⋅10-3 cm2V–1s–1, which is higher than that of the control cell (9.7⋅10-4 cm2V–1s–1). 

This reveals that the incorporation of a ZnO interlayer promotes the efficient carrier 

transport in the cells. 
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Fig. 6.2: Typical Photo-CELIV transients measured for an OSC with a 20 nm 

thick ZnO interlayer and the control cell with delay times of 5 µs and 10 µs. 

  Fig. 6.3(a) exhibits the time-dependent density of the carriers in the blend 

layer, obtained by integrating the photo-CELIV transients over time as well as the 

corresponding curve fitting data. Note that the carrier density here includes the total 

photogenerated charges that survived after the recombination. The number of the 

extracted carriers varies with the delay time used in the Photo-CELIV 

measurements. Two particularities can be attained from the delay time dependent 

carrier density results. First, the density of total extracted charges decreases with 

increase in the delay time for both devices. This behavior reflects that longer the 

delay time is applied, less the photogenerated carriers can be collected due to the 

recombination processes. Second, the both types of devices exhibit different delay 

time-dependent carrier density characteristics. The fitting data suggests power law 

dependence between the density of the carriers and the delay time for the control 

device. While for the OSC with a 20 nm thick ZnO interlayer, n(t) exhibits a much 

faster decay as the delay time increases. At a shorter delay time, the density of the 

carriers in OSC with a ZnO interlayer is higher than that of the control cell, while 

it is much lower when delay time is in the order of several hundred µs, suggesting 
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a higher order delay time dependence on carrier density in OSC with a ZnO 

interlayer. 

 

Fig. 6.3: Double logarithmic plot of  delay time-dependent  (a) carrier 

concentration characteristics and (b) bimolecular recombination coefficients 

obtained for OSC with a 20 nm thick ZnO interlayer and the control cell.  

TABLE 6.2: Values of bimolecular recombination lifetime τB and dispersion 

parameter γ for both cells, obtained by the curve fitting using Equation 6.2.  

 n(0) (cm-3) 𝛾 𝜏+ (µs) 

ZnO/Al 4.12⋅1015    0.98 21.41 

Al 1.27⋅1015    0.26 0.01 

 

The different delay time dependent n(t) behaviors in OSCs having dissimilar 

contacts were observed in the transient absorption spectrum (TAS) experiments 

reported for  a number of different polymer/PCBM systems.129, 130 A multiple 

trapping model, involving free and localized holes, was used to explain the 

phenomena. For the fast decay phase, it is assigned to the bimolecular 

recombination, due to the presence of a large free hole population in the HOMO to 
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recombine with electrons, which is usually observed more clearly with high carrier 

densities when the density of photogenerated charges exceeds the density of 

localized states. Conversely, the slower phase is typically assigned to the limitted 

bimolecular recombination of dissociated charges due to the trap states. 

Furthermore, n(t) decay dynamics can also be influenced by the non-uniform charge 

distribution located at the organic/electrode interfaces. In our experiments, we 

consider that the modification in the contact properties is mainly responsible for the 

change in recombination processes observed for both types of the cells, as seen in 

Fig. 6.3, since the blend layer composition and the cell fabrication process 

conditions are identical. 

 

Fig. 6.4: Schematic diagram illustrating the distribution of the interfacial 

defects and trap states in the active layer. 

To fabricate the control cell, Al is directly evaporated onto the organic layer at 

high temperature. On on hand, the thermally evaporated energetic Al atoms may 

break the van der Waals interaction between organic molecules, leading to 

structural/energetic disorder. On the other hand, Al atoms tend to penetrate into the 

active layer, resulting in complex interfacial properties. Both of the above 

influences will bring more trap states and interfacial defects in the active layer, 
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responsible for the trap-limited bimolecular recombination. When a solution-

processed ZnO layer is deposited before the thermal evaporation of Al as shown in 

Fig. 6.4(b), it can help to protect the active layer and form better interfacial 

properties with less trap states, which is benefit for the trap-free or pure bimolecular 

recombination. 

  Based on the bimolecular recombination model, the delay time dependent 

density of electrons n(t), and density of holes p(t), can be expressed by: 75 

𝑛 𝑡 = 𝑝 𝑡 = 0(1)
23(4/67)8

                                        (6.2) 

where n(0) is the initial carrier density, t is the delay time and τB is the bimolecular 

recombination lifetime, γ (0＜γ≤1) is the dispersion parameter. Solid curves in Fig. 

6.3(a) are the theoretical fitting using Equation 6.2, indicating that n(t) derived by 

photo-CELIV measurements are in good agreement with the results obtained by the 

bimolecular recombination model. The fitted results of n(0), τB and γ for different 

cells are summarized in TABLE 6.2. The γ values calculated for the control device 

and cell with a 20 nm thick ZnO interlayer are 0.26 and 0.98, respectively. The 

small γ value drived from the Photo-CELIV measurements implies that a highly 

dispersive recombination process dominates in the control cell, whereas a high γ of 

0.98 suggests that an almost non-dispersive recombination (for γ=1) is anticipated 

in the OSCs with a thin ZnO-modified cathode.75 

  According to the delay time dependent bimolecular recombination 

equation	  :0
:4
= :;

:4
= −𝛽 𝑡 𝑛𝑝, the bimolecular recombination coefficient β(t) as a 

function of carrier density n(t) can be expressed as follow: 
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:4
0> 4

.                                       (6.3) 

Combined with equation (6.1), β(t) can also be expressed as:  

𝛽 𝑡 = 𝑎𝛾𝑛1A2(𝑎𝑡)BA2,                                 (6.4) 

where a=1/𝜏+ and τB is defined the “effective” bimolecular recombination lifetime 

(𝜏+ = { B
0 1 EF

}2/B). The “effective” bimolecular recombination lifetime τB in the 

OSC with a ZnO interlayer is 2.1⋅10-5 s, obtained from the curve fitting using 

Equation (6.4). This is four orders of magnitude higher than that of the control cell 

(9.6⋅10-9 s). One crucial factor for a high bimolecular recombination coefficient of 

an OSC is that the bimolecular recombination lifetime of the carriers should be 

higher than their transit time in the intrinsic electric field. The improved 

bimolecular recombination lifetime is beneficial for efficient carrier transcription 

and collection, and thereby a higher bimolecular recombination coefficient of a 

solar cell. 

    The relationship between β(t) and t can then be achieved by substituting the 

previously fitted parameters n(0), τB and γ into Equation 6.4, which is presented in 

Fig. 6.3(b). The results reveal different power law dependences between β(t) and 

delay time obtained for the two cells with different cathode structures. For OSC 

with a 20 nm thick ZnO interlayer, the bimolecular recombination coefficient is 

almost independent on the delay time, with a constant β value of ~ 1.1⋅10-11 cm3s-1. 

While for the control device, β shows a significant dependence on the delay time. 

A decrease by two orders of magnitude in β is observed for the control cell when 

the delay time in the Photo-CELIV measurements increases from 5 µs to 100 µs. 

The behavior of delay time dependent bimolecular recombination coefficient in an 
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OSC is closely associated with the trap-limited recombination processes.129 The 

behavior of delay time dependent bimolecular recombination coefficient in an OSC 

is closely associated with the trap-limited recombination processes. Therefore, 

compare to the power law dependency between the delay time and n(t) observed in 

the OSC with a ZnO interlayer, the slower decay in n(t) seen in the control cell is 

predominantly due to the trap-limited recombination processes. While the faster 

decay in n(t) observed in the ZnO modified cell suggests that the pure bimolecular 

recombination is the major loss mechanism. As a result, it is seen clearly that the 

effect of the ZnO interlayer helps to suppress the trap-limited recombination 

leading to the improvement of the charge collection efficiency.  

6.3 Light Intensity-dependent J−V Characteristics 

The presence of a metal oxide interlayer between the active layer and the metal 

contact plays an important role in determining the cell performance. The charge 

transport, extraction properties and the interfacial exciton dissociation at the 

electrode/organic interface in solution-processed OSCs are investigated using light 

intensity dependent J−V characteristic and TPC measurements. 

Figs. 6.5(a) and 6.5(b) show the double logarithmic plot of Jph (Jph = Jl – Jd, 

where Jl and Jd are the photocurrent and dark currents) measured for two types of 

OSCs, showing the power law dependence of Jph on light intensity, αIJ ph ∝ .68 The 

power exponent, α, of both OSCs are about 1 at a relatively high effective voltage 

Veff, Veff = V0 –Vb, where V0 is the built-in voltage measured at Jph = 0, and Vb is the 

applied bias), suggesting that almost all of the charges are collected at the electrode 

at high Veff. The power exponents of Jph−I characteristics measured for all cells 

approach to one at Veff > 0.25 V, which is around the maximum output power point. 
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This suggests that most photo-generated charges can be efficiently collected at the 

organic/electrode contacts without charge accumulation in the cell at high Veff.  

 

Fig. 6.5: Double logarithmic plot of the photocurrent density as a function of light 

intensity for (a) OSC with ZnO cathode interlayer and (b) the control device under 

different effective voltages. 

As the charge mobility in organic materials is field dependent, less efficient 

charge transport and collection in the OSCs would occur at the low Veff, leading to 

the accumulation of space charges that gives rise to higher recombination, and 

thereby a lower power exponent in the Jph-I characteristics. As shown in Fig. 6.4, 

when Veff decreases to a much lower value of 0.085 V, α drops to 0.67 for the control 

device while higher exponent value of 0.87 could still be obtained for OSC with a 

ZnO interlayer. The different value of α at low Veff suggests the different strengths 

of recombination in the two types of devices, indicating stronger recombination in 

the control device, leading to the poor efficient charge transport and collection. 

6.4 Charge Collection in Organic Solar Cells 

Fig. 6.6 shows the double logarithmic plot of Jph versus Veff. The photocurrents 

become independent of the applied voltage and saturate at Veff of 0.5 V. The 
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saturated photocurrents Jsat is also shown in Fig. 6.6. At high Veff (>0.5 V), Jph 

saturates and gives rise to almost 100% collection of the photo-generated charges. 

Appearently,  charge collection probability P obtained for the control cell decreases 

much faster than that of the OSC with a ZnO interlayer at Veff <0.5 V. The loss due 

to recombination is obviously much lower in the OSCs with a ZnO interlayer than 

that in the control cell, revealing improvement in charge collection efficiency.  

 

Fig. 6.6: Double logarithmic plot of JPh−Veff characteristics obtained for an 

OSC with a ZnO cathode interlayer and the control device. 

As both the OSCs and the control cell have the identical anode/organic contact 

and blend system, the charge accumulation and recombination behaviors at the 

anode contact and in the active layer could be considered the same. Hence, the 

variation in exponent of Jph-I characteristics and the change in charge collection 

efficiency are attributed to the different charge accumulation behaviors at the 

organic/cathode interfaces in the devices. The difference in the Jph-I characteristics 

suggests that the charge accumulation and recombination loss at the 

organic/cathode interface in the control cell is much stronger than that in the OSCs 
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with a ZnO interlayer. The Jph-Veff results also indicate that device with ZnO 

inserted between the active layer and the Al cathode apparently favors an efficient 

charge collection process and the recombination is significantly suppressed by 

inserting a ZnO interlayer between the BHJ and metal contact. 

Sufficient exciton dissociation occurs at the donor/acceptor and 

organic/electrode interfaces is another critical factor for high device performance. 

The exciton dissociation at the organic/cathode interface was analyzed using TPC 

measurements.40 An Nd:YAG pulsed laser with pulse duration of  5 ns and the 

wavelength of 355 nm was  used to generate the transient signals in the TPC 

measurements. Devices with layered structures of ITO/PEDOT:PSS/ PC70BM/Al 

(control device) and ITO /PEDOT:PSS/PC70BM/ZnO/Al were fabricated for TPC 

measurements. A thick PC70BM layer (400 nm) is designed to suppress the 

influence of the drift current. The thickness of the semitransparent Al layer is 30 

nm. 

 

Fig. 6.7: Transient photocurrents measured for devices with different 

configurations of (a) ITO/PEDOT:PSS/PC70BM/ZnO/Al and (b) 

ITO/PEDOT:PSS/PC70BM/Al under different external biases. 
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With laser incident from the semi-transparent Al side, the transient 

photocurrents (ITPC) measured for both devices at different biases are plotted in Fig. 

6.7. The positive ITPC decays measured without external bias are always observed 

for both devices. However, very different ITPC behaviors are observed when a 

positive bias is applied between the two electrodes. A clear rapid negative transient 

photocurrent signal (~ns) for the control device is observed at the reverse bias from 

0.3 V to 0.5 V, as shown in Fig. 6.7(b), and then followed with a slower positive 

ITPC after a longer period of several tens of ns. This negative ITPC signal suggests 

that the direction of the transient current created by the exciton dissociation at the 

PC70BM/Al contact is opposite to that of the drift current. Thus, these photo-

generated electrons must be compensated first before the electrons drifted with the 

internal field can be collected by the cathode. The negative transient photocurrent 

comes from the unfavorable exciton dissociation which goes against the anticipant 

electron collection in devices. However, by inserting a 20 nm ZnO layer between 

PC70BM and Al, the rapid negative transient photocurrent signal is not detected in 

the ITPC under different biases. Instead, a rapid positive peak is observed at an 

external bias of 0.9V, indicating the flow of the photocurrent generated due to the 

interfacial exciton dissociation at organic/cathode interface in OSCs with a ZnO 

interlayer is in the same direction of the drift current. The TPC results reveal that 

the presence of the ZnO cathode interlayer helps to eliminate the unfavorable 

interfacial exciton dissociation and improve the electron collection efficiency.  

TPC results for samples with a reverse configuration of ITO/Al(10 nm)/PC70 

BM/MoO3 /Ag and ITO/Al(10 nm)/ZnO(20 nm)/PC70 BM/MoO3/Ag are shown 

in Fig. 6.8. The rapid positive transient photocurrents and negative slower 

photocurrents are observed for the both devices. It is clear that rapid negative peak 
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indicating unfavorable exciton dissociation at Al/PC70 BM interface does not occur 

in their reverse geometry cells. Fig 6.7(a) and 6.8(a) indicate that the organic/Al 

contact properties are strongly influenced by the depositing sequences of the 

organic layer and Al. When depositing Al on the organic layer, there will be 

unfavorable exciton dissociation at Al/PC70 BM interface. While the unfavorable 

exciton dissociation disappears with a reverse structure where the organic layer is 

deposited on the prior formed Al layer. The result here further supports the trap-

limited bimolecular recombination model in Fig. 6.4.  Schematic diagram 

illustrating the processes of exciton dissociation at organic/Al and organic/ZnO/Al 

interfaces are shown in Fig. 6.9. 

 

Fig. 6.8: Transient photocurrents measured for devices with different 

configurations of (a) ITO/Al/PC70BM/MOO3/Ag and (b) 

ITO/Al/ZnO/PC70BM/MOO3/Ag under different external biases. 

When the organic/metal interface is formed by depositing the organic layer on 

the cathode in the reverse configuration cells, a relatively clear metal/organic 

interface is expected, responsible for the trap-free bimolecular recombination. 

Organic/Al interface formed by depositing Al contact on organic layer, the complex 

interfacial properties with amount of interfacial defects and traps could be 

introduced, resulting in trap-limited bimolecular recombination. The trap induced 
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sublevel states may allow electrons transfer from Al to PC70BM, form the rapid 

negative TPC transient. By inserting the ZnO between the PC70BM and Al, the 

much lower valance band maximum of ZnO will help to block the holes towards 

Al, suppressing the adverse exciton dissociation at the PC70BM/Al interface. 

 

Fig. 6.9: Schematic diagram illustrating the processes of exciton dissociation 

at (a) organic/Al and (b) organic/ZnO/Al interfaces. 

6.5 Summary  

This chapter presents the results of a comprehensive study of charge transport 

and recombination properties in PTB7:PC70BM-based OSCs with a ZnO cathode 

interlayer. Photo-CELIV, light intensity dependent J−V characteristic and TPC 

measurements were applied to analyze these mechanisms. The effect of the ZnO 

interlayer on suppression of bimolecular recombination and improvement of the 

charge collection efficiency in the OSCs are clearly demonstrated. By removing 

unfavorable exciton dissociation at the organic/cathode interface, better FF is 

achieved in OCS with a ZnO interlayer. 
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Chapter 7: Stability of Solution-processed 

Organic Solar Cells 

 7.1 Degradation in Organic Solar Cells  

Due to the rapid growth in demand for renewable energy, OSCs have attracted 

a significant interest during the last decade. In addition to the efficiency and cost 

effectiveness, longer device stability is another critical factor for practical 

applications.131 

The functional semiconductor materials used in OSCs are usually more 

sensitive to oxygen, moisture and ultraviolet (UV) radiation as compared with the 

inorganic semiconductor materials, e.g., crystalline silicon, used in the traditional 

inorganic solar cells. Extensive research has been carried out in the past decade on 

improving the efficiency of OSCs, however, the knowledge on degradation 

mechanisms and solutions to the improvement of OSCs stability are still one of the 

chanllenges OSCs face today.42, 132, 133 Degradation in OSCs is a complex process, 

involving localized material degradation inside individual functional layer, 

deterioration occurred at the organic/contact interfaces, change in the morphology 

of the functional region, variation of the vertical phase separation in donor/acceptor 

blend system, bimolecular recombination loss due to the defect-induced trap states 

in the cell, encroachment of moisture and oxygen etc. As a result, a reduction in 

light absorption and decrease in collection efficiency limit the overall performance 

of the OSCs. Fig. 7.1 presents a schematic diagram illustrating some degradation 

processes that take place in a conventional BHJ OSC with ITO transparent electrode 

and PEDOT:PSS HTL. 
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First, low work function metals such as Al, Ca and Ag, are often used as the 

cathode to assist in efficient charge collection due to the improved matching 

between the work function and LUMO level of the donor in the cells. However, 

these contacts are thermally unstable due to the oxidation progress as compared to 

the contact at organic/anode.134 The thermal evaporated Ag contact tends to diffuse 

into the active layer causing damage to the underlying polymer layer. The 

penetration of Ag in the organic layer often causes problem of short circuit if an 

appropriate cathode buffer layer is not used. 

 

Fig. 7.1: A schematic diagram illustrating some degradation processes that take 

place in a BHJ OSC. 

Second, there are often some pinholes existed in the thin metal electrodes, then 

the oxygen and moisture gradually diffuse into the inner layers through those 

pinholes and the edges. The encroachment of oxygen and moisture induces different 

chemical reactions to take place between the organic layer and the electrode, which 

is one of the factors limiting the efficient charge extraction at the active 

layer/electrode interface.135, 136  

Third, PEDOT:PSS is the most commonly used solution processable HTL with 

high conductivity, high transparency and also good contact formation with many 
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organic materials.137 It also has the acidic and hygroscopic property.41, 42 It has been 

reported that the acidic nature of PEDOT:PASS is responsible for the deterioration 

of the ITO/PEDOT:PSS contact quality , which is one of the main reasons leading 

to the degradation in OSCs. On the other hand, it may accelerate the degradation 

process of the organic layer due to the stimulated water vapor ingression.138-140 The 

conductivity of PEDOT:PSS also decreases upon UV exposure, caused due to the 

light induced oxidation and thereby resulting in degradation in OSCs.  

The organic polymers used in OSCs are usually very sensitive to photo and 

thermal oxidation, including the oxidation of side chains and the oxygen-induced 

photosensitization.141 Charge extraction at the organic/electrode interfaces would 

be hindered due to the formation of different polymer phases in the active layer.142, 

143  

The degradation in the OSCs is a complex process, often associated with the 

inefficient light absorption, exciton dissociation, poor charge transport, reduced 

charge extraction at the organic/electrode interfaces, morphology change in the 

active layer and losses due to the recombination of the carriers etc.144 It is shown 

that the degradation initiated due to the oxidation of the cathode could be overcome 

by the removal of the low work function cathode.145 The unbalanced charge 

mobility in the photoactive layer, due to oxygen-induced charge traps, is one of the 

degradation mechanisms.80 Different strategies have been proposed to improve the 

stability of OSCs, e.g., suppression of unfavorable exciton dissociation at the 

organic/electrode interface by incorporating a thin metal oxide interlayer,40 

optimizing the vertical phase of donor/acceptor in the blend layer to benefit the 

charge transport,146 introducing the nano-structures in the cell for attaining 

broadband absorption enhancement via the optical coupling effect.37 
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7.2 Performance of Cells with Solution-processed MoO3 Anode 

Interlayer 

Considerable effort has been devoted to improve device efficiency by 

minimizing charge extraction barriers at the organic/electrode interfaces using 

solution fabrication process. For example, PEDOT:PSS is one of the commonly 

used anode buffer layers adopted in the OSCs. However, deterioration of 

PEDOT:PSS/ITO contact, caused by its acidic nature, is not favorable for efficient 

operation of OSCs over a long period. 41, 42 41, 42 41, 42 41, 42 41, 42 Solution processable 

metal oxide based charge extraction layer, such as MoO3, V2O5 and WO3, is an 

alternative to PEDOT:PSS for high performing OSCs.43-46 In particular, MoO3 is a 

very promising hole transporting material owing to its nontoxicity and suitable high 

work function of 5.5 eV − 6.7 eV for efficient hole extraction.65, 147, 148 Thin film of 

MoO3 can be prepared through thermal evaporation and solution fabrication routes. 

The vacuum sublimation method is not compatible with the low cost solution 

fabrication process for large area OSCs. Recently, a variety of techniques have been 

applied to develop the solution-processed MoO3 interlayer, due to its cost 

effectiveness and scalable fabrication process for large area organic solar cell 

modules.  

  Device fabrication 

 0.1g Mo (metal powder) was first dissolved in 10 ml ethanol, the solution was 

blended with 0.35 ml H2O2 (30%) allowing the mixture to react for 18 h forming 

MoO3 nanoparticles. The MoO3 solution was then formulated by dispersing the 

MoO3 nanoparticles in ethanol solvent. A 10 nm thick MoO3 hole transporting layer 

was prepared on the surface of the ITO/glass substrates by spin-coating at a rotation 
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speed of 2000rpm for 60s in air, following with a post-annealing at 120 ℃ for 5 

mins. The PTB7:PC70BM solution was then spin-coated onto the ITO/MoO3 

substrate at 2000 rpm for 120 s in a N2-purged glovebox. After drying at room 

temperature for ~1h, the ZnO EEL was then spin-coated onto the active layer. 

Finally, samples were transferred to an adjacent vacuum evaporator for the 

deposition of a 100 nm thick Ag top contact. The optimized OSCs have a typical 

device structure of ITO/MoO3(20 nm)/PTB7:PC70BM(90 nm)/ZnO(20 

nm)/Ag(100 nm), as presented in Fig. 7.2(a). Structurally identical control OSC 

with a 30 nm thick PEDOT:PSS anode interlayer also was fabricated for 

comparison studies.  

 

Fig. 7.2: (a) Schematic cross sectional view of OSC having a 20 nm thick 

solution-processed MoO3 anode interlayer; (b) J-V characteristics measured for an 

OSC with a 20 nm thick solution-processed MoO3 anode interlayer and a control 

OSC. 

Results and discussion 

The J–V characteristics of devices with a pure MoO3 and PEDOT:PSS anode 

interlayers are shown in Fig. 7.2(b). It can be seen that the performance of the cell 

with a pure MoO3 is not as good as that of the control device with a PEDOT:PSS 
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interlayer. The PCE of 7.48% was achieved for PTB7: PC70BM-based control cell, 

while it is only 6.72% for device with a MoO3-based interlayer. JSC and FF 

measured for device with a MoO3 interlayer are 13.51 mA/cm2 and 69.1%, 

respectively, which is lower than JSC of 14.09 mA/cm2 and FF of 72.7% obtained 

for the control cell. The poor performance of the device with a pure MoO3 interlayer 

is accompanied with a relatively higher RS and lower RSH, suggesting less effective 

charge transport and extraction at the organic/electrode interface, and thereby 

leading to an obvious reduction in the FF.  The poor charge transport property in 

the solution processed pure MoO3 hole extraction layer are mainly responsible for 

the reduced JSC and also inefficient hole collection in the cell.149 

7.3 Effect of MoO3:Au NPs-based Interlayer on Light Absorption 

Enhancement 

Introducing metal nanoparticles (Au NPs or Ag NPs), surface plasmonic 

structures and a textured substrate template in OSCs are important strategy to boost 

light absorption and hence the device performance.32, 150-152 However, each 

approach has its own technical limitation for a particular device design. The most 

widely adopted method is direct mixing of metal NPs with the buffer layer material 

or even the active blend layer. It is difficult to control the distribution of the NPs in 

the interlayer or blend layer using direct mixing approach, often leading to 

agglomeration of NPs.151, 153, 154  

In this work, an effective solution-based layer-by-layer method is developed to 

form an uniform distribution of Au NPs in the MoO3-based hole extraction layer 

(MoO3:Au NPs). A solution with a stabilized suspension having a 15 nm diameter 

sized Au NPs in PBS, purchased from Sigma-Aldrich as received, was used. 
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MoO3:Au NP composite layer was obtained by spin-coating sequentially using 

MoO3 and the Au NP solutions using a layer-by-layer approach in air. For example, 

the first MoO3 layer was spin-coated on cleaned ITO surface at a rotation speed of 

2000rpm for 60s, next the Au NP solution was spin-coated on the ITO/MoO3 

substrate, following spin-coating another MoO3 layer to form MoO3:Au NPs-based 

hole extraction layer. A uniform dispersion of a thin layer of Au NPs is sandwiched 

between the two MoO3 layers. As shown in Fig. 7.3(a), OSCs with a MoO3:Au 

NPs-based HEL have a device configuration of ITO/MoO3:Au 

NPs/PTB7:PC70BM(90 nm)/ZnO(20 nm)/Ag(100 nm). 

 

Fig. 7.3: (a) Schematic cross sectional view of an OSC with a MoO3:Au NPs-

based anode interlayer; (b) SEM image measured for the surfaces of  solution-

processed MoO3:AuNPs film; AFM images measured for (c) the surfaces of a 

pure MoO3 layer and (d) MoO3:Au NPs layer on ITO substrates. 

The morphology of the MoO3:Au NPs interlayer was analyzed using SEM and 

AFM measurements. The SEM image measured for the MoO3:Au NPs layer on ITO 
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is shown in Fig. 7.3(b). 3-D AFM images measured for the pure MoO3 and 

MoO3:Au NPs films are shown in Figs. 7.3 (c) and (d), respectively. The pure MoO3 

layer demonstrates a smooth surface morphology with a root-mean-square (RMS) 

roughness of 1.59 nm, which is comparable to that of the PEDOT:PSS film (RMS 

= 1.25 nm). In Figs. 7.3 (b) and (d), it can be seen clearly that Au NPs are distributed 

quite randomly in the MoO3:Au NPs layer, with a relatively higher RMS of 2.38 

nm. Since the diameter of the Au NPs is around 15nm, the results reveal that Au 

NPs can be largely covered by the second MoO3 layer, suggesting that the Au NPs 

are well embedded between the two MoO3 layers.  

Usually, there would be exciton quenching by non-radiative energy transfer 

between the active layer and metal NPs if they are directly connected.155 During our 

experiments, for devices without the second MoO3 layer (ITO/MoO3/Au 

NPs/PTB7:PC70BM/ZnO/Ag), the performance of the cells is always less than 

satisfactory with a typical PCE < 5%. It seems that the second MoO3 layer in the 

MoO3:Au NPs HEL, formed by the layer-by-layer approach, can help to avoid the 

immediate contact of the active layer and Au NPs, avoiding the possible exciton 

quenching that would otherwise occurred due to the direct contact between the Au 

NPs and BHJ. Moreover, it has been reported that suitable roughness of the front 

interface would increase the adjacent area of the active layer in OSCs. The large 

contact area is also favorable for efficient hole extraction. 

The surface electronic structures of the MoO3:Au NPs, pure MoO3 and 

PEDOT:PSS films on ITO substrates were investigated by UPS measurements. The 

corresponding UPS spectra are shown in Fig. 7.4. The work function of 5.64 eV 

was obtained for the MoO3:Au NPs composite film, which is slightly lower than 

that of the pure MoO3 (5.83 eV). A slight decrease in the work function of the 
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MoO3:Au NPs-based anode interlayer is still in favor of  forming a desired energy 

alignment between ITO (4.7 eV) and HOMO (5.2 eV) of PTB7.  

 

Fig. 7.4: UPS spectra measured for the thin films of MoO3:Au NPs and MoO3:Au. 

 

Fig. 7.5: Extinction spectrum of the Au NPs in solution. (Inset: simulated electric 

field intensity distribution around the Au NP at 519 nm). 

Fig. 7.5 shows the extinction spectra of Au NPs solution with the extinction 

peak locates around 519 nm. With the incorporation of Au NPs, the optical 

properties of the MoO3 film and OSCs are investigated. In a previous study, it is 

shown that the optical absorption enhancement was observed when Au NPs with a 

diameter of >40 nm are incorporated in the active layer, this was achieved by light 

scattering effect and plasmonic resonance from the metal NPs.150 For the case in 

this work, the possible absorption due to the use of 15 nm sized Au NPs can be 
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negligible as they do not contribute to light scattering as compared to those large–

sized metal NPs.156  

 

Fig. 7.6: Absorption spectra measured for the hole extraction layers of (a) 

MoO3:Au NPs and (b) pure MoO3 on ITO/glass. (c) The absorption spectra of the 

active layer in devices with different interlayers of MoO3:Au NPs and pure MoO3, 

obtained by FDTD simulation. (Inset: the cross sectional view of the simulated 

electric field intensity distribution in device with a MoO3:Au NPs interlayer at 

519 nm.) 

The absorption spectra measured for the HELs of MoO3:Au NPs and pure 

MoO3 on ITO/glass, and that for the active layer deposited on MoO3:Au 

NPs/ITO/glass and pure MoO3/ITO/glass substrates are plotted in Fig. 7.6(a). 

Nevertheless, the MoO3:Au NPs composite film does not show any obvious change 

in the absorption spectrum. This aside, there is no obvious enhancement in the 

absorption spectra measured for the active layers on different HELs of MoO3:Au 

NPs and pure MoO3. The electric field profiles and the active layer absorption 

spectrum in devices with different interlayers of pure MoO3 and MoO3:Au NPs are 

calculated using FDTD simulation. The magnitude of the electric field intensity is 

indicated by the color scale. As shown in the inset of Fig. 7.5, electric field intensity 

is strongly enhanced at the wavelength of 519 nm around Au NPs. While, the inset 
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of Fig. 7.6(b) indicates that the strong field around Au NPs mainly locates laterally 

along the MoO3 layer rather than vertically into the active layer. The theoretical 

results reveal that use of MoO3:Au NPs interlayer does not affect the absorption in 

the PTB7:PC70BM, as shown in Fig. 7.6(a). The improvement in the performance 

of OSCs with a MoO3:Au NPs-based HEL is originated from improved charge 

collection. 

The calculated absorption spectra (Fig. 7.6 (b)) also show clearly that the use 

of MoO3:Au NPs-based interlayer does not contribute to the absorption 

enhancement in the active layer, which is consistent with the previous reports in 

showing that small size Ag or Au NPs (in this case, with a size of 15 nm) in the 

active layer do not have contribution in absorption enhancement.156  

7.4 Effect of MoO3:Au NPs-based Interlayer on Charge Collection 

Efficiency 

  The J–V characteristics measured for structurally identical OSCs with different 

anode interlayers are plotted in Fig. 7.7(a). The cell parameters are summarized in 

TABLE 7.1. It can be found that the use of a MoO3:Au NPs hole extraction 

interlayer has a significant influence on the device performance. Devices with a 

MoO3:Au NPs interlayer exhibits the highest JSC and FF, compared to devices with 

a pure MoO3 or PEDOT:PSS based anode interlayer. The PCE of 7.68% is achieved 

for PTB7:PC70BM-based OSCs having a MoO3:Au NPs HEL, an increase of 14.3% 

compared to that of the cell with a pure MoO3 (6.72%). Results show that there is 

an obvious increase in both JSC and FF of the OSC with a MoO3:Au NPs-based 

interlayer, while VOC remains almost unchanged as compared to the one having a 

pure MoO3 anode interlayer. The performance of devices with a MoO3:Au NPs-



	   108	  

based interlayer also is comparable to and even a little higher than that of the ones 

with a PEDOT:PSS HEL(7.48%), indicating that the MoO3:Au NPs-based hole 

extraction layer, formed by the layer-by-layer approach developed in this work, is 

favorable for efficient operation of the OSCs. 

 

Fig. 7.7: (a) J–V characteristics and (b) IPCE spectra measured for the structurally 

identical devices made with three different anode interlayers of pure MoO3, 

MoO3:Au NPs and PEDOT:PSS.  

TABLE 7.1: Summary of the cell parameters obtained for OSCs made with 

different anode interlayers of MoO3:Au NPs, pure MoO3 and PEDOT:PSS. 

 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

RS 

(Ω⋅cm2) 

RSH 

(Ω⋅cm2) 

MoO3:Au NPs 0.73 14.41±0.2 73.0 7.68±0.2 3.7 1266.5 

Pure MoO3 0.72 13.51±0.1 69.1 6.72±0.2 5.9 1391.4 

PEDOT:PSS 0.73 14.09±0.1 72.7 7.48±0.1 4.0 1439.8 

 

The IPCE spectra of the devices fabricated with different anode interlayers are 

plotted in Fig. 7.7(b). Compared to the cell with a pure MoO3 interlayer, it is seen 
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clearly that there is an obvious increase in the IPCE of the OSC with a MoO3:Au 

NPs-based interlayer over the wavelength range from 350 nm to 750 nm. Since 

there is no observable absorption enhancement in the cell due to the incorporation 

of a MoO3:Au NPs interlayer, the broadband absorption enhancement in the IPCE 

suggests that the improvement in the electric properties in the cells contributes 

mainly to the increases in the JSC, FF and PCE of the cells. 

Apart from the absorption enhancement in the cells, efficient charge collection 

at the organic/electrode interface also plays an important role in determining the 

performance of OSCs.152, 157 To further understand the origin of the enhancement 

in the performance of the OSCs, the effect of the MoO3:Au NPs-based anode 

interlayer on charge collection and bimolecular recombination characteristics was 

analyzed.  

The double logarithmic plot of the Jph-Veff characteristics measured for OSCs 

fabricated with three different interlayers are plotted in Fig. 7.8, along with a dash 

line showing the value of Jsat for comparision. Jph shows a linear dependence on the 

voltage at a low Veff (<0.2 V) for all devices, and saturates towards Jsat at high Veff 

(>1 V). At a low Veff region, the number of extracted photo-generated carriers 

decreases due to the increase in the charge recombination, leading to a poor charge 

collection. Jph obtained for the device with a pure MoO3 interlayer decreases much 

faster than that of the cell with a MoO3:Au NPs interlayer at Veff <0.4 V, implying 

that the loss due to recombination in the device with a pure MoO3 interlayer is 

obviously much higher at this Veff region. Both devices have the identical cathode 

contact and active layer, the change in the Jph−Veff characteristics at low Veff region 

is seemingly associated with the change in the interfacial properties at the 

organic/anode contact. This indicates that presence of the MoO3:Au NPs-based hole 
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extraction layer augments the photocurrent at low Veff, revealing an enhancement in 

charge collection efficiency at the organic/anode interface.  

 

Fig. 7.8: Jph-Veff characteristic measured for OSCs fabricated with three different 

anode interlayers of MoO3:Au NPs, pure MoO3 and PEDOT:PSS. 

In addition to the improvement in the charge collection efficiency, the use of 

MoO3:Au NPs-based hole extraction layer also results in a significant reduction in 

Rs, with a Rs of ~3.7 Ω⋅cm2, which is smaller than ~5.9 Ω⋅cm2 obtained for the 

device with a pure MoO3 hole extraction layer.   

The difference in charge recombination and extraction in OSCs with different 

anode interlayers are further examined by analyzing the Jph−light intensity (I) 

characteristics. At the high intensity of light, charge accumulation in the active layer 

of an OSC will be quickly saturated due to the limited trap states. While the charge 

accumulation processes in an OSC under a “weak” light will be limited. Therefore, 

lower light irradiation can be used to analyze the charge accumulation processes in 

the OSCs. The double logarithmic plot of Jph−I characteristics, measured for the 

OSCs with three different anode interlayers, are shown in Fig. 7.9.  
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Fig. 7.9: Double logarithmic plot of photocurrent density as a function of light 

intensity for devices fabricated with different anode interlayers of (a) MoO3:Au 

NPs, (b) pristine MoO3 and (c) PEDOT:PSS anode interlayer, measured under 

different effective voltages. 

The power law dependence of Jph on light intensity is clearly seen. The 

exponent α of Jph−I characteristics observed for the cell with a pure MoO3 interlayer 

decreases to 0.93 at Veff=0.238 V, around the maximum output power point, while 

for OSCs with a MoO3:Au NPs or PEDOT:PSS anode interlayer, α remains one. 

As Veff  decreases to a lower value of 0.157 V, α obtained for the cell with a pure 

MoO3 interlayer decreases to 0.6. In comparison, higher exponent value of 

0.85~0.86 is obtained for the OSCs with either a MoO3:Au NPs anode interlayer or 

PEDOT:PSS HTL. As all the cells have the same organic/cathode contact and blend 

system, it can be considered that the charge accumulation behavior at the 

organic/cathode contact in OSCs with HELs of pure MoO3 and MoO3:Au NPs is 

very similar. The variation in the exponent of Jph−I characteristics reflects the 

difference in charge accumulation at the anode/organic interfaces. 

The charge accumulation at the anode/organic interface in the cell with a pure 

MoO3 becomes more notable as compared to the OSC having a MoO3:Au NPs 

interlayer. A relatively high charge recombination in the device with a pure MoO3 

interlayer is then expected. Device with a MoO3:Au NPs anode interlayer 
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apparently favors a more efficient charge collection process, thereby yielding a high 

PCE of 7.68%, which is about 14.3% higher than that of the cells with a pure MoO3 

interlayer (6.72%). Light intensity dependent J−V characteristics of the OSCs with 

a MoO3:Au NPs anode interlayer are very similar to that of the OCSs fabricated 

with a PEDOT:PSS HTL, demonstrating clearly that the solution processable 

MoO3:Au NPs-based HEL with superior non-acidic properties is good alternative 

to PEDOT:PSS hole transport layer for attaining high efficiency OSCs 

7.5 Accelerated Aging Test 

Apart from the high PCE, a long operation lifetime is still one of the challenges 

OSCs face today. Degradation in BHJ OSCs is a complex process, which is 

associated with the deterioration in the structural, electrical and chemical properties 

of the materials, organic/electrode interfaces. It is quite clear that a thorough 

understanding of the degradation mechanisms in OSCs is a prerequisite for 

attaining high performing OSCs. The lifetime of OSCs refers to the analysis of 

time-to-failure data obtained for the stability of the cells, measured under the 

normal operating conditions and it usually takes a very long period of time. The 

stability of the OSCs can also be studied using the accelerated aging test. The 

degradation processes that are induced due to different operation conditions, for 

example, exposure to UV irradiation over a short period of time or at high 

temperature or under the exposure to humid air, and their impacts on the interfacial 

properties at organic/electrode can be analyzed using control the test conditions. In 

order to investigate the effect of particular design of and its effect operation stability 

of the cells, an accelerated aging test is a viable approach for cell stability studies.   
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Fig. 7.10:  PCE, FF, JSC and VOC of the OSCs made with different anode 

interlayers of MoO3:Au NPs, MoO3 and PEDOT:PSS as a function of aging time, 

tested  in an ambient environment with a relative humidity of >90%. 

In this work, the stability of the devices in a particular ambient environment 

with a relative humidity of >90% was investigated using the accelerated aging test. 

The evaluations of the cell parameters, including the variations in PCE, JSC, FF and 

VOC of the OSCs fabricated with different anode interlayers of MoO3:Au NPs, pure 

MoO3 and PEDOT:PSS anode interlayer, as a function of the aging time are 

presented in Fig. 7.10. It can be seen that the devices made with a MoO3:Au NPs 

anode interlayer and a pure MoO3 interlayer exhibit similar degradation behavior. 

However, PCE of the cell made with a PEDOT:PSS HTL decreases much faster 

compared to the ones made with a MoO3:Au NPs interlayer or even a MoO3 

interlayer. The corresponding JSC and VOC of the cell with a PEDOT:PSS HTL 

decrease gradually in the first 100 mins and the more devastating degradation 

occurred after 80 min aging leading to a device failure. After ~180 min accelerated 

aging test in air, a significant reduction in JSC, FF and VOC of the OSC with a 
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PEDOT:PSS  interlayer, e.g., JSC dropped from 14.09 mA/cm2 to 6.16 mA/cm2, FF 

decreased from 72.65% to 16.83% and VOC reduced from 0.73 V to 0.38 V,  

respectively, resulting in a substantial fall in PCE from 7.48 % to merely 0.4 % 

after the aging test.  

For OSCs with a MoO3:Au NPs interlayer and a pure MoO3 interlayer, however, 

both types of the cells only had a moderate decrease in the cell performance, aged 

in the same condition. The results reveal that JSC, FF and VOC of both types of cells 

maintain up to 95%, 52% and 84% of their initial values after 180 min accelerated 

aging test, thereby a relatively moderate change in PCE of these OSCs, e.g., 

decrease from 7.68% to 3.28% for the cells with a MoO3:Au NPs anode interlayer,  

and that from 6.72% to 2.73% for the ones with a pure MoO3 anode interlayer, 

maintaining >40% of their initial PCE values after 180 min, while devices with a 

PEDOT:PSS HTL can be hardly operated. The results demonstrate the superiority 

of the solution processed MoO3:Au NPs anode interlayer over the commonly used 

PEDOT:PSS HTL for improvement of device stability. The use of the MoO3:Au 

NPs-based anode interlayer avoids the possible deterioration at the organic/anode 

interface, which otherwise would occur due to acidic PEDOT:PSS, and also favors 

the efficient hole collection leading to dawdling degradation behavior . 

7.6 Summary 

  In this chapter, we demonstrate that the use of solution-processed MoO3:Au 

NPs hole extraction layer greatly improves the stability of OSCs. The removal of 

the acidic PEDOT:PSS HTL helps to remain an efficient charge collection 

efficiency at the anode/organic interface. The layer-by-layer solution fabrication 

approach developed in this work enables the Au NPs that can be evenly distributed 
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in the MoO3:Au NPs-based HEL. The effect of MoO3:Au NPs interlayer on 

operation stability of the OSCs was systematically investigated by experimental 

and theoretical analyses. The results reveal that the use of a MoO3:Au NPs anode 

interlayer in the OSCs favors the efficient electron collection and possesses a 

dawdling degradation behavior, achieved by the removal of the acidic PEDOT:PSS 

HTL. The combination of favorable electric and optical properties of MoO3:Au NPs 

interlayer, as well as its solution-fabrication capability paves the way towards 

fabrication of large area high performing OSCs at low cost.   
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Chapter 8: Summary and Future Work 

8.1 Summary 

To conclude, light harvesting and charge collection are two important 

properties in BHJ OSCs. In this thesis, broadband and omnidirectional light 

absorption enhancement in the photonic structured OSCs, with different 2-D 

photonic structures in the active layer, were investigated systematically through 

both experimental optimization and theoretical simulation. 	  

On one hand, annealing-free high performance inverted OSCs with 2-D 

hexagonally-arranged photonic structures in the active region were demonstrated. 

The photonic structures in the active layer were created using nano-imprinting 

method. By introducing the photonic structures with 480 nm structure period, the 

performance of the OSCs was optimized by adjusting the structure height in the 

active layer. Charge collection and absorption enhancement in photonic-structured 

OSCs were investigated. The findings revealed that enhancement in the PCE of the 

photonic-structured OSCs (6.9%) over a planar control OSC (6.5%) was mainly 

due to an evident increase in JSC. Measured IPCE spectra and electric field profiles, 

calculated by the FDTD simulations, point out that the enhancement in JSC comes 

mainly from the enhanced light absorption in the active layer, especially in the long 

wavelength region. 

On the other hand, photonic-structured OSCs exhibited a stronger absorption 

enhancement over a broader range of the angle of incident light. Omnidirectional 

and broadband light absorption enhancement was observed in photonic-structured 

OSCs with structure period of 350 nm. The PCE of photonic structured OSCs, 
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based on PTB7:PC70BM system, improved to 7.74% with more than 11% increase 

compared to that of an optimized planar cell. Moreover, with the increase in angle 

of the incident light from 0 deg to +45 deg with respect to the normal to the cell 

surface, photonic structured OSCs allow higher light absorption in the active layer 

and exhibit much slower reduction in the integrated absorption compared to the 

planar OSCs. 

In addition to the light harvesting enhancement,  the effect of ZnO cathode 

interlayer on charge collection and recombination processes in OSCs was 

investigated. By inserting a 20 nm ZnO layer between the active layer and the 

cathode, an obvious rise in PCE of the OSCs is observed, e.g. increases from 7.03% 

to 7.69%. The charge transport and recombination properties in the BHJ OSCs were 

investigated using the photo-CELIV method. Combined with light intensity-

dependent J–V characteristic and TPC measurements, it was found that the presence 

of the ZnO interlayer could effectively suppress the charge recombination and 

prevent the unfavorable interfacial exciton dissociation at the active layer/cathode 

interface, ultimately achieving efficient charge collection. 

The degradation mechanisms of the BHJ OSCs having different HELs were 

examined using accelerated aging tests, carried out in the ambient condition. 

Moreover, the accelerated aging tests indicated that the solution-processed MoO3 

based cells were superior to the frequently-used PEDOT:PSS based devices in 

terms of long-term stability. PCE of the MoO3-based OSCs maintained about 40% 

of their initial value, while a calamitous failure in the control devices with a 

PEDOT:PSS HTL was observed after the accelerated aging test under the same 

condition, with a high relative humidity of 90% at room temperature for 180 mins. 

In addition, the solution-processed interlayer with a mixture of Au NPs and MoO3 
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could help to suppress bimolecular recombination and enhance charge mobility, 

thereby achieving higher PCE as compared to the ones with the interlayer having 

pure MoO3.  

8.2 Future Work 

The possible avenues and potentials for further work that extend from this 

thesis are multifold. Firstly, the light harvesting of OSCs could be made simpler to 

meet the requirement for practical application. Furthermore, there exists potential 

for further enhancement with regards to the broadband light absorption 

enhancement in OSCs. Photonic-structured OSCs using both single and stacked 

tandem structures will be designed. Parameters will be optimized including the 

corresponding internal and external quantum efficiencies, J–V characteristics, and 

device stability. Further analysis can also be conducted on the influence of pitch 

structure, pitch size and periodicity on the overall photovoltaic performance of 

OSCs. 

Moreover, factors affecting the charge collection and recombination dynamics 

in OSCs should be further investigated, including the properties of organic active 

materials and the active layer/electrode interface contacts. Finally, the study of the 

charge recombination dynamics through the measurements of photo-CELIV 

transients together with the light intensity-dependent J-V characteristic analysis 

will be of great importance for the synthesis of new organic semiconducting and 

also new HEL/EEL materials for application in high performance OSCs. 
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