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Chapter 1  
 

 

 

 

 

 

This chapter is devoted to a general introduction to solar energy, to the 

photophysics of solar energy relevant semiconductors, and the motivation for the 

project. Since this thesis deals with different semiconductors using a few different 

techniques for investigations in different chapters; to enhance the readability of the 

text and to avoid overly long introductory texts in every chapter, a general (non-

exhaustive) overview of the materials and important methods that will be covered 

in later parts of this thesis is provided. Finally, a short section is dedicated to the 

outline of the later chapters. 
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1.1 Introduction 

In more ways than one, the sun is central to our existence. It is the primary source 

of the heat and light necessary for life: it is responsible for the so-called “Goldilocks 

Zone” our planet occupies in the solar system; it also powers photosynthesis 

enabling plants (and other living organisms) to create chemical energy and oxygen 

from elemental nutrients, natural pigments, and carbon dioxide. All ingredients 

which were created in the immediate aftermath of the big bang. Not to mention the 

role it plays in the earth’s orbit – which has as consequence many physical 

phenomena in our planet. Unlike most other sources of energy, solar energy is 

abundant, sustainable and relatively well distributed around the earth – attributes 

which make it extremely desirable as one (of ideally, many) sources of energy to be 

exploited to further our advancement as a species.  

Global demand for energy (and in particular, electricity) is on the increase. This is 

due to several factors: the first is that the global population has continued to rise 

steadily. The second is that the pace of industrial and technological advancement 

has concurrently grown leading to an increase in wealth which has, in turn, changed 

our lifestyles from basic survival needs (food, hygiene) to more technologically 

advanced ones (transportation, communication, electronic devices, data handling 

and storage, etc.). There have of course been continuous advances in energy 

efficiency, generation, transmission, and use, but they simply have not kept pace 

with the increase in demand. Today, the bulk of our energy consumption (over 90% 

at the end of 2017, see Figure 1.1) is supplied by burning fossil fuels like petroleum, 

gas, and coal which are non-renewable sources of energy. Our continued reliance 

on fossil fuels has several drawbacks – chief of which are the finiteness of their 

availability and the damage/pollution they cause to the environment during 

exploration and combustion. 

Over the past two decades, the global community has identified matters relating to 

energy (production, accessibility, and efficiency) as being important aspects towards 

achieving inclusive and sustainable development as well as to the continued 

habitability of our planet. One question that is continuously being debated is: “How 

do we continue to meet global targets for inclusive and sustainable development without causing 

major, irreversible damage to the planet for future generations?”. This extremely important 

question is reflected in several recent initiatives such as the United Nations’ 

sustainable development goals[1] (SDGs) and the Paris climate accords[2] to allay the 

effects of climate change. One major agreement is to limit the average global 
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temperature increase to 2 ºC by sharply reducing global CO2 emissions. To achieve 

this, part of the focus has been on adding renewable and sustainable energy sources 

to meet our current and future needs. From all indications[3], there is still clearly 

much work to be done in this regard. 

Revisiting the issue of electricity demand, production and use; it is worth 

mentioning two important developments that have been strong drivers of demand 

for non-industrial purposes. The former is the electrification of energy use, and the 

latter, is the development and proliferation of electronic devices, most especially 

those utilising semiconductor and/or photonic technologies. 

 

This increase in demand, viewed together with the scarcity of resources (fossil fuels 

are non-renewable) and the severe environment impact their exploration and 

Figure 1.1: (a & b) Global energy consumption and the share of renewables in electricity generation for 

2017; (c) our demand for energy has grown over the past decade; (d) although renewable sources are now 

being added to the generation sources, there is still more work to be done in this regard. (Source: Global 

Energy Statistical Yearbook[3]) 
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combustion cause are a compelling justification for why scientists and engineers 

have been strongly motivated to research and develop alternative energy sources. 

Solar technologies are one of several renewable energy technologies to garner 

attention as a sustainable, well-distributed and environmentally friendly means to 

meet current (and future) electricity demands.  

1.2 Solar Cells 

A solar cell (or photovoltaic cell) is a device that creates electrical power upon 

absorption of light; i.e. it converts energy in the form of light to electricity via the 

photovoltaic effect. Solar cells are made from Semiconductors such as Silicon, 

Cadmium Telluride etc. The market for solar cells has traditionally been dominated 

by silicon solar cells[4]. This is due to several reasons such as its’ abundant 

occurrence, and the decades long head start that it has had in the photovoltaics field. 

However, since the early 90s, several new material systems have emerged, whose 

rapid progression now challenge the dominance of silicon as the premier 

photovoltaic (PV) material – examples of these emerging materials (and their 

technologies which are termed “3rd Generation”) and their progress relative to 

silicon as solar cells in the past decade are illustrated in Figure 1.2 below.  

In the simplest architecture, a solar cell consists of an active layer composed of a 

semiconductor, placed between two electrodes - one of which must be transparent 

Figure 1.2: Record research cell efficiencies for the materials studied in this thesis versus 

monocrystalline silicon compared between approximately 2010 to date. Source: NREL research cell 

efficiency chart[47]. 
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to allow light to pass through to be absorbed by the active layer. It is also common 

to have additional functional layers to improve the extraction of either electrons or 

holes (charge extraction layers), for improved electrical performance (electron or 

hole blocking layers/selective electrodes) or to improve light management (anti-

reflection coatings). A discussion of solar cell device characterisation and an 

illustration of the architecture of a typical solar cell is depicted in later in this chapter 

– in section 1.7.3. 

The Shockley-Queisser (SQ) limit, which sets the maximum efficiency of a single 

absorber layer with an ideal bandgap for a solar cell at approximately 33%[5]. This 

number is based on a detailed balance between loss of photons with energy below 

the bandgap, thermal losses induced by photons with energy above the bandgap, 

blackbody radiation, and radiative losses. Balancing the trade-off between the 

former two losses – an ideal bandgap of 1.3 eV is obtained under standard 

conditions. In Figure 1.2, the modest improvement of Silicon over the period 2010-

2018 is partially motivated by its indirect bandgap of 1.1 eV and practical limitations 

in devices such as cell resistance, interconnects etc. 

Initially, these emerging PV materials were considered to be direct challengers to 

the prominence of silicon; whose production is comparatively costly and energy 

intensive due to their desirable material properties. For instance, organic 

semiconductors, hybrid perovskites and colloidal quantum dots; which are 

characterised by direct band gaps, high absorption coefficients, large colour 

tuneability, solution processability etc. However, improvements in manufacturing 

techniques and the economics of (large) scale production has continuously driven 

down the levelised cost of silicon PV well below 1 USD per kilowatt hour ($/kWh) 

– a number considered to be the threshold for mass commercialisation and 

widespread adoption1. These emerging materials, despite meeting the promise of 

being cheaper to produce from a materials point-of-view still suffer from low 

efficiency (compared to silicon), stability (operational lifetime) and high associated 

costs (such as investments necessary for optimised mass production). They have 

therefore suffered limited commercial success beyond lab-scale devices.  

As research into workable solutions for the aforementioned challenges continues, 

there seems to be a gradual pivot towards leveraging the inherent advantages these 

emerging material systems have over silicon; namely, their extremely high 

 
1 This is likely due to a comparison with the levelised costs of other power generation 
sources. 
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absorption coefficients, their mechanical properties and ranges of bandgaps which 

enable them to be made into ultrathin conformal layers of various colours on 

different kinds of supports; which opens avenues for use in disposable and flexible 

electronics; and also in cases where aesthetics are important (architecture, art 

installations, etc.). An associated advantage of these materials is the high energy 

density (per Kilogram) possessed by these material systems which makes them ideal 

for cases where lightweight solutions are more important than cost (for instance, in 

satellites & space exploration). A final (possible) niche for these emerging material 

systems leverages their band gap tunability as either front- or rear-sub cells in 

tandem architectures together with silicon to hopefully move beyond the SQ limit. 

The materials reported in this thesis - namely (organic) semiconductors, hybrid 

perovskites and colloidal quantum dots fall into the solution-processable subclass 

of these emerging material systems. In the applications discussed, they are generally 

used in thin films (with thicknesses between ~150nm and 500nm). The section 

below gives a brief overview of each material class and their physical properties; 

these properties, as can be imagined, have important implications in how they are 

processed, characterised and utilised in devices. 

 

1.3 Solution Processable Semiconductors 

All the semiconductors studied in this thesis are solution-processable; meaning that 

in all characterisations and devices, the material is dissolved in a suitable solvent to 

make a solution (or ink). These solutions (or inks) can then be used to deposit thin 

films via a host of techniques such as spin-coating and blade-coating – these 

techniques are generally suitable for films of thicknesses from the nanometres to 

the micron range, respectively. Depending on the specific material, solution-

processability is either imparted during synthesis via side-chains in organic 

semiconductors, ligands in semiconducting quantum dots (QDs)or as a 

consequence of the solubility of precursors in the case of hybrid perovskites. 

Further details of the materials used in this thesis is provided in the following 

sections. 
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1.4 Polymers 

A polymer is a large molecule, which essentially consists of multiple repeating units 

of a smaller molecule, called a monomer, created by a process referred to 

(unsurprisingly) as polymerisation. Polymers are extremely ubiquitous in nature, 

ranging from naturally occurring macromolecules such as DNA, cellulose, and 

proteins to synthetic materials important for our everyday lives such as polyethylene 

terephthalate (PET), polyacrylates & polyesters used in water bottles, cosmetics and 

textiles. The generic term “plastic” is used to refer to polymeric materials and 

derivatives thereof – referring mostly to their mechanical properties.  

Due to their ubiquity, classification of polymers varies depending on scale, physical 

basis as well as functionality[6]. Therefore, different kinds of polymers can be 

discussed depending on their structure and electronic properties.  

1.4.1 Semiconducting Polymers 

(Semi)conducting polymers became popular in the 1980’s after the discovery of 

conductive polyacetylene by Shirakawa, Heeger and MacDiarmid[7] – which 

eventually led to their being awarded the Nobel Prize in Chemistry in 2000[8]; 

although there had been an earlier report on the redox properties of other types of 

polymers[9] . The former sparked off decades of research and collaboration between 

fields of chemistry and physics. During this time, many concepts from 

semiconductor physics were used to understand the properties of this new class of 

semiconductors (also called organic semiconductors), which later developed into a 

distinct language for describing the properties of these materials.  

Polymers are considered to be organic materials; the term “organic” is used in the 

sense that they are composed almost entirely of carbon (C) and hydrogen (H) atoms. 

Although in some common semiconducting polymers, other atoms such as oxygen 

(O), nitrogen (N) sulphur (S), silicon (Si) etc. occasionally feature and are referred 

to as heteroatoms. In order to discuss the properties of polymers relevant to this 

thesis, it is necessary to first address the molecular origins of the optical and 

electronic properties of semiconducting polymers. 

Carbon, belongs to group 4 of the periodic table – meaning that it contains 4 outer 

electrons and usually forms covalent bonds with other atoms to form molecules. 

When Carbon atoms form bonds, orbital hybridisation occurs; which is a process 

whereby atomic orbitals in atoms undergoing bonding mix to form hybrid 
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molecular orbitals (MOs) with distinct characteristics from their parent atomic 

orbitals to enable bonding occur. In particular, Carbon can form sp, sp2 or sp3 hybrid 

orbitals from one s-orbital and one, two or three p-orbitals respectively. Organic 

semiconductors usually consist of alternating single and double bonds, forming a 

pi-conjugated system with a planar backbone formed from sp2-hybridised Carbon 

atoms (called sigma bonds) and partially occupied pz-orbitals perpendicular to the 

sigma bonds, called pi-bonds. Electrons in pi-orbitals (“pi electrons”) in pi-

conjugated systems are responsible for many of their optical and electronic 

properties owing to their delocalised nature [10]. 

In semiconductor physics, a very important concept is the bandgap, which 

represents the difference (in energy) between the (top of the) valence- and (bottom 

of the) conduction- bands of a semiconductor. (Frontier) MO theory[11,12] allows us 

translate this concept  into the language of organic materials via the idea of “frontier 

orbitals” – which are the highest occupied molecular orbital (termed HOMO) and 

the lowest unoccupied molecular orbital (LUMO) of a molecule; which are 

analogous in certain sense, considering the discrete nature of them, respectively to 

the valence and conduction levels. We can take this further, by using the HOMO-

LUMO gap as an ideological analogue to a bandgap in organic materials. When an 

electron in a MO is suitably excited, by for example, absorption of a photon – it can 

move up to an unoccupied MO at higher energy; the lowest possible such transition 

therefore is from the HOMO to the LUMO. Although organic semiconductors can 

be referred to as either n- or p- type, an important distinction from inorganic 

semiconductors where this designation have to do with doping is that in the former 

case, it means that they are either electron-transporting materials or hole 

transporting materials, respectively.  

  

Figure 1.3: Chemical structure of the two (main) fullerene derivatives that feature in this thesis: PCBM 

and PTEG. 
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A different but related class of organic semiconductors are organic molecules 

(which are sometimes called “small molecules”); these molecules are often either 

unpolymerized or oligomerized, i.e., they contain only a few repeating units of a 

monomer. Small molecules generally also contain sp2-hybridised Carbon atoms 

which give them similar optical and electronic properties to polymers. In this thesis, 

the main small molecules that features are the fullerene derivatives: phenyl-C61-

butyric methyl acid ester (PCBM) and 2’-[4’’-((((2-ethoxy)-2-ethoxy)-2-ethoxy)-2-

ethoxy)phenyl]-fulleropyrrolidine (PTEG-1); which are both n-type organic 

semiconductors used as electron acceptors in organic and hybrid solar cells (shown 

in Figure 1.3). Among the several properties of organic semiconductors, those most 

relevant to this thesis are related to their interaction with light (absorption and 

emission) and the properties that derive from their excited state dynamics[13].  

One of these properties is their excitonic nature – because organic semiconductors 

have an intrinsically low dielectric constant (typically between 2 ~ 4) as a 

consequence of being composed of species bound by relatively weak van der Waals 

forces when in thin film or crystals. When they are excited they form strongly 

bound, correlated electron-hole pairs (Frenkel excitons) which require (additional) 

energy of the order of 0.3 – 0.5 eV to be split into free charges[14]. This (binding) 

energy is generally much larger than the available thermal energy (given by kBT at 

room temperature ≈ 25.6 meV) and thus necessitates the use of a so-called type-II 

heterojunction (bulk-heterojunction) to facilitate charge separation for example in a 

solar cell[15–17].  

Figure 1.4: Schematic representation of the types of polymers featured in this thesis and corresponding 

chemical structures and acronyms of examples of each type. Full names are in the respective chapters. 
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A bulk-heterojunction is a blend of two semiconductors (a donor and acceptor, or 

p- and n- type molecules) which are assembled into an interpenetrating network with 

domains on the order of 10s of nanometres. Upon photoexcitation, the donor 

forms excitons which then diffuse until they encounter an interface with an 

acceptor; whose large electron affinity provides the driving force for exciton 

dissociation, enabling the formation of free charges - eventually to be collected by 

the electrodes. The formation of free charges is generally preceded by the formation 

of a charge transfer (CT) state[18,19] wherein the exciton (a CT exciton) is delocalised 

between adjacent the donor and acceptor molecules. Bulk heterojunctions have a 

much higher D-A interfacial area compared to  simple D-A bilayers which make 

them more efficient compared to bilayer-based devices. Worth noting also is that 

while many organic semiconductors can (and often do) possess some nanoscale or 

even supramolecular order when in solid state (depending on several factors). 

A result of being solution processable is inevitably that structural imperfections in 

nanoscale order (defects) and impurities are commonplace; these in turn affect the 

transport properties and lead to a distribution of localized electronic states in these 

kinds of semiconductors. This phenomenon results in organics being disordered 

semiconductors; and transport through them treated as discrete hops between localized 

transport sites[20].  

Broadly speaking, most research into polymer optoelectronics utilise either homo-

polymers or alternating donor-acceptor (D-A) type copolymers. The former are 

composed of a single type of monomer; and the latter are composed of more than 

one monomer. D-A copolymers are the result of research into developing polymers 

with narrow-bandgaps (compared to most homo-polymers) – which as a 

consequence are able to absorb more of the solar irradiance spectrum; and therefore 

to yield higher power conversion efficiency in organic photovoltaics (OPVs). Figure 

1.4 shows the polymers that feature in this thesis. 

 

1.4.2 Ferroelectric Polymers 

Next to semiconducting polymers, another interesting and technologically relevant 

sub-class of polymers are ferroelectric polymers. Ferroelectricity is closely linked to 

other properties such as piezoelectricity and pyroelectricity[21]. That is, the genesis 

of ferroelectricity is linked to having a polar crystal class which, being non-

centrosymmetric, leads to polarization that can be oriented by means of external 
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effects such as mechanical stress (for piezoelectric materials) or temperature (for 

pyroelectric materials). Therefore, a characteristic ferroelectric polarization 

hysteresis loop can be obtained by plotting the polarization versus the applied 

electric field. Initially, the main ferroelectric materials were (inorganic) ceramics 

such as lead zirconate titanate (PZT), barium titanate and quartz – which while 

seemingly have higher piezo- and pyro- electric coefficients still yield comparable 

electromechanical coupling strengths to ferroelectric polymers due to their relatively 

lower dielectric constants and excellent mechanical properties[22]. 

The workhorse for the study of such polymers over the past few decades has been 

Polyvinylidene difluoride (commonly called PVDF) and more recently, several 

related copolymers such as poly(vinylidene difluoride trifluoroethylene), or P(VDF-

TrFE). These polymers contain polar Carbon-Fluorine bonds in their constituent 

monomers; and crystallize in a manner which enables the dipoles to remain aligned; 

therefore, maintaining a polarization. While this is a generally accepted explanation 

for their physical properties the details of their operation in several kinds of devices 

are still under debate[23–25]. Other than their main use in electromechanical 

transducers, they have successfully been utilised in other applications such as gate 

electrodes in FETs, components of polymer blends for resistive memories, batteries 

and also in organic solar cells[26–28]. 

1.5 Semiconducting Nanocrystals, Or Quantum Dots 

A quantum dot (QD) is a fragment of a semiconductor containing hundreds to 

thousands of atoms with the bulk bonding geometry and surface states eliminated 

by enclosure in either a larger bandgap material or with molecular ligands[29]. 

Quantum dots exhibit both electronic and optical properties that are strongly size 

dependent – a consequence their dimensions being less than the exciton Bohr radius 

of the excitons in the bulk material: a situation commonly called the quantum 

confinement effect, as charge carriers in the QD are quantum confined[30]. 

These size-dependent properties of QDs can further be understood in terms of the 

particle-in-a-box formalism in quantum mechanics, where a particle in a confined 

potential (box) has only certain allowed energy levels, E (or Eigenvalues), indexed by 

integers n, which can be obtained by solving the Schrödinger equation[31]. This implies 

that the energy level spacing, ΔE, increases when the size of the QD decreases. In 

more concrete terms, the bandgap, Eg, of a QD with radius r, can be written in 
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terms of the bandgap of the bulk semiconductor E0 and a “confinement energy”; 

as a first approximation it is given by the phenomenological equation: 

𝐸𝑔 ≈ 𝐸0 +  
ℏ2𝜋2(𝑚𝑒 + 𝑚ℎ)

2𝑟2𝑚𝑒𝑚ℎ

          (1.1) 

Where me and mh are the effective masses of electrons and holes in the QD 

respectively. This allows a range of colours from the ultraviolet (UV) to the (near) 

infrared (NIR) spectral regions to be obtained from the same material by simply 

changing the size of the QD, famously seen in CdSe QDs. Furthermore, many QDs 

have excellent absorption coefficients and tunable carrier mobilities – making them 

strong candidates for thin film electronics. 

In recent years, colloidal QDs (CQDs) obtained by wet-chemical methods have 

progressed to the point where knowledge of synthetic techniques yields excellent 

scale and size-selectivity for many important types of QDs for optoelectronic 

applications such as lead- and cadmium- chalcogenides, as well as indium- and 

gallium-based QDs. The main power of CQDs after their size-dependent properties 

lies in the possibility of obtaining large amounts from earth abundant materials (at 

relatively low cost); which can then be assembled into arrays or assemblies, referred 

to as QD solids, using already well-known techniques for mass production of thin 

films such as blade-coating. As-synthesized CQDs are often capped with long 

aliphatic ligands (such as oleic acid) which provide colloidal stability but also form 

an insulating barrier which prevents charge transport between adjacent QDs; this is 

why QD solids for device applications are assembled with shorter ligands which 

allow charge transport by tunnelling between individual QDs in an array. Until a 

few years ago, the rise of CQDs in photovoltaics has generally been led by lead 

sulphide (PbS)-based QDs[32]. This can be attributed to its’ large exciton Bohr radius 

(enabling the synthesis of larger QDs without losing confinement) and relatively 

narrow bandgap (~ 0.4 eV in the bulk) which enable absorption up to the infrared 

coupled with advances in our understanding of its’ fundamental properties, 

synthetic methodologies, surface passivation, and device engineering[33]. 

Once QDs are brought into close proximity, charge transport becomes possible due 

to overlap of the electronic wavefunctions on adjacent QDs. Thus, a binding 

energy, β, can be used to approximate the coupling between QDs which is directly 

proportional to the probability that electrons can tunnel from one QD to another[34] 
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𝛽 = ℎ𝛤 ∝ 𝑒𝑥𝑝 (−2∆𝑥√
2𝑚∗

ℏ2
𝛥𝐸)              (1.2) 

Where (ℏ)h, m∗, ∆x, and ∆E respectively represent the (reduced) Planck constant, the 

carrier effective mass, and the width and height of the energy barrier between 

adjacent QDs. This necessarily implies that the degree of coupling between QDs in 

an array is influenced by the ligands with which they are capped as well as the nature 

of their environment (i.e. the matrix around them). Other important practical 

considerations to make regarding PbS QDs are (i) surface stoichiometry, adsorbates 

and capping ligands can cause a shift in their Fermi energy (EF) leading to a more 

pronounced n- or p- type behaviour[35]; and (ii) the incidence of crystal defects either 

during synthesis or subsequent to ligand exchange can enable the formation of sub 

bandgap states which can act as traps for charge carriers or recombination 

centres[36], which are undesirable. Figure 1.5 shows a schematic representation of 

isolated and coupled QDs and a cartoon depicting the effect of proximity on 

transport through mini bands[37] which are formed when QDs are brought into 

proximity with each other.  

As mentioned earlier, as-synthesized CQDs are often capped with long aliphatic 

ligands for colloidal stability, and in order to facilitate transport in QD solids these 

ligands are exchanged with shorter ligands containing groups with high affinity for 

Figure 1.5: Schematic representation of PbS CQDs with either (a) oleic acid ligands or (b) shorter 

ligand which enables transport in the ‘mini bands’ formed. Figures on the right are a representation of 

energy levels between adjacent dots in both cases. 
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the QD surface. The most common ligands used with PbS QDs include thiol 

compounds and amines such as 1,2-ethanedithiol (EDT), benzenethiol (BT) and 

benzenedithiols (BDTs), ethylenediamine (EDA) as well as 3-mercaptopropionic 

acid (MPA). Most recently, atomic passivation using halide ions from organo-halide 

salts such as tetrabutylammonium chloride, - iodide and -bromide have also been 

reported[38].  

1.6 Hybrid Perovskites 

Perovskites (named after Russian mineralogist Lev Perovski) are a class of materials 

that adopt the ABX3 crystal structure of calcium titanate (see Figure 1.6); consisting 

of two cations of different sizes (A & B) and an anion (X). Structurally speaking, in 

the ideal cubic case – the B cation has six-fold coordination with the anion, X, 

forming a [BX6] octahedron[39]. In the extended crystal, the voids between these 

octahedra are filled with the A cations. In addition, when there is a large disparity 

between the sizes of the A & B ions, it can lead to buckling of the crystal and the 

formation of lower symmetry analogues (such as layered perovskites). The size 

requirement for stability is quantified by the Goldschimdt tolerance factor[40], 𝛼, which 

is expressed in terms of the ionic radius, r, of A, B and X as:  

𝛼 =  
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
               (1.3) 

In the ideal cubic case, 𝛼 falls between 0.9 and 1, but in many cases, when the A 

cation is small; orthorhombic and rhombohedral variants are formed, this usually 

occurs for 0.75 < 𝛼 < 0.9. For applications in optoelectronics, early reports[41] on 

perovskites focussed on variants where the A cation was a small organic molecule 

(methyl-ammonium, MA) – hence the term “hybrid”. Since that initial report, 

hybrid perovskites have grown unprecedentedly popular in the photovoltaic 

community with new applications still being reported almost weekly2, an advantage 

they possess due being easy to synthesize[42], tolerant to defects[43,44], and to decades 

of research into other photovoltaic technologies. 

A somewhat newer development are all-inorganic counterparts to hybrid 

perovskites featuring A cations such as caesium, rubidium and strontium – some of 

which have been demonstrated to be more thermally stable and to enable further 

engineering of the bandgap[45,46]. All these facts, coupled with advances in material 

 
2 The Web of Science™  citation index is an excellent way to check this assertion. 
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quality and device engineering have resulted in perovskites and perovskite-based 

materials holding a few certified record efficiencies in the emerging photovoltaic 

material category of the NREL efficiency chart[47].Figure 1.6 below shows the 

perovskite crystal structure. 

 

1.7 Methods 

A few different experimental techniques have been applied to the materials studied 

in this thesis to understand various aspects of their optical and electronic properties 

and feature in almost every chapter. The section below gives a brief overview of 

such techniques and lays out examples of how measurements can be interpreted. A 

useful starting point for this is a discussion of concepts and methods related to 

elementary photophysical processes; and how these processes can be utilised to 

understand the properties of materials presented in this thesis. 

When a semiconductor (or molecule) is in its’ ground state S0, it can interact with 

light, different phenomena can occur depending on the photon energy. One such 

phenomenon is that the energy of the photon is absorbed, resulting in a transition 

to an excited state  S1. This process can involve electronic and/or vibrational energy 

levels; in the former case – it is almost instantaneous due to the fact that electronic 

motions occur on much faster time scale than nuclear motions. For changes in 

vibrational levels during the electronic transition, the requirement is that the initial 

and final configuration of the molecule and its’ surroundings (i.e. nuclear positions 

and momenta) be simultaneously compatible with each other - a rule formally called 

the Franck-Condon principle[48,49]. Within the higher vibrational levels of an excited 

state (say S1) vibrational relaxation (called internal conversion) allows the molecule to 

“dump” the excess energy to its’ surroundings non-radiatively, bringing it to the 

Figure 1.6: 𝐴𝐵𝑋3 perovskite structure showing inorganic octahedra and the methyl ammonium cation 

contained within the voids. Figure adapted from Eames et al[62] 
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lowest level of S1. Once there, it can either undergo further internal conversion by 

coupling to another vibrational level of the lower ground state, S0; or it can emit a 

photon (= fluoresce) and return to the ground state of S0. A practical consequence 

of this is that provided that the system is excited above its’ band gap, (most) 

fluorescence will be preferentially obtained from the lowest level of S1; this is 

sometimes called the Kasha-Vavilov rule[50,51]. This radiative process enables us to 

perform photoluminescence spectroscopy to probe the excited states of emissive 

materials.  

These concepts are nicely visualised in a simplified version of a Jablonksi 

diagram[52,53] shown in Figure 1.7. For clarity, transitions involving triplet energy 

levels have been omitted and only the vibrational levels of S0, S1 and S2 are depicted. 

 

1.7.1 Absorbance Spectroscopy 

When a semiconductor interacts with light, it can be either reflected, absorbed, or 

transmitted. The former is related to the behaviour of light at the interface of two 

media and forms the basis of visual perception; whereas, the latter two are related 

quantities and can be intuitively understood as: if all the light shone on  a semiconductor 

Figure 1.7: A simplified Jablonksi diagram showing the possible photophysical processes that can occur 

in a semiconductor. 
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passes through it, then transmittance is 100% and absorbance is 0; if on the other hand none of 

the light passes through, then transmittance is 0% and absorbance is infinite. Where the 

transmittance is the fraction of radiant power that passes through a semiconductor. 

This is formally expressed through the Beer-Lambert-Bouguer law, which states that 

the absorbance, A (also called optical density), of a medium can be expressed in terms 

of not just its transmittance: T, relative to a reference: T0;   but also via more 

fundamental physical parameters related to the media such as an absorption 

coefficient and thickness [54].  

Aλ =  − log10

𝑇

  𝑇0

=  𝜀𝜆 ∙ 𝐶 ∙ 𝐿                (1.4) 

In a typical absorption measurement as depicted in Figure 1.8, light of several 

wavelengths is passed through the media which can be either a solution or thin film, 

and the fraction of light transmitted through it is determined per wavelength 

yielding a spectrum – usually plotted as absorbance (or absorption coefficient) 

versus wavelength (or energy). In most cases, we are interested in not only the 

absorption intensity, but also in the onset - which gives an indication of the bandgap 

of the medium, and to material-specific features which sometimes shed additional 

information on certain photophysical processes – examples of these are vibronic 

progressions in polymers, and excitonic absorption peaks in QDs. 

 

 

Slit 

Beam 
 Splitter 

Mirror Reference 

Sample 

𝑇0 

𝑇 

Detector 

Lamp 

Figure 1.8: Schematic of a dual-beam absorption spectrophotometer. 
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1.7.2 Photoluminescence Spectroscopy 

Photoluminescence (or fluorescence) is a particular case of light emission 

(luminescence) which occurs upon the absorption of a photon of energy by a 

semiconductor; which is said to be in the excited state[55]. When a photon is 

absorbed by a semiconductor, the excess energy can be dissipated either via 

vibrational modes (vibrational relaxation or internal conversion) and/or by the 

emission of a photon of lower energy (the Stokes shift being the difference between 

the peak absorption and emission energies[56]). A measure of the photoluminescence 

efficiency of a semiconductor is its’ photoluminescence quantum yield (PL-QY) 

which is defined as the ratio of photons emitted to photons absorbed. In many 

recent publications, the case has been made for the link between photovoltaic 

figures of merit (such as the open circuit voltage) and the luminescence efficiency 

of the absorber layer[57–59]. 

Figure 1.9: (a) the main parts of our “homemade” ultrafast PL spectroscopy setup – for clarity, mirrors 

and lenses have been omitted (b & c) typical steady-state and time resolved spectra, in this case, they 

show the PL emission and decay of a PbS QD ink. 
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In a typical PL spectroscopy experiment depicted in Figure 1.9, a sample is excited 

with light of higher energy than its’ bandgap (non-resonant excitation), with the use 

of suitable filters, the PL signal is passed through a dispersive element and recorded 

by a CCD camera. This can be carried out in an instrument called a fluorimeter or 

more sophisticated “homemade” setups. With the development of ultrafast laser 

sources, it has also become relatively straightforward to perform measurements of 

the PL lifetime (or time-resolved PL).  

Measuring the dynamics of PL can shed additional information on photophysical 

processes and aid in the selection and identification of suitable materials for 

optoelectronic applications. The measurements performed in this thesis were 

carried out with a homemade setup based on a pulsed Ti:Sapphire laser (pulse width 

~ 150 fs, repetition rate 76 MHz) with a spectrometer coupled to CCDs with or 

without a streak unit; in the former case, steady-state spectra are obtained and in 

the latter, a so-called streak-image is obtained. A streak image is a 3 dimensional 

map where light intensity is recorded for every wavelength and delay time. From 

these maps PL decay profiles or time-resolved PL spectra can be easily extracted. 

 

1.7.3 Solar Cell Current-Voltage Characteristics 

A solar cell in the dark is a diode, displaying an extremely low current in reverse bias 

and a small voltage drop across it under forward bias conditions. Conversely, under 

illumination, electrical power is produced by charges generated within the active 

layer which “shifts” the characteristic current versus voltage (I -V) curve from the 

1st (Cartesian) quadrant to the 4th, as shown in Figure 1.10.  

Within this quadrant, the current when there is no applied bias is called the short 

circuit current (denoted ISC); and the voltage across the solar cell when the current-

density through it is zero is called the open circuit voltage (denoted VOC); worth 

noting is that at these points there is no electrical power being produced by the solar 

cell.  
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During operation, the solar cell generally produces power somewhere in between 

these two points; with a maximum at a so-called maximum power point (MPP); 

where the product of the current and voltage is maximised. Next to the ISC and VOC 

another important metric is the fill factor (FF); which is the ratio of the power 

produced at the MPP to the total power possible for the solar cell to generate (given 

by the product of ISC and VOC). It is best thought of as a measure of how closely 

the solar cell approaches the behaviour of an ideal solar cell. In many cases, to 

enable comparison between different solar cells – current density, J (= I/A), i.e. 

current per unit area, A) is used instead of current.  

A common architecture for solar-cells which feature in this thesis are p-i-n junction 

solar cells, which are similar to p-n junction solar cells but with an ‘intrinsic’ 

semiconducting layer flanked on both sides by p- and n- type layers which serve to 

create an internal electric field which depletes the intrinsic layer causing generated 

carriers to drift towards the  p- or n- layers. For this reason, the p- and n- layers are 

sometimes referred to as charge transport (hole-/electron-) layers.  

The power conversion efficiency (PCE) of a solar cell (see equation 1.5) is therefore 

defined in terms of these quantities under test conditions which require the 

temperature, light intensity (I) and the spectral distribution of light to be 

standardised to 25 ºC, 1 sun (=1000 W/m2), and AM1.5G (spectrum of sunlight 

after passing through an optical path 1.5 times the thickness of earth’s atmosphere). 

Figure 1.10: (a) a typical I-V curve for a solar cell measured under the dark and when illuminated 

showing the points of interest, and a pictoral representation of the fill factor (b) typical solar cell 

architecture discussed in this thesis. 
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𝑃𝐶𝐸 =
𝐹𝐹 ∙  𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐

𝐼
               (1.5) 

Thus, in device optimisation, the goal is to either maximise the fill-factor, short-

circuit current or open-circuit voltage. In practice, because of the complex 

relationship between these 3 metrics, to maximise the efficiency, they must be 

simultaneously optimised. In device-centred studies, understanding the charge 

transport and possible loss mechanisms (trap-assisted or bimolecular 

recombination) in the active layer of solar cells made from disordered 

semiconductors is usually performed by light-intensity dependent measurements of 

the open circuit voltage and closed circuit current[60,61].  

 

1.8 Outline 

Chapter 2 deals with an approach of making a 3-component (ternary) blend of a 

polymer, fullerene derivative and PbS QDs in order to increase the dielectric 

constant of the blend. The dielectric constant of blends for organic solar cells is 

believed to be one of several limiting factors to achieving proper exciton 

dissociation and thus, improved efficiency. Although there have been several prior 

successful attempts at making ternary OPVs, the predominant goal has always been 

to improve coverage of the solar irradiance spectrum by incorporating materials 

with complementary absorption rather than aiming to use the third component as 

a means to increase the dielectric constant of the blends. In this chapter, we add 

small amounts of PbS QDs to a blend of a narrow bandgap copolymer and a 

fullerene derivative and use the photoluminescence of the interfacial charge transfer 

state as a measure of the local dielectric constant of the blend. 

In chapter 3, the concept of ferroelectric OPV (FE-OPV) is revisited with the aim 

of reconciling disparate views in the literature. Therein, a newly synthesized (and 

previously unreported) semiconducting-ferroelectric block copolymer is used a 

compatibilizer to overcome the severe phase segregation that often occurs when 

ferroelectric polymers are mixed with semiconducting ones. Using an optimized 

deposition recipe, we obtain smooth, pinhole-free ternary blends of semiconducting 

and ferroelectric components which we use for device fabrication, spectroscopic 

measurements and poling experiments. 
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In chapter 4, the microstructure and electron extraction layers of perovskite solar 

cells (PSCs) are studied; with particular emphasis on understanding how they affect 

light-soaking, and the eventual photovoltaic performance. The light soaking effect 

is a reversible increase in the performance of perovskite solar cells upon extended 

illumination, and represents an important barrier to proper functioning perovskite 

solar cells. In the first part, the deposition recipe of the perovskite is varied to obtain 

either compact or coarse morphologies for device characterization and 

spectroscopic measurements; going further, two fullerene derivatives with different 

dielectric constants are compared as electron transport layers. In both parts, 

spectroscopic measurements were combined with device characterization to 

understand the origin of the light soaking effect. 

Finally, chapter 5 reports a detailed photophysical characterization of two different 

bismuth-perovskite shelled PbS QDs obtained as an ink via a phase transfer ligand 

exchange process to replace the native oleic acid ligands. Electrical characterization 

on field effect transistors based on the Bi-perovskite shelled QD solids were 

performed to show the successful removal of the oleic acid ligands, with the 

fabricated transistors displaying electron mobilities comparable to reported values 

for epitaxial Pb-based shelled QDs. Afterward, the optical properties of the inks 

and solids were studied using a combination of absorption, temperature-, and 

power-dependent (PL) spectroscopies.  
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Chapter 2  
The effect of  PbS nanocrystal 

additives on the charge transfer 
state recombination in a bulk 

heterojunction blend 
 

 

 

This chapter describes the use of lead sulphide nanocrystals (PbS QDs) as high 

dielectric constant (𝜀𝑟 ) additives in a bid to investigate a persistent limitation of 
organic semiconductors: their low dielectric constant, which limits the performance 
of bulk heterojunction (BHJ) solar cells. The approach utilizes the recombination 
of the interfacial charge transfer (CT) state as a means to study the effects of PbS 
QDs on blends composed of the narrow bandgap copolymer: poly [2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)] (PCPDTBT), and a fullerene derivative: phenyl-C61-butyric acid 

methyl ester (PCBM). 

 

 

 

This chapter is based on the publication: 

M. Abdu-Aguye, L. Protesescu, D. N. Dirin, M. V. Kovalenko, M. A. Loi, Org. 
Photonics Photovoltaics 2018, 1. 
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2.1 Introduction 

Semiconducting polymers blended with small molecule acceptors in what is 

commonly called the bulk-heterojunction (BHJ) configuration hold great promise 

as active layers of solar cells. Large advancements have been obtained in the 

performance of these devices in the last years, reaching nowadays power conversion 

efficiencies as high as 11.7%.[1] This is because of progresses in synthetic techniques, 

film fabrication, interfacial layer optimization and other aspects of device 

engineering.[2,3] 

BHJ solar cells consist of a bicontinuous 3-dimensional network of a so-called donor 

polymer and an acceptor, which is usually a molecule with a high electron affinity. 

The donor’s primary function is to absorb light, forming a Coulombically bound 

electron-hole pair, and to provide a conduction path for the leftover hole to the 

anode after the electron transfer has occurred. While the acceptor’s function is to 

assist in exciton dissociation and to provide a pathway for electrons to be 

transported to the cathode of the device.  

The intrinsically low dielectric constant (2 < 𝜀𝑟 < 3 ) of many semiconducting 

organic materials results in a strongly bound Frenkel exciton;[4] which requires about 

0.3-0.5eV to be split into free charges.[5] This energy, the exciton binding energy Eb, 

is experimentally apparent as a loss in the open circuit voltage Voc of the solar cell.[6] 

An important intermediate excitation occurring in many BHJs is the charge transfer 

(CT) state. This state has been described as an interfacial charge pair between the 

donor-acceptor heterointerface, where the electron is spatially localised on an 

acceptor molecule, and the hole on the donor.[7] Many authors have reported a low 

energy emission coming from the recombination of these states as well as a sub-

bandgap absorption in some BHJs.[8–10] The CT state therefore plays a crucial role 

in the operation of BHJ solar cells, which is detrimental if it leads to a loss of 

photogenerated carriers.[11] In order to overcome the coulombic attraction between 

the electron-hole pair in the CT state, a viable strategy is to increase the dielectric 

constant of the BHJ.[5] This would help to effectively screen the Coulomb 

interaction, thus decreasing Eb, and therefore also to influence the CT state 

recombination rate.[11]   

To increase the 𝜀𝑟 of BHJ films, there are two main approaches. The first involves 

molecular engineering, i.e., synthesizing donor or acceptor molecules with large 

dipole moments; for example, using highly polarizable units for the polymer[12] or 
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using highly polar side groups in fullerenes.[13] Another possibility involves the use 

of high-𝜀𝑟 additives. Although there have been reports of both donor polymers and 

fullerenes with increased 𝜀𝑟
[14–18]; the former method has proven to be very 

challenging for synthetic chemists. Furthermore, though the Debye formulation of 

the Clausius-Mosotti (CM) equation suggests that molecules with a large dipole 

moment will have a high 𝜀𝑟; established models for charge transport in disordered 

organic semiconductors suggest that (dipolar) disorder in films of highly polar 

molecules negatively affects charge mobilities and causes a broadening of the 

DOS;[19,20] implying that simply adding highly polar groups to polymers as a strategy 

to improve 𝜀𝑟 is unlikely to be a straightforward task. Moreover, very often dipoles 

can compensate each other in thin films leaving the final dielectric constant 

unchanged.[21,22] 

In this chapter, we report on the use of oleic-acid capped lead sulphide (PbS-OA) 

nanocrystals, also referred to as Quantum dots (QDs) as a high dielectric constant 

additive for polymer BHJs. PbS-OA QDs are an interesting additive because in thin 

films, they exhibit 𝜀𝑟 >20,[23] and can be solution processed from organic solvents 

compatible with BHJ fabrication. A prototypical BHJ composed of poly[2,6-(4,4-

bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] hereafter referred to as PCPDTBT and phenyl-C61-butyric acid 

methyl ester (PC61BM) were chosen for the rather strong CT photoluminescence 

(QY =0.03%),[24] which has been proposed to be dependent on the 𝜀𝑟 of the 

blend.[25] Thus, with this material combination, the CT photoluminescence can be 

used as a “fingerprint” to study the effect of the local dielectric constant on the 

photoexcitations of BHJs. We show that with a little addition of PbS-OA QDs into 

a PCPDTBT:PCBM blend, there is a decrease in the relative weight of the CT 

recombination lifetime (longer decay component); suggesting that there is an 

increase in the local dielectric constant of the ternary blends which affects the CT 

formation. 

 

2.2 Experimental 

2.2.1 Materials 

PCPDTBT (MW=38,000; PDI=2.3) (99.9%+) and PC61BM (99.9%+) were 

purchased from 1-material Inc. and Solenne B.V. respectively (see figure 1 for 

structures). Anhydrous Chlorobenzene was obtained from Sigma-Aldrich. These 

materials were used as received without any further purification. 



PbS-QD additives to a bulk heterojunction blend 

 

30 
 

PbS-OA QDs were synthesized according to previously reported methods.[26,27] For 

the 2.9 nm PbS QDs a lead precursor solution consisting of 1.5 g PbAc2 ∙ 3H2O in 

47.5 mL ODE and 2.5 mL OA was vacuum dried for an hour at 120ºC in a three-

neck reaction flask. Then atmosphere was switched to argon and temperature was 

subsequently changed to 85 ºC. After that, the heating mantle was removed and a 

sulphur precursor of 420 µL TMS2S in 10 mL of dried ODE was quickly injected. 

Extra oleic acid (3 mL) was injected 1 minute later and the flask was cooled down 

to room temperature by ice bath. 

For the 5.8 nm PbS QDs, a lead precursor solution consisting of 0.75 g 

PbAc2·3H2O in 5 mL ODE and 15 mL OA was vacuum dried for an hour at 120 

ºC in a three-neck reaction flask. The atmosphere was switched to argon and 

temperature was subsequently increased to 145 ºC. Then the heating mantle was 

removed and a sulphur precursor of 210 µL TMS2S in 10 mL of dried ODE was 

quickly injected. After 3 minutes of growth the flask was cooled down to room 

temperature by ice bath. For both sizes of PbS QDs hexane and ethanol were added 

to the crude solution, followed by centrifugation to separate the QDs. Two more 

Figure 2.1: Chemical structures and energy levels of the materials used in this study: PCPDTBT: 

poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)]; PCBM: phenyl-C61-butyric acid methyl ester and the organic capping ligand, oleic 

acid. 
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washing steps were performed by re-dispersion in hexane and precipitation by 

ethanol. The final pellet was dissolved in anhydrous hexane and filtered through 

450 µm PTFE filter. The QDs were later vacuum dried and re-dispersed in 

Chlorobenzene. 

 

2.2.2 Film Preparation 

1:1 (by weight) solutions of PCPDTBT and PCBM in Chlorobenzene (total 

concentration 20 mg/mL) were prepared to which either 0.25%, 0.5%, or 0.75% by 

weight of PbS-OA QDs were added to make ternary blends. Thin films of 

approximately 200nm were cast from warm solutions (60 ºC) using a blade coater 

on 1 cm2 quartz substrates. The substrates were previously cleaned sequentially in 

soap, water, acetone and isopropanol, after which they were dried in an oven at 140 

ºC to remove traces of solvent and then placed in a UV-Ozone oven for 20 minutes 

to increase surface wettability. 

After deposition the samples were dried at 60 ºC for 5 minutes. Both deposition 

and storage were carried out in a Nitrogen filled glovebox. 

2.2.3 UV-Vis Absorption Spectroscopy 

Absorption measurements were carried out on (masked) areas of films on 1 cm2 

quartz substrates using a Shimadzu 3600 UV-VIS-NIR spectrophotometer. Where 

noted, absorption measurements of solutions were carried out in quartz cuvettes 

with 2 mm path length. 

2.2.4 Photoluminescence Spectroscopy 

Steady-state measurements were carried in out in a Nitrogen filled sample holder in 

transmission mode. The excitation source was the second harmonic (approximately 

400 nm) of a mode-locked Ti:Sapphire laser (Mira 900, Coherent) delivering 150 ps 

pulses at a repetition rate of 76 MHz. The laser power was adjusted using neutral 

density filters; and the excitation beam was spatially limited by an iris. The beam 

was focused with a 150 mm focal length lens onto a spot of approximately 50 μm. 

Steady state spectra were collected by a spectrometer with a grating of 50 lines/mm 

and recorded with a inline diode array (ANDOR iDus) sensitive between 800 nm 

and 1.7 μm.  
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For time resolved measurements, the same pulsed excitation source was used. 

Spectra were collected on a Hamamatsu streak camera (Hamamatsu, Japan) working 

in Synchroscan mode (time resolution~2 ps) with a cathode sensitive in the infrared.  

For measurement of the PbS-OA QD lifetime, a pulse-picker decreasing the laser 

repetition rate in conjunction with a slow-speed sweep unit of the streak camera 

(single-sweep mode) were used. All spectra were corrected for the spectral response 

of the instrument using a calibrated lamp. 

 

2.3 Results and Discussion 

Figure 2.1 shows the band alignment and structures of the materials we used in this 

study. HOMO and LUMO levels for PCPDTBT and PCBM have been taken from 

literature [25,28] and the electron affinity (EA) and ionization potential (IP) of the PbS 

QDs were estimated by a method previously employed by Gocalinska et al [29] based 

on the bandgap, EA, IP, and the effective masses of charge carriers in bulk PbS. 

The band gaps of the studied PbS-OA QDs were obtained from the position of the 

first excitonic absorption feature in the UV-Vis spectra. It should however be noted 

that the energy level positions may differ locally and that the EA and IP values of 

the QDs come mainly from theoretical considerations. 

Figure 2.2(a) shows the absorption and photoluminescence spectra of pristine 

PCPCTBT and of a 1:1 PCPDTBT:PCBM blend. When the pristine polymer is 

mixed with PCBM the polymer photoluminescence is quenched; instead, emission 

from a new state at a lower energy (the CT state) is observed with a longer lifetime 

(~650 ps) compared to the pristine polymer luminescence lifetime (~180 ps) (Figure 

2.2(b)). Previous work has established that the CT photoluminescence in 

PCPDTBT:PCBM blends is heavily influenced by the average dielectric constant of 

the blend, displaying a marked red-shift with the increase of the PCBM content.[24] 

Scharber et al., have also shown that in the higher crystalline homologue of 

PCPDTBT, namely Si-PCPDTBT, the CT recombination can be supressed, and the 

resulting devices perform better.[30] This observation is further underscored by 

experiments using processing additives such as octanedithiol (ODT) in blends of 

PCPDTBT:PCBM, demonstrating suppression of CT recombination can also be 

achieved by altering the morphology of the BHJ, i.e. increasing the pristine D/A 

domain sizes. This is also followed by an increase in charge carrier mobilities and a 

decrease in bimolecular recombination and increase of the solar cell performance.[10] 



PbS-QD additives to a bulk heterojunction blend 

 

33 
 

These studies point to the fact that CT recombination depends not only on the 

dielectric constant but also on the crystallinity of the blend and its morphology, 

which can have important implications for the final performance in devices. 

As we aim to study the variation of the CT emission as a function of amount of 

QDs, the main challenge lies in the fact that the photophysical properties of BHJ 

blends are also dependent on their (nano)morphology. This limitation is resolved in 

practice by using relatively low dilution levels; in our case, we have kept it at ≤0.75% 

by weight – thus aiming to study the effect of the local dielectric constant of the 

blend on the CT emission.  

 

 

Figure 2.3(a) shows the absorption and photoluminescence spectra of the first batch 

of PbS-OA QDs used in this study featuring an excitonic peak at 1530 nm 

(corresponding to average particle radius of ~5.8 nm). The relatively small stokes 

shift and symmetric peak shape is indicative of the good quality and small size 

polydispersity of the samples.[31] We chose this size of QDs because their 

photoluminescence is at a lower energy compared to the CT emission of the BHJ, 

making the analysis of the data simpler. The photoluminescence spectra for ternary 

PCPDTBT:PCBM blends with either 0.25%, 0.50%, or 0.75% by weight of these 

PbS-OA QDs are shown in Figure 2.4(b). As mentioned earlier, we selected such 

Figure 2.2: (a) Absorbance and PL spectra of pristine PCPDTBT (black lines) and a 1:1 

PCPDTBT:PCBM blend (red lines), note that the emission of the CT state in the blend has been 

scaled up for convenience; (b) PL decay integrated over all spectra for PCPDTBT (black line) and a 

PCPDTBT:PCBM BHJ (red line) showing the long lived CT state PL compared to that of the pristine 

polymer. 
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small weight percentages in order to minimize the effects of the QDs on the thin 

film morphology, to assess how their simple presence, i.e., their dielectric constant 

affects the CT photoluminescence.  

The steady-state PL spectra shown in Figure 2.3(b) of these ternary blends exhibit 

two distinct peaks, belonging to the CT state (approximately 1100 nm) and to the 

PbS-OA QDs (approximately 1580 nm), respectively. However, there is no clear 

trend in the CT photoluminescence peak energy as a function of amount of added 

QDs. To gain further insight into the effect of the QD addition on the CT 

recombination, we carried out time-resolved photoluminescence measurements on 

the blends. CT photoluminescence decay curves are shown in Figure 2.3(c) and 

corresponding streak camera images are provided in Figure 2.4(a-d), the extracted 

CT photoluminescence lifetimes are also summarized in Table 2.1. At first we note 

a strong variation of the intensity of the CT recombination upon addition of the 

QDs. The rather weak decay can be modelled with a biexponential behaviour 

described by the function: y(t) = Aexp(−t ⁄ τ1) + Bexp(−t ⁄ τ2 ); where τ1 and τ2 

represent fast and slow decay components, respectively; with A and B as coefficients 

describing their relative weights.  

In analysing the data, we fixed τ2 = 650 ps; as this is the typical lifetime for the CT 

recombination[32] as shown in Figure 2.3(b). We therefore followed the evolution of 

𝜏1 with amount of additive. The relative decrease in CT PL intensity (overall CT 

emission in Figure 2.4) on addition of QDs indicates a decrease in the initial 

population of the CT state. The decrease of the population of the CT state and the 

corresponding increase in the singlet exciton population is also confirmed by the 

decrease of the weight of the CT component (B coefficient) of the decay dynamics, 

see Figure 2.4(c) and Table 2.1. It is important to note that the decay traces are 

extracted in the low energy tail of the emission (between 950 and 1050 nm) 

explaining the very weak and noisy signal.  

 

QD Size Binary Ternary (0.25wt%) Ternary (0.50wt%) Ternary (0.75wt%) 

Large 66.2 (29%) 56.1 (42%) 27.8 (76%) 15.1 (82%) 

Small 68.9 (33%) 22.2 (62%) 26.4 (56%) 26.6 (60%) 

Table 2.1: Summary of the extracted lifetimes (in picoseconds) and corresponding weights for the 

ternary blends for QDs in Figures 2.4 and 2.5; (note that 𝜏2 was fixed to 650 ps). Values in brackets 

represent relative contributions calculated by 𝐴/(𝐴 + 𝐵) expressed as a percentage. 
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Figure 2.3: Normalized Absorbance (black line) and PL spectra (red line) of the large PbS-OA QDs 

in Chlorobenzene; (b) PL spectra of representative ternary blends with different %wts of large PbS-

OA QDs (c) PL decay curves for the same blends in (b); the fast component becomes more prominent 

with increasing amounts of NCs in the blends (decay taken between 950nm - 1050nm); (d-f) are 

corresponding measurements with smaller QDs 
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To ascertain that the decrease in the CT state PL lifetime is due to a local dielectric 

effect, and not to energy transfer to the PbS QDs, we repeated the same experiment 

with the smaller batch of PbS-OA QDs, this time with excitonic peak at ~855 nm 

(i.e. with QDs having a bandgap larger than the CT state energy, and size ~2.9 nm). 

The absorbance and PL spectra of this batch of QDs are shown in Figure 2.3(d). 

Obviously, the steady state PL spectra of films made with these smaller QDs show 

a marked difference from the previous spectra due to the fact that the PbS-OA PL 

overlaps with the CT state emission, resulting in a single broad peak centred around 

1150 nm as can be seen in Figure 2.3(e). 

Time-resolved measurements on the ternary blends with small QDs are shown in 

Figure 2.3(f) and their lifetimes are summarized in Table 2.1. In the decay traces 

there is no evidence of the longer lifetime expected from the QDs. The QDs used 

have been measured in a matrix of PMMA, where they display a decay time of about 

1 µs (see Figure 2.6). In the ternary blend because of their very low concentration 

and the very long decay time it is impossible to detect the decay. Although, in this 

Figure 2.4: (a-d) Representative false colour streak camera images for the ternary blends made with 

the larger QDs (excitonic peak at 1530 nm). 
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case (see streak images in Figure 2.5(a-d)) the decrease of intensity of the CT state 

emission seems less evident than in the previous set of samples; we observe a similar 

trend of the lifetimes – with a decrease of 𝜏1 and an increase of its relative weight 

when QDs are added, once again keeping 𝜏2 fixed at 650 ps in the fitting process. 

 

The identical features of the measurements obtained with different size of QDs 

excludes electron, hole or energy transfer as a cause of interaction between the CT 

states and the QDs, and seems to confirm that the interaction between the QDs 

and the CT emission is probably through the dielectric constant. Previous work by 

Kahmann et al on blends of PCPDTBT and PbS-OA QDs has established that the 

long oleic acid capping ligands largely supresses the possibility of charge transfer 

between the QDs and the surrounding organic matrix[28]; this, together with the very 

small amounts of PbS-OA QDs used lead us to conclude that there is no significant 

charge transfer between the polymer:fullerene system and the PbS-OA QDs. 

Figure 2.4: (a-d) Representative false colour streak camera images for the ternary blends made with 

the smaller QDs (excitonic peak at 950nm). 
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Figure 2.6: Time resolved PL for a thin film of the small QDs in a PMMA matrix. 

BHJ PbS-OA 0.25wt%  

PbS-OA 0.75wt%  PbS-OA 0.50wt%  

Figure 2.7: Representative atomic force microscope images of the topology of the ternary blends 

(with small NCs); all samples have root-mean-square roughness on the order of 0.35 to 0.7 nm. Scale 

bars represent 200 nm lengths 
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Unfortunately, the sensitivity observed for the CT state to the local morphology of 

the BHJ[19] makes it very difficult to make samples with higher amount of QDs, 

which would clearly demonstrate their effect on the dielectric constant; without 

altering the blend morphology. Atomic Force Microscopy (AFM) measurements on 

both samples with and without the NC additives show no significant difference in 

terms of surface roughness (less than 1 nm) and only very little morphological 

differences appear with the highest QD content (see Figure 2.7). It is important to 

note that due to our use of weight-percentages, we have approximately 70 times 

more small particles than large ones in the corresponding samples. 

 

2.4 Conclusion 

In conclusion, we studied the effect of a high‐𝜀𝑟 additive: oleic acid capped PbS 

QDs, on the CT emission of a BHJ composed of PCPDTBT and PCBM. Our 

results with QDs of different sizes indicate that even at low dilution levels (0.25% - 

0.75% by weight), there is a decrease of the initially generated CT population. We 

explain these findings as being due to an increase in the local dielectric constant of 

the ternary blends. Our results suggest that using QDs as an additive can be a 

feasible approach to increase the local 𝜀𝑟 of BHJ blends. 
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Chapter 3  

Can ferroelectricity improve 
organic solar cells? 

 

 

In this chapter, the photophysical properties and device performance of Poly(3-

hexylthiophene): phenyl-C61-butyric acid methyl ester (P3HT:PCBM) solar cells 

containing a block copolymer consisting of poly(vinylidene fluoride-co-

trifluoroethylene) (P(VDF-TrFE)) and P3HT are explored. We observe  the 

creation of an additional radiative decay channel in the pristine copolymer film and 

a minor decrease in photovoltaic performance in blends of the copolymer with 

P3HT:PCBM which we attribute to a less favourable nano-morphology upon 

addition of the copolymer. We also clarify the role of lithium fluoride (the cathode 

modification layer) in devices containing the copolymer and demonstrate that 

ferroelectric compensation prevents the ferroelectricity of the copolymer from 

improving photovoltaic performance in semiconducting-ferroelectric blends. 

 

This chapter is based on the publication: 

M. Abdu-Aguye, N. Y. Doumon, I. Terzic, J. Dong, G. Portale, K. Loos, L. J. A. Koster, 

M. A. Loi (submitted) 
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3.1 Introduction 

Blends of semiconducting donor polymers (D) and fullerene derivatives as 

acceptors (A) have been studied over the past two decades as the highest 

performing configuration for organic photovoltaics. At the same time, other 

materials with different functionalities have been explored as useful additives to 

these D-A blends such as other polymers or small molecules[1–3] as in ternary blends 

or metal (chalcogenide) nanoparticles as in hybrid blends in which the absorption 

of the added material is meant to augment that of the D-A blend, to aid with 

transport (as an additional D or A) or as a compatibilizer to improve morphology. 

Recently, a few groups reported the use of ferroelectric (FE) polymers such as 

poly(vinylidene fluoride) (PVDF) and poly(vinylidene fluoride-co-trifluoroethylene) 

(P(VDF-TrFE)) as additives to organic solar cells citing the presence of electric 

dipoles, which give rise to the FE properties, as the main cause of the observed 

enhancement in power conversion efficiency (PCE)[4,5]. Afterwards, Braz et al. 

published another study on the photophysics of a family of polyfluorene-based 

polymers, opining that the local electric field, created by the ferroelectric polymer 

induces a photoluminescence quenching, translated into a reduction of both 

photoluminescence intensity and lifetime[6]. The idea behind all these was that the 

presence of dipoles would have a favourable effect on the dissociation of excitons 

formed in the semiconducting (SC) part of the blend. Since several of these studies 

relied on separately dissolving SC and FE polymers to make blends; the hurdle of 

immiscibility of the main FE polymer used - PDVF, with other polymers and 

solvents for most SC polymers has been a major setback for this so-called FE-

Organic Photovoltaic (FE-OPV) research – in all cases, authors either utilized the 

Langmuir-Blodgett technique or spin-coating from solvent mixtures to make films. 

In most cases, these films suffered from large roughness due to phase segregation 

and the tendency of the FE polymer to crystallize upon thermal annealing, which is 

necessary to obtain the FE phase[7]. 

On the converse side, Mehta et al., Asadi et al., and Naber et al., published studies, 

where they attempted clarifying the role of the FE functionality in such devices. 

They argued that the presence of a large depolarization field in the FE which cannot 

be stabilized by a semiconductor with no photogenerated carriers leads to FE 

compensation that cancels out the effect of poling[8–10]. In a later work, Asadi et al. 

rather asserted that the function of the FE polymer in the reported devices is akin 

to that of lithium fluoride (LiF) in fully optimised solar cells; which has been known 

to modify the effective work function of the aluminium cathode. Their observation 
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was supported by the use of another fluorinated but non-FE polymer, which gave 

rise to similar improvement in device performance[11]. 

Due to these reports showing conflicting results, and the difficulty in obtaining 

smooth, pinhole free films from SC-FE polymer mixtures for photovoltaic devices, 

the present study was designed with the goal of incorporating an A-B-A type block 

copolymer consisting of poly(3-hexylthiophene) (P3HT) and P(VDF-TrFE): 

P3HT-b-P(VDF-TrFE)-b-P3HT into the active layer of a poly(3-hexylthiophene): 

phenyl-C61-butyric acid methyl ester (P3HT:PCBM) solar cell. By a careful selection 

of solvents and optimisation of the deposition recipe, smooth films of both the 

block copolymer and the block copolymer blended with P3HT:PCBM were 

obtained by spin coating. Structural characterizations confirm that the block 

copolymer films are smooth and pinhole free, which is an important requirement 

for device fabrication. Impedance spectroscopy experiments on fabricated parallel 

plate capacitors of the block copolymer yield dielectric constant values of 

approximately 9 and 7.5 for as-cast and annealed samples, respectively – confirming 

the suitability of this copolymer as a high dielectric constant (𝜀𝑟) additive for OPV 

blends. Furthermore, we show that the photophysical properties of the copolymer 

agree qualitatively with previously published work on blends of FE and SC polymers 
[6] exhibiting quenched PL and a decrease in PL lifetime relative to that of pristine 

P3HT. This is a clear indicator that the presence of electric dipoles associated with 

P(VDF-TrFE) affects the exciton dissociation efficiency in such films. When the 

copolymer is incorporated in a conventional solar cell structure, it has a negative 

impact in terms of both PCE and photostability. We attribute this performance 

reduction to the variation of the nanostructure of the bulk heterojunction (BHJ) 

upon addition of the FE block copolymer. 

3.2 Experimental 

3.2.1 Materials 

Highly regioregular electronic grade Poly(3-hexylthiophene) and PCBM were 

obtained from Rieke Metals and Solenne B.V., respectively, and used without 

further purification. The anhydrous solvents: 2-Methltetrahydrofuran (MeTHF ≥ 

99%, inhibitor free) and Chlorobenzene (99.8%) were purchased from Sigma 

Aldrich. 
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The P3HT-b-P(VDF-TrFE)-b-P3HT triblock copolymer was synthesized using 

copper catalysed [3+2] Huisgen azide/alkyne cycloaddition of alkyne terminated 

P3HT and azide terminated P(VDF-TrFE). Highly regioregular, low polydisperse 

P3HT was prepared via Grignard metathesis polymerization, as previously 

described in literature[12]. In addition, a free radical polymerization starting from a 

chlorine functionalized benzoyl peroxide as initiator was used to prepare chlorine 

terminated P(VDF-TrFE)[13]. Subsequent treatment of the polymer with sodium 

azide yielded the complete replacement of chlorine with azide end groups. Finally, 

the coupling reaction was performed in THF where a 1.3-fold excess of P3HT was 

used compared to P(VDF-TrFE) to ensure a complete reaction. Afterwards, the 

polymer solution was passed through neutral alumina to remove the metal catalyst, 

while excess P3HT was removed by washing with chloroform to obtain the pure 

triblock copolymer. 

 

 

 

 

 

 

 

 

3.2.2 Thin Film Preparation 

Thin-films of the copolymer were spin-coated from warm solutions of the 

copolymer in 2-Methyltetrahydrofuran (MeTHF) onto preheated glass substrates in 

a Nitrogen-filled flow box at a speed of 600 rpm for 5 s and spin dried for 120 s. 

Figure 3.1: Chemical structures of the materials used in this study: P3HT, PCBM and the SC-FE block 

copolymer: P3HT-b-P(VDF-TrFE)-b-P3HT 
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Bulk heterojunction solar cells were similarly fabricated on ITO-coated glass 

substrates, which were cleaned sequentially in soap, water, acetone and isopropanol. 

The cleaned ITO-glass substrates were dried, annealed at 140 °C for about 10 min 

and treated with UV-ozone for about 20 min. PEDOT:PSS (Klavios) was spin-

coated at a speed of 1500 rpm for 60 s to give layers approximately 50 nm thick. 

The films were then dried in an oven and transferred to a Nitrogen-filled flow box. 

The active layers were spin-coated from heated blend solutions at a speed of 600 

rpm for 5 s and spin dried at 120 s. The substrates  were then transferred into an 

evaporator and kept in vacuum overnight, with the chamber kept at least at 10-7 

mbar. The devices were completed by evaporation of LiF (1 nm)/Al (100 nm) or 

bare-Al (100 nm). Finally, the full devices were annealed at 150 °C for 30 min before 

characterization. 

3.2.3 Absorption Spectroscopy 

Absorbance measurements were carried out on dilute solutions of P3HT and 

P3HT-P(VDF-TrFE) in 2 mm path length quartz cuvettes and on masked areas of 

spin-coated thin films on glass. The instrument used was a dual-beam Shimadzu 

UV-VIS-NIR spectrophotometer (UV-VIS-NIR-3600). 

3.2.4 Steady State & Time Resolved Photoluminescence 

Spectroscopy 

Steady state Photoluminescence measurements were carried out by exciting the 

samples with the second harmonic (~ 400 nm) of a mode locked Ti-Sapphire laser 

(Mira 900, Coherent) delivering 150 fs pulses at a repetition rate of 76 MHz. The 

excitation beam was spatially limited by an iris and focussed onto a spot of 

approximately 100 µm by a 150 mm focal length lens while the power was adjusted 

using neutral density filters. Steady state spectra were collected by a spectrograph 

with a grating of 30 lines/mm and further recorded by a Hamamatsu em-CCD 

camera. 

The same pulsed excitation was used for time-resolved measurements but 

photoluminescence decays were instead collected with a Hamamatsu streak camera 

unit working in Synchroscan mode (time resolution ~2 ps) with a cathode sensitive 

in the visible region. 
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All spectra were corrected for the response of the instrument using a calibrated 

lamp. 

3.2.5 Atomic Force Microscopy 

Measurements of surface morphology were performed on a Bruker Multimode 

MMAFM-2 in ScanAsyst mode on spin-coated samples on glass; or on blends spin-

coated on PEDOT:PSS in the case of working devices. 

3.2.6 Grazing Incidence Wide-Angle X-ray Scattering 

GIWAXS measurements were performed at the Dutch-Belgian beamline 

(DUBBLE) BM26B at the European Synchrotron Radiation Facility (ESRF), 

Grenoble, France[14]. An X-ray beam with energy of 12 keV (λ = 1.033 Å) was used 

with a sample-to-detector distance of 410 mm. 2D GIWAXS patterns were 

collected using a Pilatus 1M solid state silicon X-ray detector and using an exposure 

time of 60 s per frame. The beam center coordinates on the detector image, the 

sample-to-detector distance and the probed scattering angle range were calibrated 

using the known position of diffracted rings from standard Silver behenate and α-

Al2O3 powders. An incident angle of 0.15° was used for all the measurements. The 

GIWAXS patterns are presented as a function of the near out-of-plane qz and in-

plane  qy scattering vectors, according to their standard definition. 

3.2.7 Solar Cell Characterization 

The completed and annealed devices were transferred into a measurement 

glovebox, in an inert environment with H2O and O2 levels kept at <0.1 ppm. The 

current-voltage (J-V) measurements were performed with a Steuernaugel solar 

constant 1200 metal halide lamp with an AM1.5G white light spectrum calibrated 

to 1 sun by a silicon reference cell.  

For the degradation experiment, devices kept at room temperature by active 

cooling, were continuously exposed to light at open circuit condition and the J-V 

parameters were taken at 5 min intervals for 120 min for each sample. For light 

dependent measurements, a series of filters were coupled with a long-pass filter to 

vary the light intensity from around 1 to 1000 Wm-2 under the same conditions. 
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3.2.8 Impedance Spectroscopy 

Parallel plate capacitors were fabricated from thin films of the copolymer and 

completed by the evaporation of aluminium (Al) electrodes, for obtaining a 

structure: glass/Indium tin oxide (ITO)/ poly(3,4-ethylenedioxythiophene) 

(PEDOT:PSS)/Pristine copolymer/Al. Measurements were performed in the 

frequency range 10-106 Hz with an AC drive voltage of 10 mV and no applied DC 

bias.  The capacitance was obtained in a frequency range of 100 Hz to 105 Hz from 

the fitting of the RC equivalent circuit and the dielectric constant was calculated 

using equation (1). The capacitance was averaged over different device areas.  

3.3 Results and Discussion 

3.3.1 UV-VIS and Photoluminescence Spectroscopy of the P3HT-

b-P(VDF-TrFE)-b-P3HT triblock copolymer 

Figure 3.1 shows the chemical structure of the materials used in this study. In the 

copolymer: P3HT-b-P(VDF-TrFE)-b-P3HT, we have marked the ferroelectric 

component in red and the semiconducting one in blue. Figure 3.2(a) shows the 

absorbance and steady state photoluminescence (SS-PL) spectra of dilute solutions 

of P3HT and the copolymer in MeTHF – the almost identical spectra are an 

indication that the photophysical properties of the copolymer in solution are mainly 

dictated by P3HT; this conclusion is also supported by similar time-resolved 

photoluminescence measurements (TR-PL) in Figure 3.2(b) showing the PL decay 

lifetimes to be very similar in both cases. 

As mentioned earlier, a challenge with using FE polymers in organic photovoltaics 

is the possibility to incorporate them into optimised BHJ blends without 

compromising the morphology in a manner that degrades their eventual 

performance. For this reason, we first characterized thin films of the copolymer 

spin-coated from MeTHF, which is a good solvent for the block copolymer, and 

also has the advantage of being a green, non-chlorinated solvent unlike those 

commonly used for deposition of SC polymers. The absorbance and steady-state 

photoluminescence measurements in Figure 3.3(a) show similarities in the 

copolymer and pristine P3HT in solid state. The main difference in both spectra is 

related to the interplay between intrachain and interchain excitations. The slightly 

blue-shifted absorption of the copolymer is thus attributed to a decrease in 
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planarization of the P3HT chains contained within P3HT aggregates in the 

copolymer. 

 

This can be understood in terms of the reduced conjugation length and the resulting 

increase in the energy gap of levels involved in that transition[15,16]. The different 

packing of the polymeric chains has also repercussions in the intensity of the 

vibronic features of both absorption and PL spectra. The time-resolved 

photoluminescence decays in Figure 3.3(b) show the most pronounced difference 

between the copolymer and P3HT.  

Figure 3.2: (a) Normalised absorbance (solid lines) and steady-state photoluminescence spectra (dotted 

lines) of P3HT (blue) and the P3HT-P(VDF-TrFE) (black) copolymer in MeTHF. (b) Time resolved 

photoluminescence spectra for the corresponding samples. 

Figure 3.3: (a) Normalised absorbance (solid lines) and SS PL spectra (dotted lines) of P3HT (blue) 

and the P3HT-P(VDF-TrFE) (black) copolymer films. (b) Time resolved photoluminescence spectra 

for the corresponding samples. 
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P3HT exhibits a mono-exponential decay with lifetime around 800 ps whereas the 

copolymer has a biexponential decay with lifetimes around 20 ps & 100 ps, 

respectively. This large difference in lifetimes and the appearance of an additional 

fast decay channel in the copolymer is evidence that in solid state, the presence of 

the P(VDF-TrFE) in the copolymer opens new nonradiative channels for the 

recombination dynamics of P3HT. Similar results were recently reported by Braz et 

al.[6] in blends of fluorine-based polymers with P(VDF-TrFE) where the addition 

of P(VDF-TrFE) resulted in a quenched photoluminescence and in the appearance 

of a shorter decay lifetime. 

3.3.2 Impedance Spectroscopy 

Another important property in organic photovoltaic blends is the dielectric constant 

(𝜀𝑟). Some authors have argued that increasing the dielectric constant of the active 

layer blend could potentially help to improve the efficiency of organic solar cells[17–

19]. There are several notable examples of polymers and fullerene derivatives with 

improved dielectric constants in literature which perform better than similar lower-

𝜀𝑟 reference materials[20–23]. P(VDF-TrFE) is intrinsically a high dielectric constant 

material, and is often used as a polymer gate in field effect transistors owing the 

dipolar character of the C-F bonds[24,25]. We fabricated parallel plate capacitors to 

estimate the dielectric constant of the copolymer using impedance spectroscopy 

from the capacitance measurements using the expression: 

𝐶 = 𝜀0𝜀𝑟
𝐴

𝐿⁄                (3.1) 

where C is the measured capacitance, 𝜀0 and 𝜀𝑟 respectively are the permittivity of 

free-space and the dielectric constant of the copolymer; A is the area of the 

capacitor and L is the thickness of the copolymer layer. In this manner, we obtained 

a value of approximately 9 for the dielectric constant in as-cast films. Upon thermal 

annealing at 150 ºC for 30 minutes, which is the standard treatment for P3HT solar 

cells; this value drops to around 7.5. Similar work on block copolymer-based 

capacitors for high breakdown strength dielectrics carried out by Samant et al[26]. 

leads us to conclude that the 𝜀𝑟 values we measure follow a rather simple rule-of-

mixtures for the as cast copolymer, but upon thermal annealing, changes in the 

nanostructure may lead to phase separation which causes the decrease of the 

observed dielectric constant[26]. It is also important to underline that the film 

roughness can contribute to the imprecision of the measurement[27].  
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3.3.3 Ternary blends of P3HT-b-P(VDF-TrFE)-b-P3HT: 

P3HT:PCBM 

As a further step, following the work of Nalwa et al.[5], we aim to investigate what 

the effect of the FE-dipoles of P(VDF-TrFE) is on the operation of a P3HT:PCBM 

based BHJ solar cell. To do this, we prepared the following blend solutions of 

P3HT:PCBM in a ratio of 1:0.8 with increasing amount of the copolymer in a 

solvent mixture as shown in Table 3.1 below. 

Name/Alias Composition Solvent 

Ref P3HT:PCBM (1:0.8 w/w) CB 

Ref/MeTHF Same as Ref CB+MeTHF (3:1, v/v) 

5wt%  Ref + 0.5mg of copolymer CB+MeTHF (3:1, v/v) 

10wt% Ref + 1.0mg of copolymer CB+MeTHF (3:1, v/v) 

20wt% Ref + 2.0mg of copolymer CB+MeTHF (3:1, v/v) 

Table 3.1: Composition of the polymer blends used for the preparation of BHJ solar cells. CB = 

Chlorobenzene, MeTHF = 2-methyltetrahydrofuran. Total mass concentration of P3HT:PCBM in all 

samples was 18 mgml-1. 

 

The samples labelled “Ref” and “Ref/MeTHF” only contain P3HT and PCBM but 

with a solvent mixture in the latter case to enable us evaluate the effect of the 

addition of MeTHF necessary to solubilize the block copolymer on the 

performance of the solar cells. Samples “5wt%” to “20wt%” contain increasing 

amounts of the copolymer relative to P3HT. In this manner, all samples are fully 

comparable, because they all contain the same mixture of solvents and the same 

total P3HT:PCBM concentration (18 mgml-1). However, the addition of the block 

copolymers insert some extra absorbing units. 

According to previous studies on FE-OPV, the addition of electric dipoles in the 

form of P(VDF-TrFE) or similar polymers can increase the performance of solar 

cells by one or more of the following mechanisms: (a) difference in refractive index 

between the copolymer and P3HT:PCBM mixture can lead to scattering which may 

be advantageous for light absorption (b) the presence of dipoles and the attendant 

electric field can improve dissociation of both singlet and charge transfer excitons 

in the devices and (c) the aggregation of P(VDF-TrFE) might cause changes in the 

nanoscale domain sizes of P3HT and/or PCBM resulting in a more favourable 

nano-morphology for charge transport and extraction[4,5]. 
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Sample Jsc (mA.cm-2) Voc (V) FF (%) PCE (%) 

Ref 9.8 0.57 68.9 3.8 

Ref/MeTHF 9.3 0.56 67.6 3.5 

5 wt% 9.2 0.56 66.6 3.5 

10 wt% 10.0 0.57 58.3 3.3 

20 wt% 9.4 0.56 62.9 3.3 

Table 3.2: J-V parameters for the best performing devices. Structure: ITO/PEDOT:PSS/Active 

Layer/LiF/Al 

Figure 3.4(a) and Table 3.2 show the results of the best-performing devices 

(structure: ITO/PEDOT:PSS/Active Layer/LiF/Al) in each category (out of 16 

devices for each sample). We found that the addition of MeTHF as a co-solvent 

(necessary for the solubilisation of the SC-FE copolymer) negatively impacts the 

PCE of the solar cells, from 3.8% to 3.5%, which is altogether not very surprising 

since the final nano-morphology of BHJ blends is intimately tied to the processing 

solvents used [28,29]. Furthermore, the addition of the SC-FE copolymer from 5% 

till 20% by weight also negatively affects the PCE of the solar cells, which decreases 

from 3.8% to 3.5%, and finally to ~ 3.3%; a total of almost 15% decrease in 

efficiency.  

This variation appears as determined by a simultaneous decrease of all the partial 

figures of merit, namely, Jsc, Voc and FF. To evaluate the first two proposed 

mechanisms above, we measured the absorption (Figure 3.5(a)) and 

photoluminescence (Figure 3.5(b)) of the devices; the absorption should scale 

Figure 3.4: (a) J-V characteristics of the best-performing devices with LiF/Al as cathode. (b) Efficiency 

ranges for 16  devices showing minimum, maximum and average efficiency values. 
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linearly with the measured short circuit currents and any improvement in exciton 

dissociation should be observable in the PL lifetime. Our results indicate that 

although the optical absorption is slightly improved by the addition of the 

copolymer, the observed short circuit current, however, decreases with increasing 

amounts of copolymer. In addition, both steady state(SS) and time-resolved(TR) PL 

(Figures 3.5(b) and S-3.1) do not show significant differences between the reference 

blends and copolymer-containing blends. In steady state measurements we merely 

observe a modulation of the intensity of the vibronic features which we believe is 

related to the conformation of the P3HT aggregates in the films which is affected 

by both the choice of solvent and the final nano-morphology[30]. This proposal is 

endorsed by the absence of a trend with the amount of copolymer inserted into the 

thin films. The recombination dynamics of polymer-fullerene blends for OPV are 

useful to understand relevant physical processes such as exciton diffusion, exciton 

separation and recombination. Time-resolved PL measurements are identical for all 

samples, which indicates that the samples are photophysically similar and that 

differences in device performance are not linked to differences in recombination 

mechanisms. 

 

3.3.4 Structure and Morphology of ternary blends 

Atomic force microscopy (AFM) measurements on typical blends for the devices 

corroborate the trends in device performance. Sub-micron sized aggregates of what 

is probably P(VDF-TrFE) become increasingly visible going from the 5 wt% to 20 

Figure 3.5: (a) Absorption and (b) SS PL measurements for reference and copolymer-containing 

devices 
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wt% blends causing an increase of the root-mean-square roughness in 5µm by 5 µm 

micrographs, from 2 nm (in the 5 wt% blend) to 7 nm (in the 20 wt% blend). 

Representative images of the film surface are shown in Figure 3.6(a-e). It is 

immediately clear that in the extreme case of 20 wt%; the morphology is severely 

degraded, a fact that correlates with the poorer performance of the 20 wt% device. 

It is likely that at this amount, phase separation in the active layer occurs and the 

copolymer begins to aggregate thereby disrupting the active layer morphology and 

the transport properties. 

To gain additional information about the crystallinity, π-π* stacking, and the relative 

orientation of the polymer chains respect to the substrate in our samples, we 

performed GIWAXS measurements (see Figure 6(f-j)). 2D GIWAXS patterns are 

reported as a function of the near out-of-plane qz and in-plane  qy scattering vectors. 

The GIWAXS results reveal two important details: firstly, the use of a solvent 

mixture as opposed to chlorobenzene leads to a large crystallization of PCBM as 

evidenced by the increased intensity and reduced width of the peak at 14.1 nm-1. 

This indicates a high level of PCBM aggregation – which is expected to have a 

negative  influence in the hole transport properties of the active layer in agreement 

with the observed decrease in PCE of the reference sample cast from the solvent 

mixture.[31,32] Secondly, the signal intensity from the P3HT crystals gradually 

increases upon addition of the P3HT-b-P(VDF-TrFE)-b-P3HT copolymer up to 

10 wt% (see Fig. S-3.2(a)). At the same time, copolymer addition seems to promote 

flat-on orientation of the P3HT crystals, as shown by the scattering intensity 

increase in the horizontal qy direction upon copolymer addition (see Fig. S-3.2(b)). 

Due to this, the fluorine atoms along the P(VDF-TrFE) chain are most probably 

not stacked vertically with respect to the substrate, which is unfavorable for dipole 

shifting induced by the electric field. An additional point to note is that the 

annealing treatment at 150 ºC leads to a (re)crystallization of the copolymer from 

the melt state[33] (Tm of  P(VDF-TrFE) ~ 140 °C).  

This results in randomly oriented P(VDF-TrFE) crystals which have a detrimental 

effect on the final induced internal electric field in the layer[34,35]. Increasing the 

copolymer concentration above 10wt% does not improve the ordering further, as a 

global drop of the scattered intensity is registered with respect to the 10wt% sample 

(see Fig. S-3.2(a)). This is in line with the morphology degradation observed by 

AFM for the 20wt% sample in Figure 3.6(e).  
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At this point, we can conclude that the addition of the FE copolymer does not 

improve the performance of the active layer and most of the phenomena reported 

earlier as possible cause(s) of improvement do not occur in our blends. 
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Figure 3.6: (a-e) AFM micrographs and (f-j) GIWAXS frames for the reference samples and 

copolymer-containing devices 
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3.3.5 The role of LiF in copolymer-containing devices 

To further understand the lower device performance in the copolymer containing 

samples, we sought to elucidate the role of LiF in fully optimised devices. Asadi et 

al[11] had proposed that adding fluorinated (co)polymers as interlayers to 

P3HT:PCBM blends only results in improvement via modification of the cathode 

interface, i.e., the copolymer plays the role of LiF in a fully optimised solar cell. If 

this was indeed the case, we hypothesised that the devices containing copolymer 

would be less affected by the absence of LiF than the reference devices.  

 

Device Jsc (mA.cm-2) Voc (V) FF (%) PCE (%) 

Ref 10.6 0.53 61.6 3.5 

Ref/MeTHF 10.6 0.53 61.4 3.5 

5wt% 10.4 0.53 60.4 3.3 

10wt% 10.1 0.53 58.9 3.2 

20wt%         9.1        0.52    59.7 2.9 

Results from devices fabricated in the same manner as explained earlier but without 

LiF are shown in Figure 3.7(a), confirming our previous observation that addition 

of copolymer impedes the performance of solar cells. Also, the absence of LiF 

causes a slight reduction in the efficiency of the devices by approximately 5 to 13% 

Table 3.3: J-V parameters for the best performing devices without LiF. Structure: 

ITO/PEDOT:PSS/Active Layer/Al 

Figure 3.7: J-V characteristics of the best-performing devices with only Al as cathode (b) Efficiency 

ranges for 16 devices showing minimum, maximum and average efficiency values. 
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(see Table 3.3). Interestingly, the copolymer containing devices are less affected by 

the absence of LiF compared to the reference devices and give less scatter in PCE 

values across multiple sets of devices, implying that cathode modification likely 

occurs as they proposed. We further note that these devices without the LiF 

interlayer were more prone to degradation – likely due to interactions between the 

active layer and the Al electrode. 

3.3.6 Light Intensity dependent measurements, poling 

measurements, and UV-photostability. 

While the above sections demonstrate the difficulty in using FE polymers to 

improve OPV performance; many unanswered questions remain regarding the role 

of the FE polymers in OPV active-layer blends. Such questions are related to (a) 

the charge (especially hole) mobilities may be affected adversely in blends 

containing FE polymers because of the disrupted P3HT crystallization (b) the effect 

of the added FE copolymer to stability of the devices and finally (c) the influence 

of the ferroelectricity of the copolymer on the solar cell device performance. To 

answer some of these questions we carried out light intensity dependent 

measurements, poling measurements and also light-induced degradation on devices 

containing the block copolymer. Our light dependent Voc and Jsc measurements 

reveal no significant differences in recombination mechanisms between samples, 

with both the ideality factor (n) and α exponent falling within very similar ranges.  

To check the effect of the ferroelectricity of the copolymer on the performance of 

the solar cells, we performed poling experiments like those reported in earlier 

studies. In theory, applying an electric field greater than or equal to the coercive 

field of the FE polymer to the active layer of the solar cell should switch the dipoles 

of the FE to align with the electric field. This experiment was performed by applying 

a voltage pulse to the electrodes of the solar cell. The copolymer has a coercive field 

of around 50 Vμm-1 , while values for dipole reorientation times for P(VDF-TrFE) 

from literature[36] suggest that pulses of the order of 1 ms are sufficient to switch 

them. 

Using a semiconductor parameter analyser, voltage pulses of varying magnitudes (5 

V – 20 V), durations (10 ms – 1 ms), and polarities were applied to the devices while 

monitoring the voltage across with an oscilloscope to ensure that the devices 

reached the set voltage. In all cases, the devices performed exactly the same before 

and after poling regardless of magnitude, duration and polarity of the pulse. We 
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believe these findings are a definitive proof of assertions by Asadi and Naber[9–11] 

that ferroelectric compensation cancels out the effect of poling and renders the 

strategy of adding FE polymers to OPV blends inoperative. 

Furthermore, since P(VDF-TrFE) is by itself a rather inert polymer under ambient 

conditions; we examined the UV-photostability of the copolymer containing 

devices versus the reference devices in a similar way as fully described earlier in 

work by Doumon et al[37]. Results obtained from these measurements indicate that 

adding the copolymer to the active layer decreases the UV photostability of the 

devices; with copolymer-containing devices losing between 6-10% of their PCE 

during illumination mainly due to losses in Jsc and small losses in FF. While the 

reference devices recorded about 3-4% loss in initial PCE over the same period of 

time.  While the reasons for this observation are not immediately clear, we speculate 

that there might be some UV-induced photodegradation of the triazole linker 

contained in the copolymer[38]. These notable losses could also be linked to the 

deterioration of the active layer containing the copolymer as shown by AFM images. 

Further investigation of this observation is however outside the scope of this study. 

3.4 Conclusion 

We have demonstrated that A-B-A copolymers where A is a conjugated polymer 

and B is a ferroelectric polymer can be blended with organic semiconductors to 

obtain good quality thin films. The block copolymer P3HT-b-P(VDF-TrFE)-b-

P3HT has been successfully incorporated into the active layer of a P3HT:PCBM 

solar cell. Our results indicate that the addition of the block copolymer impedes the 

performance of optimised solar cells, most probably because of the disruption of 

the nano-morphology of the bulk heterojunction. Furthermore, we demonstrate 

that the addition of FE components into OPV blends present additional challenges 

such as decreased photostability. Our work highlights the importance of thorough 

investigation into other potential effects of additives for organic solar cells, most 

notably in cases where the additive has a large influence in the nanostructure of the 

blend. 
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3.5 Supporting Information 

 

 

 

 

 

 

 

S-3. 1: TR PL spectra of reference and copolymer containing devices 
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Chapter 4  

Understanding the performance of 

Perovskite Solar Cells:  

How Microstructure & Electron Extraction Layers 

affect light-soaking 

 

In this chapter, the effect of the active layer microstructure on the light soaking 

effect on an inverted perovskite solar cell composed of the mixed halide perovskite: 

CH3NH3PbI3-xClx is established by comparing different morphologies obtained by 

varying spin coating conditions to obtain either a “compact” or “non-compact” 

morphology. In addition, a triethylene glycol (TEG) modified fullerene derivative: 

PTEG-1 (with a relatively high dielectric constant of 5.9) which exhibits similar 

energy levels to the commonly used ester-functionalised fullerene derivative: 

phenyl-C61-butyric acid methyl ester: PCBM (with a lower dielectric constant of 3.9) 

is used to supress the effect of light-soaking. 

 

This chapter is based on the publications: 

[1] S. Shao, M. Abdu-Aguye, T. S. Sherkar, H.-H. Fang, S. Adjokatse, G. T. Brink, B. 

J. Kooi, L. J. A. Koster, M. A. Loi, Adv. Funct. Mater. 2016, 26, 8094. 

[2] S. Shao, M. Abdu-Aguye, L. Qiu, L.-H. Lai, J. Liu, S. Adjokatse, F. Jahani, M. E. 

Kamminga, G. H. Ten Brink, T. T. M. Palstra, B. J. Kooi, J. C. Hummelen, M. A. 

Loi, Energy Environ. Sci. 2016, 9. 
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4.1 The effect of microstructure on trap-assisted 

recombination and light soaking 

4.1.1 Introduction 

Hybrid Perovskites (HP) have attracted great interest over the past decade as a 

promising class of materials for optoelectronic applications owing to the almost 

unprecedented rise in power conversion efficiencies (PCEs) of devices utilising 

them as absorber materials[1–5]. They possess several advantageous properties such 

as: (i) a tuneable, direct bandgap, paired with a high absorption coefficient, up to 

~105 cm-1 in the visible, comparable to that of Silicon (Si) and Gallium Nitride 

(GaN) (ii) very high and balanced carrier mobilities, which allows for (iii) the ability 

to be processed by either relatively straightforward solution-based methods (such 

as spin-coating, blade coating etc.) or vapour assisted means and (iv) a remarkable 

tolerance to (electronic) defects when processed from solution. 

Understanding the limitations to the working of hybrid perovskite solar cells 

(HPSCs) has been challenging due to a plethora of reasons including (a) differences 

in quality of materials reported in literature makes it hard to separate extrinsic 

properties from intrinsic material properties (b) there are several diverse materials 

(and combinations thereof), device architectures and recipes reported with varying 

degrees of efficacy for device applications and lastly (c) there are sometimes 

conflicting reports on similar materials. All these factors have complicated our 

understanding of the intrinsic material properties and how processing affects the 

operation of HPSCs viz charge recombination, the presence of mobile ions, and, 

the light-soaking effect. 

Among the several important challenges that must be addressed before HPSC 

technology is ripe for commercialization, the so-called “light soaking” effect has 

been identified as one of the most important. Light soaking refers to a reversible 

instability in hybrid perovskite solar cell (HPSC) device performance whereby the 

PCE increases upon illumination, and later returns to its initial performance when 

it is either stored in the dark or after the illumination is removed. Some reports in 

literature cite improvements of PCE as high as 100% over light illumination periods 

spanning from 10 to 30 minutes[6,7], understandably, this phenomenon is unwanted 

in working devices. 
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Several hypotheses have been put forth to explain the light-soaking phenomenon 

such as trap filling/de-filling[8,9], localized doping at the electrodes[10], and changes 

in the perovskite band structure due to reorientation of the (organic) cation under 

light and bias[11]. In many of these reports – mobile ions, photogenerated charges, 

and trap states play different roles which are not fully agreed upon. When one 

considers the variety of processing techniques, recipes, and device architectures in 

these reports, it is difficult to draw clear conclusions. 

While several different architectures abound in literature, planar perovskite solar 

cells (p-PSCs) remain the most popular due to their  advantage as a simple low 

temperature technique for making devices. However, the performance of such 

devices is intimately tied to the obtained morphology, which reflects in the 

microstructure and crystallinity of the active layer[12–14]. So far, poor coverage and 

reduced crystallinity of perovskite layers is accepted to be a cause of sub optimal 

device performance. Fortunately, there is wide ranging expertise cross-fertilised 

from decades of research into organic electronics and dye-sensitised solar cells 

which have led to improvements in all aspects of device engineering[13–19] to 

optimise device performance.  

Although these advances in understanding how processing conditions can be 

optimised for improved device performance, little effort has been expended to 

understanding how the microstructure, which is a consequence of these processing 

conditions affects charge recombination, light-soaking and therefore PCE in 

devices. To address this shortcoming, we designed a series of experiments using 

perovskite films of CH3NH3PbI3-xClx with different microstructures (reflected in 

different grain sizes and grain boundary distributions) obtained by varying the spin-

coating parameters during processing to obtain either a “compact” or “non-

compact” morphology, with “fused grain boundaries” and “open grain boundaries” 

respectively. We correlate the performance to the obtained microstructure using a 

combination of atomic force microscopy (AFM), electron microscopy, (light 

intensity dependent) J-V characterization, fluorescence microscopy and 

spectroscopy. Further, we show that films with a compact microstructure (more 

fused grains) are less susceptible to trap assisted recombination and consequently 

do not exhibit a pronounced light-soaking compared to those with a non-compact 

microstructure. 
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4.1.2 Morphology of films of mixed halide perovskites 

 

 

 

 

 

 

2 um

(g) (h)

(b)

(d)

(f)
PCBM 1

2 um

(a)

2 um

(c)

2 um

(e)

Open grain 

boundary

Fused grain 

boundary

Figure 4.1: SEM and AFM topographic images for (a), (b) non-compact perovskite film; (c), (d) 

compact perovskite film; (e), (f) non-compact perovskite film with PCBM on top; (g), (h) compact 

perovskite film with PCBM on top 
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To produce perovskite films with different morphologies, films were spin coated at 

either 1,000 or 3,000 rpm. The fast evaporation of the solvent at high rotational 

speed promotes formation of a higher density of nucleation sites, which leads to 

small grain domains and thus, a denser perovskite polycrystalline film. Conversely, 

the relatively slower evaporation of the solvent during spin coating at a lower speed 

produces a lower number of nucleation sites, which grow into larger grains and 

result in a less compact film. To fabricate working devices, a 50nm thick layer of 

phenyl-C61-butyric acid methyl ester (PCBM) is spin coated onto the perovskite 

layers.  

To elucidate the final morphologies, scanning electron- and atomic force- 

microscopies were performed on these layers. Figure 4.1 above shows three 

important things; first, perovskite films cast at low spin speed display large micron-

sized grains and holes as large as a few hundred nanometres in size, resulting in 

isolated grains with open grain boundaries. Secondly, films spin-coated at higher 

spin speeds result in a more compact morphology with smaller grains and more 

fused boundaries; as expected. Finally, when PCBM is deposited on the perovskite 

layers, the average roughness is drastically reduced to 9 nm & 4 nm respectively for 

non-compact and compact morphologies. This is likely a consequence of 

penetration of PCBM into the holes on the perovskite layers[20,21]. 

 

4.1.3 Photovoltaic Performance 

To evaluate photovoltaic performance, p-i-n (p=p-type, i=intrinsic and n=n-type) 

planar device structure with layers: indium tin oxide(ITO)/hole extraction layer 

(HEL)/CH3NH3PbI3-xClx/electron extraction layer (EEL)/Al were fabricated. 

With poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) and 

PCBM as hole and electron extraction layers respectively. To study the effect of 

light-soaking, devices were kept illuminated at open-circuit in between scans (from 

-0.4 V to 1.4 V) and stored in the dark without any bias before measurements were 

carried out. 

Figure 4.2 below shows the J-V scans for both devices before and after light soaking 

with a summary of all parameters in table 4.1 underneath. Devices fabricated from 

the non-compact perovskite films display a strong variation in photovoltaic 

performance upon light-soaking; with a very low initial performance (Voc of 0.42 V, 

Jsc of 19.4 mA cm-2, FF of 60% and PCE of 3.7%) which more than doubles after 

light-soaking for 1.5 hr (Voc of 0.87 V, Jsc of 19.0 mA cm-2, FF of 70% and PCE of 
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11.6%). On the other hand, devices made from the compact perovskite films display 

only weak dependence on light soaking with performance remaining mostly 

unchanged upon extended illumination (Voc goes from 0.86 V to 0.88 V, Jsc from 

18.4  mA cm-2 to 18.3 mA cm-2, FF from 72% to 74%, and PCE slightly rises to 

11.9% from 11.4%). It should be noted that the light soaking, in the former case, is 

fully reversible – the devices return very close to their initial performance after 

storage in the dark for 1.5hrs, and can be similarly improved upon a second round 

of light soaking. Another important detail to note is that the morphology of the 

devices is not changed upon light-soaking. 

Despite the differences in initial device performance between the two samples, after 

light soaking, they display very similar Voc and FFs (the slight difference in observed 

Jsc is likely due to small differences in absorption of the two films). This observation 

suggests that the light-soaking effect is dependent on the microstructure of the 

active layer of the film. The possibility of direct contact between PCBM and 

PEDOT:PSS is extremely low because the thickness of the perovskite layer exceeds 

the depth of the pinholes, and a control device with ITO/PEDOT:PSS/PCBM 

does not show any variation with light-soaking, excluding any changes in the 

PEDOT:PSS/PCBM junction as a source of the observed light soaking.  

Further checks of (a) the photovoltaic performance under light soaking with an 

even more compact film yields virtually no dependence on extended illumination in 

agreement with the assertion that light-soaking is dependent on the microstructure 

Figure 4.2: J-V curves of HPSCs using (a) non-compact and (b) compact perovskite film, measured 

before (solid square) and after light soaking (solid circle) under one sun illumination (the open square 

measured for the light soaked device after storage in dark for 1.5 h and the open circle measured after 

another round 1.5 h light soaking following the open square). 
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of the film, and (b) n-i-p planar devices with structure: fluorine-doped tin oxide 

(FTO)/EEL/CH3NH3PbI3-xClx /HEL/Au (the EEL and HEL are TiO2 and the 

small molecule based Spiro-OMETAD); in this case, severe light soaking  is also 

observed in the non-compact film. In particular, these combined observations 

suggest that open boundaries are detrimental to device performance. 

 

Device VOC (V) JSC (mA cm) FF PCE (%) 

Non-compact perovskite b 0.42 19.4 0.46 3.7 

Non-compact perovskite a  0.87 19.0 0.7 11.6 

Compact perovskite b 0.86 18.4 0.72 11.4 

Compact perovskite a 0.88 18.3 0.74 11.9 

Table 4.1: Summary of the effect of the light soaking on the performance parameters of the devices 

using a 50 nm thick PC60BM layer as EEL (b and a represent the performance of devices before and 

after light soaking respectively) 

4.1.2 Light intensity dependent Jsc and Voc measurements 

The light intensity dependence of the Jsc and Voc were measured in devices with 

compact and non-compact perovskite layers both before and after light soaking. To 

determine the effect of light intensity on the initial device performance, the 

experiments were carefully designed to minimize the effect of light soaking and the 

J–V curves were recorded every 1.5 h between each measurement at different light 

intensity.  

Figure 4.3: Light intensity dependent VOC after (red) and before (black) light soaking for devices with  

(a) non-compact, (b) compact perovskite films. 
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During these 1.5 h intervals, the devices were stored under dark conditions to return 

to their initial state. To determine the effect of light intensity on the light soaked 

device performance, the J–V curves were measured on a soaked device sequentially 

under varied light intensity without any extra storage in the dark. The Jsc of both 

samples under light-soaking is relatively stable as reflected in the semi-logarithmic 

plot of Jsc versus light intensity in the appendix of this chapter. The slope 

(representing the so-called alpha parameter) for both compact and non-compact 

morphologies before and after light-soaking is very close to 1 indicting that the 

amount of bimolecular recombination remains unchanged and thus, excludes it as 

a potential mechanism for light-soaking[21,22].  

For light intensity dependent Voc measurements on the other hand, from the slope 

of the semi-logarithmic plot of Voc versus light intensity, the ideality factor (n) in 

units of KT/q can be determined as shown in Figure 4.3 above. The ideality factor 

is 1 in the absence of any trap-assisted recombination and deviates from 1 up to a 

value of 2 as trap-assisted recombination becomes more dominant in the active 

layer[22]. Before light-soaking, devices made from the non-compact perovskite layer 

have n = 1.7 compared to n = 1.34 for devices made from the compact perovskite 

layer; these values indicate the device with a non-compact morphology is 

characterised by a higher amount of trap assisted recombination due to a higher 

trap density at the open grain boundaries compared to the device with the compact 

morphology which has a reduced amount of traps as a result of having more fused 

grain boundaries. 

After light-soaking, the ideality factors change to n = 1.38 and n = 1.22 respectively, 

this indicates that light-soaking effectively supresses trap assisted recombination in 

the non-compact perovskite layer, this agrees qualitatively with the weak 

dependence on light-soaking already observed in the devices with a compact 

perovskite layer. Therefore, we conclude that the devices made from the compact 

perovskite layer are characterised by a lower trap density due to the fused grain 

boundaries which leads to strongly reduced trap assisted recombination of the 

charge carriers in the active layer. 
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4.1.3 Spectroscopic Studies 
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Figure 4.4: (a) Confocal microscopy images (20×20 µm) for non-compact and compact perovskite 

film, (b) steady state PL spectra for pristine non-compact and compact  perovskite films, (c) the 

variation in the PL intensity of the perovskite film (non-compact and compact)/PCBM samples with 

light soaking time. 
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Turning attention to possible sources of traps which can explain the differences 

between photovoltaic device performance, it has been reported that hybrid 

perovskites may contain under-coordinated metal ions at crystal surfaces and also 

at grain boundaries between individual crystals which lead to halide vacancy defects 

that act as electron traps[23]. Additionally, a few theoretical reports have identified 

the small formation energies of such halide defects to be the reason why they are 

so abundant in perovskite films[24,25]. 

Figure 4.4(a) above shows confocal photoluminescence (PL) micrographs for the 

compact and non-compact perovskite films taken in ambient conditions with 

constant excitation and image acquisition parameters. Previous studies have 

suggested that shallow traps contribute to radiative recombination while deep trap 

states produce non-radiative recombination[19]. The non-compact perovskite film 

shows inhomogeneous emission, implying a non-uniform distribution of deep trap 

states while regions in proximity of the open grain boundaries emit weakly. This 

can be due to the accumulation of deep traps, probably caused by iodide vacancies 

at the interfaces between grain boundaries. The PL intensity not only varies from 

grain to grain but also within the grains due to variation in the quality of the 

individual crystals.  

Conversely, the compact perovskite film shows brighter and more homogeneous 

emission. This indicates that in the fused grain boundaries of the compact 

perovskite film, the density of deep trap states is dramatically reduced. Therefore, 

we speculate that the open grain boundaries of the non-compact film are 

characterized by a high density of deep trap states and that fused grain boundaries 

help to eliminate these deep trap states in the perovskite film. This is further 

confirmed by photoluminescence measurements, showing that the compact 

perovskite film has much higher PL intensity and its peak emission shifts toward 

shorter wavelengths in comparison to the non-compact perovskite film. These 

results also explain the weak dependence of the device performance of the compact 

layer (small grains) device on light soaking. 

Further exploring the effect of light-soaking after the deposition of a 50 nm thick 

PCBM EEL, The non-compact perovskite film shows a fast increase in PL intensity 

within the first 30 mins and then slowly saturates in about 1.5 h of light soaking. 

The rise in PL intensity is attributed to a trap-filling process occurring with light 

soaking. In contrast, the compact perovskite film shows only a minor improvement 

in the PL intensity over the same period of illumination. The enhanced PL intensity 
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with light soaking of the non-compact perovskite film suggests a high trap density 

in the perovskite film even after deposition of PCBM; therefore, the PL results 

highlight that the light soaking phenomenon is dominated by trap-assisted 

recombination. The similar trend for the PL intensity in the perovskite films and 

the device performance suggest the same underlying mechanism. When traps are 

filled under continuous light soaking, the larger splitting in the quasi-Fermi energy 

levels leads to an enhanced Voc . In the meantime, free charge carriers are extracted 

more easily to the EEL, leading to enhanced fill factor and PCE.  

4.1.4 Conclusion 

In conclusion, we have investigated how the grain boundaries and grain size in 

perovskite films affect the charge recombination and light soaking effect in hybrid 

perovskite solar cells. We find that interface trap-assisted recombination dominates 

the light soaking effect. The devices made with a compact perovskite film show a 

very weak light soaking effect due to lower trap-assisted recombination, while those 

made with a non-compact perovskite film show a strong light soaking effect due to 

significant trap-assisted recombination. Our results demonstrate that improving the 

morphology of the perovskite film to eliminate the grain boundaries is an effective 

way to eliminate the light soaking effect to obtain more stable device performance 

from hybrid perovskite solar cells. 

 

4.2 Enhancing the performance of perovskite solar cells 

using a high-𝜺𝒓 fullerene derivative as electron 

extraction material 

4.2.1 Introduction 

Next to the microstructure of the active layer, charge transport layers can also play 

an important role in light-soaking phenomenon and the eventual device 

performance in HP solar cells. In this work, we investigate how electron extraction 

layers (EELs) with different dielectric constants affect the device performance and 

the light-soaking phenomenon in hybrid perovskite solar cells (HPSCs). As shown 

earlier, trap states in HP layers are responsible for the light soaking effect, in 

agreement with work by other authors[8]. In addition, reports by other authors have 

pointed to various other possibilities as the origin for light-soaking in HPSCs such 

as surface traps in TiO2 EEL[16,26], the interaction between charges accumulated at 
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electrodes and positively charged traps in the bulk of the HP layer[27], and a 

“doping” mechanism driven by charge accumulation at electrodes[10].  

Another line of inquiry in recent computational studies have identified HP layers as 

being very prone to defects including vacancies, interstitial atoms, substituent 

atoms, and grain boundaries in the crystal structure[19,24,28,29]. These defects in HP 

absorber layers are believed to play a critical role in determining the Voc of a solar 

cell. Defects that create deep energy levels usually act as recombination centres 

resulting in non-radiative trap assisted recombination which lead to low Voc 

Whereas, defects acting as shallow levels are benign to device performance[19]. While 

the nature of traps in CH3NH3I-based HPs is still unclear, there have been a host 

of studies, both experimental and theoretical, asserting that both deep and shallow 

traps abound, however, more importantly, a recent report showing surprisingly low 

trap density in HP single crystals points towards material quality as playing a role in 

determining the trap density[30]. 

An additional point of consideration, which while well researched in organic solar 

cells[31], has gone mostly unaddressed in the HP literature, is the effect of the 

dielectric constant (𝜀𝑟) on device performance. HPs have high dielectric constants 

with reported values higher than 6.5, which leads to very small binding energy of 

electron–hole pairs and generation of free carriers upon excitation[4,32–34]; However, 

many organic charge carrier extraction layers, for example, PCBM, usually feature a 

relatively low dielectric constant (~3.9). This dielectric mismatch has been shown 

to be unfavourable for charge separation at the heterojunction interface[35,36]. 

Here, we investigate the effects of the dielectric constant of the EEL on the trap 

assisted recombination and light-soaking phenomena in HPSCs. We use a 

triethylene glycol monoethyl ether side chain substituted fulleropyrrolidine (PTEG-

1) having a dielectric constant of 5.9[37,38] as an EEL in HPSCs. The commonly used 

fullerene derivative PCBM, which has identical energy levels but a lower dielectric 

constant of ~3.9, is used as a reference. The device using PTEG-1 as the EEL 

shows a negligible light soaking effect, with a power conversion efficiency (PCE) of 

15.2% before light soaking and a minor increase to 15.7% after light soaking.  

In contrast, the device using PCBM as the EEL shows severe light soaking, with 

the PCE improving from 3.8% to 11.7%. Photoluminescence (PL) measurements 

indicate that trap-assisted recombination at the interface between the hybrid 

perovskite and the EEL can also cause the light-soaking effect in HPSCs. The trap-
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assisted recombination is effectively suppressed at the perovskite/PTEG-1 

interface, while severe trap assisted recombination takes place at the 

perovskite/PCBM interface. We attribute these experimental findings to the fact 

that the higher dielectric constant of PTEG-1 helps to screen the recombination 

between the traps and free electrons. In addition, the electron donating side chains 

of PTEG-1 may also contribute to the passivation of the electron traps. As a 

consequence, the devices using PTEG-1 as the EEL display a considerable increase 

in the efficiency and a negligible light soaking effect. 

4.2.2 Photovoltaic device performance & morphology 

As in the former section, p-i-n planar HPSCs were fabricated with a similar 

structure: ITO/ PEDOT:PSS/CH3NH3PbI3-xClx/EEL/Al; with either PTEG-1 or 

PCBM as the EEL (see chemical structures in Figure 4.5(b)). The performances of 

the devices using these two different EELs were then investigated under continuous 

illumination. 

Before measurement, the devices were stored in the dark without any external bias. 

Hereafter, the condition under which the devices are measured immediately after 
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Figure 4.5: (a) Cross sectional SEM image of the device architecture, (b) chemical structures of PCBM 

and PTEG-1, J-V characteristics under illumination for the devices using (c) PCBM and (d) PTEG-1 

as EEL. 
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exposure to the AM 1.5G spectrum of a solar simulator is termed ‘before light 

soaking’ and the condition under which the device is measured after reaching 

saturation in performance with exposure to light is termed ‘after light soaking’. 

Figure 4.5 above shows the J-V characteristics of two representative devices with 

either a PTEG-1 or PCBM EEL, both before and after light-soaking. The reference 

device, with a PCBM EEL, shows very poor performance before light soaking (Voc 

= 0.42 V, Jsc = 19.50 mAcm-2, FF = 0.46 and PCE = 3.8%); which increases upon 

1.5hrs of light-soaking (Voc = 0.87 V, Jsc = 19.20 mAcm-2, FF = 0.70 and PCE = 

11.7%). The PTEG-1 based device on the other hand, shows a much weaker 

dependence on light soaking with initial performance (Voc = 0.93 V, Jsc = 20.40 

mAcm-2, FF = 0.80 and PCE = 15.2%) remaining very close to what is observed 

after light-soaking (Voc = 0.94 V, Jsc = 20.63 mAcm-2, FF = 0.81 and PCE = 15.7%). 

The device parameters are summarized in table 4.2 below.  

 

Device VOC (V) JSC (mA cm-2) FF PCE (%) 

PCBM a 0.42 19.50 0.46 3.77 

PCBM b 0.87 19.20 0.70 11.69 

PTEG-1 a 0.93 20.40 0.80 15.18 

PTEG-1 b 0.94 20.63 0.81 15.71 

Table 4.2: Summary of device performance for the PCBM and PTEG-1 based HPSCs (the superscripts 

b and a represent the device performance before and after light soaking respectively) 

Interestingly, it should be noted that regardless of light soaking, the PTEG-1 based 

device performs better than the PCBM-based one. The next Figure, 4.6, shows the 

evolution of the photovoltaic parameters of the devices under illumination with 

time from which it can be observed that the increase in PCE of the PCBM-based 

device is explained by an  increase in the Voc and FF over a time scale of 1.5 hrs; 

with an initial rapid rise taking about 0.5 hr followed by a more gradual increase 

over the remaining hour. 
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4.2.3 The origin of light-soaking: trap-assisted recombination 

To explore the origin of the light-soaking effect in the HPSCs fabricated, we 

performed light intensity dependent J-V measurements as before; observing as 

mentioned earlier, that the phenomenon is fully reversible i.e. devices regain their 

initial performance upon storage in the dark for 1.5 hr. Devices measured before 

light soaking were measured under varied light intensity with an interval of 1.5 hr 

between each measurement; during the interval the devices were stored in a nitrogen 

filled glove box in the dark to return to their original state. For the devices measured 

after light soaking, the J–V curves were measured sequentially without any extra 

storage in the dark.  

Like before, light-soaking does not have any discernible effect on the Jsc of both 

types of devices, their so-called alpha parameters both remain 1 which indicates that 

bimolecular recombination is not dominant[39] and can therefore not be invoked as 

a reason for the light-soaking. On the other hand, light intensity dependent Voc 

measurements shown in Figure 4.7 below give a clue as to the origin of 

improvements in device performance[40].  
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Figure 4.6: Time evolution of the (a) VOC, (b) JSC, (c) FF and (d) PCE of the device using PTEG-1 

and PCBM as EEL under illumination. 
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The ideality factor, n, of the reference PCBM device decreases from an initial value 

of 1.70 before light-soaking to 1.38 afterwards; while the PTEG-1 based device has 

n = 1.23 before light-soaking which reduces to 1.18 after being light-soaked. The 

reference device initially suffers from a significant energy loss from trap-assisted 

recombination which decreases upon light-soaking in agreement with the J-V 

measurements. Also, the comparatively lower value of n in the PTEG-1 based 

device suggests that PTEG-1 alleviates trap-assisted recombination more effectively 

than PCBM. These observations therefore point towards trap-assisted 

recombination as the source of the light-soaking effect observed in the J-V 

measurements. 

To further understand the nature of these traps, steady-state and time-resolved PL 

measurements were performed on the HP films. Steady state PL measurements 

were performed in transmission mode on samples with a structure of 

ITO/PEDOT:PSS/HP/EEL, which were prepared under identical conditions to 

those for the solar cells. Figure 4.8(a) shows the variation in PL intensity recorded 
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Figure 4.7: Light intensity dependent VOC for the devices using (a) PCBM and (b) PTEG-1 as EEL 

before light soaking (in red) and after light soaking (in black). Symbols are experimental data and lines 

are the result of linear fitting. 
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at the peak emission (780 nm) of the HP film excited at 400 nm at 295 K in a N2 

atmosphere. The HP film with PCBM as the EEL shows a large and rapid increase 

in PL intensity within the first 0.5 hr of exposure to laser illumination and then 

saturates in about 1.5 hrs. In contrast, the HP film with PTEG-1 as the EEL shows 

only minor improvement in PL intensity over the same illumination time.  

It is important to underline that the rise time of the PL intensity matches that of 

the photo-voltage. It is also noted that HP/PTEG-1 samples emit light more 

effectively than the HP/PCBM samples. The PL data thus confirm that the deep 

electron trap-assisted recombination dominates the light soaking phenomenon; 

furthermore, the comparably slow photo-response of the performance of both 

devices and the comparably slow variation of the PL could be an indication of trap 

filling by mobile ions. This hypothesis was tested by temperature dependent Voc 

measurements on devices with a PCBM EEL, which showed that the increase in 

Voc is much slower at lower temperatures after 1.5 hr of light soaking; implying that 

the trap-filling process is deactivated at lower temperatures. Time-resolved PL 

measurements provide deeper insight into the influence of the trap states on the 

radiative decay dynamics. Figure 4.8(b) shows the time-resolved PL decay 

measurements, taken at 780 nm measured at room temperature. 

The pristine HP layer exhibits a mono-exponential PL decay with a lifetime of about 

7.6 ns. When PCBM and PTEG-1 are deposited on it, the PL decay becomes bi-

exponential. A faster decay is measured for the sample with PCBM, which shows a 

pronounced fast component with a lifetime of 0.9 ns and a weaker component with 

a lifetime of about 11 ns. The PTEG-1 sample shows two components of similar 

intensity and with lifetimes of 1.9 ns and 5 ns. These experimental results indicate 

that the charge transfer process is much faster than the charge recombination 

process in the HP layer. Though the electron transfer from the HP layer to PCBM 

appears to be more efficient than that of PTEG-1, the HPSCs using the PCBM 

EEL suffers more severe trap-assisted recombination than the devices based on 

PTEG-1. Obviously, severe trap-assisted recombination opens up a new 

deactivation channel that should be evident in the dynamics of photoluminescence, 

explaining the faster decay time of the sample containing PCBM compared to 

PTEG-1. 
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4.2.4 Mechanism of trap-assisted recombination suppression 

As mentioned in the previous section, iodine vacancies have the lowest formation 

energy which enable anion (𝐼−) migration with a relatively low activation energy of 

about 0.6 eV[24,25,28]. Therefore, it is likely that the positively charged iodine 

vacancies (𝑉𝐼
+) act as electron traps in HPSCs and the mobile 𝐼− anions can fill them 

during light soaking. From a molecular design perspective, we can discuss the 

possible mechanism for the reduced light soaking effect as follows: 

The Figure 4.9(a) below depicts the trap-assisted recombination process occurring 

between the perovskite layer and the EEL. The photogenerated electrons are first 

injected into the EEL and pile up at the perovskite/EEL interface before being 

collected at the cathode. These accumulated electrons can be captured by surface 

traps in the perovskite layer before being collected at the cathode; ending up 

recombining non-radiatively. We propose that the capture of electrons by interface 

traps is driven by the Coulombic interaction between the electrons and the 

positively charged trap states on the perovskite surface. There is therefore, a critical 

distance (rc) at which the charges can escape the electrostatic force of these traps 

with the aid of available thermal energy (KT) – this distance can be expressed as 

follows[35] 

𝑟𝑐 =  
𝑞2

4𝜋𝜀0𝜀𝑟𝐾𝑇
               (4.1) 

Where q, T, 𝜀0   and 𝜀𝑟 are respectively the elementary charge, temperature, vacuum 

permittivity and dielectric constant of the EEL. Electrons in the EEL that are within 

Figure 4.8: Variation of the PL intensity (detected at 780 nm) for perovskite/PTEG-1, and 

perovskite/PCBM (b) Time resolved PL before light soaking for pristine perovskite (black line), 

perovskite/PCBM (red line), and perovskite/PTEG-1 (blue line). 
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the critical distance thus have a high probability to be trapped[4]. It is obvious that 

increasing the 𝜀𝑟 of the EEL reduces the rc value and therefore supresses the trap-

assisted recombination. 

Previous studies have pointed out that the flexible oligoethylene oxide chains give 

rise to a high (molecular) polarizability and thus a higher 𝜀𝑟 for PTEG-1 compared 

to PCBM[37,38]. At 295K, the rc value for the PCBM based device is 15.2 nm 

compared to 9.5 nm for the PTEG-1 based device. Therefore, PTEG-1 more 

effectively screens the electrostatic force and supresses the trap-assisted 

recombination in the solar cells. This explains the reduced light soaking effect and 

enhanced performance of the PTEG-1 based HPSCs. The temperature dependence 

of the Voc in HPSCs using both EELs is shown in Figure 4.9(b).  

Here, two interesting points to note are that the trap density in perovskite films are 

known to decrease as the temperature decreases[8,41] and the rc values increase 

according to the equation 4.1 above.  

For the PCBM-based HPSC, the maximum Voc value is observed at 255 K; above 

which the trap-assisted recombination is dominated by the trap density and below 

which the increased electrostatic binding force between the charges dominates rc = 

20 nm at 215 K). Thus, a trade-off between trap density and electrostatic binding 

force results in a maximum Voc at 255 K. On the other hand, the PTEG-1 based 

HPSC shows a consistently increased Voc as the temperature decreases from 295 K 

to 180 K.  
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Figure 4.9: (a) Schematic of the proposed mechanism for the light soaking phenomenon, (b) VOC 

measured after light soaking for the devices using PCBM and PTEG-1 as EEL at different 

temperatures. 
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Owing to the higher 𝜀𝑟 of PTEG-1 and assuming limited variation of it within the 

temperature range in question, the electrostatic force is not significantly increased 

even at low temperatures (rc = 13 nm at 215 K), thus the increase in Voc is due to a 

supressed recombination due to a reduction in the trap density at low temperatures. 

A further consideration to make is that PTEG-1 contains electron donating side-

chains consisting of a tertiary amine and triethylene oxide moieties which may 

coordinate with the iodide vacancies and thus passivate the electron traps – in a 

similar fashion to reports on trap passivation by Lewis bases by Snaith and co-

workers[42]. Therefore, the high-𝜀𝑟 and electron donating properties of PTEG-1 may 

synergistically reduce the trap-assisted recombination and thus eliminate the light-

soaking phenomenon in HPSCs. 

4.2.5 Conclusion 

In conclusion, we investigated how the EEL affects the device performance and 

light-soaking phenomenon in HPSCs. A high-𝜀𝑟 (5.9) fullerene derivative (PTEG-

1) was used as an EEL and compared to the most common fullerene derivative: 

PCBM, which also has a lower 𝜀𝑟 (~3.9). The PCE of HPSCs based on PTEG-1 is 

about 15.7% which is substantially higher than the 11.7% efficiency obtained using 

PCBM. What is also important is devices using PTEG-1 as the EEL show negligible 

light-soaking effect compared to those using PCBM, which are severely affected by 

light soaking. Using PL spectroscopy we identify surface electron trap assisted 

recombination plays a dominant role in the light soaking effect and thus strongly 

affects the device performance. The relatively high 𝜀𝑟 of PTEG-1 helps to screen 

the electrostatic force between the traps and free electrons in the EEL; in addition, 

the electron donating side chains of PTEG-1 may passivate the electron traps. 

These two factors may synergistically improve the charge collection and reduce the 

light soaking effect. 

4.3 Experimental 

4.3.1 Materials 

CH3NH3I was purchased from Luminescence Technology Corporation. A 

PEDOT:PSS dispersion in water (Clevios VP AI 4083) was acquired from Heraeus. 

PbCl2 (99.99%), N,N-dimethylformamide (DMF) (99.8%) and chloroform (99.8%) 

were acquired from Sigma-Aldrich. 
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4.3.2 Device Fabrication 

ITO coated glass substrates were sonicated sequentially in detergent, deionized 

water, acetone and isopropanol for 20 minutes each respectively. After spin-drying, 

the clean substrates were further dried in at 140 ºC for 10 minutes to remove 

leftover solvents. Afterwards, a UV-ozone cleaning treatment was performed on 

the substrates for 20 minutes after which an approximately 30nm thick 

PEDOT:PSS layer was spin-coated onto them and subsequently dried for another 

10 minutes at 140 ºC. A precursor solution (40wt%) of CH3NH3I and PbCl2 in a 

3:1 molar ratio was then spin-coated onto the PEDOT:PSS layer and then 

immediately stored under high vacuum (<10-6 mbar) for 12 h. Afterwards the layers 

were annealed at 100 ºC for 1h in a nitrogen-filled glove box. In this manner either 

280 nm thick or 210 nm thick (in the non-compact case) films of CH3NH3PbI3-xClx 

were obtained. Next, a 50 nm thick EEL was spin-coated onto the perovskite layer. 

The devices were completed by evaporating a 100 nm thick Al layer under high 

vacuum (<10-6 mbar) 

4.3.3 Solar Cell Characterization 

Current density-voltage characteristics of the solar cells were measured under 

simulated AM 1.5G solar illumination using a Steuernagel Solar constant 1200 metal 

halide lamp in a nitrogen-filled glove box. The light intensity was calibrated to be 

100 mW cm-2 using a calibrated Si cell. 

4.3.4 Photoluminescence Measurements 

Samples for PL measurements were prepared in the same way as the devices but 

without the deposition of the top electrode. The samples were excited with a power 

of 50 μW at 400 nm by the second harmonic of a mode-locked Ti-Sapphire (Mira 

900) laser delivering pulses of 150 fs at a repetition rate set using a pulse picker. All 

measurements were performed in a nitrogen-filled sample holder. Spectra were 

collected using a Hamamatsu em-CCD camera. The same excitation was used for 

time-resolved measurements and traces were instead collected with a Hamamatsu 

streak camera working in single-sweep mode. All spectra were corrected for the 

response of the instrument using a calibrated lamp. 

4.3.5 Morphological Characterization 

Samples for these measurements were prepared in the same way as those for PL 

measurements. AFM topographical images were recorded in tapping mode using a 
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Bruker Multimode 8 microscope with TESP probes; while SEM images were 

recorded on an XL 30 ESEM microscope. 
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Chapter 5  

Photophysical and electronic 
properties of bismuth-

perovskite shelled lead sulphide 
quantum dots 

 

In this work, we present a detailed photophysical study on two types of bismuth-

based perovskite (MA3BiI6 and MA3Bi2I9) shelled lead sulphide quantum dots (PbS 

QDs) using temperature-dependent photoluminescence (PL) spectroscopy between 

5 K and 290 K and electrical measurements on field effect transistors (FETs). Our 

results reveal an increasing PL quantum yield and the activation of in-gap radiative 

states at lower temperatures. In addition, FET measurements at room temperature 

reveal electron-dominated transport with mobilities of around 10-3 cm2[Vs]-1, 

comparable to other perovskite-based shells for PbS QDs. These findings advance 

our understanding of perovskite shelled QD solids and point to the utility of these 

bismuth-based variants as contenders in photovoltaic and other optoelectronic 

applications. 

 

This chapter is based on the publication: 

M. Abdu-Aguye, D. Bederak, R. M. Dragoman, M. V. Kovalenko, W. Heiss, M. A. Loi. 

J. Chem. Phys., 2019, 151, 214702. 
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5.1 Introduction 

Colloidal nanocrystals, or quantum dots (QDs) have attracted much attention over 

the past two decades for several important technological applications in fields as 

diverse as biological imaging[1], drug delivery[2], energy conversion[3,4] & storage[5] 

and optoelectronics. For optoelectronic applications, this is linked to the quantum-

size effect that allows for tuning the bandgap[6] (and therefore absorption and 

emission) from the ultraviolet to the near-infrared spectral region as well as the 

ability to be processed through simple solution-based deposition methods for cost-

effective and scalable mass production. Furthermore, they often exhibit superior 

stability compared to other solution-processable optoelectronic materials[7]. Among 

the many combinations of materials for QD-based optoelectronic devices, lead 

chalcogenides (PbX, X = S, Se, Te)  are some of the most common due to their 

excellent carrier mobilities (linked to low carrier effective masses), well developed 

synthetic process and, photosensitivity in the (near) infra-red region coupled to a 

relatively large exciton Bohr radius (~ 18, 46 & 150 nm for PbS, PbSe & PbTe 

respectively); which enables them to retain quantum confinement even in relatively 

large particle sizes[8].  

Decades of research into QD-based optoelectronics have led to great 

improvements of the synthetic techniques and to enhanced material quality, tuning 

of the electronic properties via surface modification or ligand exchange, and control 

of the formation of QD solids via a host of deposition techniques such as spin-

coating, blade-coating or spray-coating. Surface ligands are a necessary addition 

during synthesis of colloidal QDs to stop growth and impart solubility, thus aiding 

long-term colloidal stability. However, these ligands are generally rather long and 

create a large potential barrier. Therefore, when charge carriers need to be extracted 

ligand exchange should be carried out to replace the native long insulating ligands 

such as oleic acid (OA) with shorter ones in order to improve the electronic 

coupling between adjacent QDs[9]. The first generation of QD-based optoelectronic 

devices featured post-deposition (or solid state) ligand exchange with short 

(bidentate) molecules such as thiols (ethanedithiol – EDT, 3-mercaptopropionic 

acid – MPA), amines (butylamine – BA), metal thiocyanates etc. were used in 

electrochemical cells, field effect transistors, solar cells, and photodetectors[10–13]. 

However, rather large challenges, related to film shrinkage, and the torturous layer-

by-layer (LbL) processing to obtain films of the desired thickness appeared very 

soon.  
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Recently, solution-based ligand exchange methods such as liquid phase transfer 

where the ligand dissolved in a polar solvent reacts with the surface of the QDs, 

leaving the pristine ligand behind in the non-polar phase and bringing the QDs  to 

the polar phase have been reported by several groups[9,13–16]. These inks are desirable 

because a single deposition step can be used to obtain films of the desired thickness; 

also, these layers appear less prone to form cracks during solvent evaporation[17,18]. 

Ligands such as metal chalcogenide complexes, thiols, (pseudo)halides, metal 

halides and more recently with (hybrid) metal halide (ABX3) ligands[19] have been 

reported. Besides, their chemical compatibility with the surface of Pb chalcogenides, 

the rise of metal halide ligands is linked partially to their excellent optical and 

electronic properties as standalone materials, and also to the several studies that 

have shown a good lattice match with chalcogenides QD materials, such as PbS[20]. 

Pb-based perovskites have been the most widely studied as ligands, but also other 

metal ion complexes based on Sn2+, Mn2+ [21], In3+ [22], and Bi3+ [23,24] have also 

recently been studied as alternatives. Bi has been recently investigated as a metal ion 

that can be used to form interesting perovskite and perovskite-like materials[25–27].  

Recently, Sytnyk and co-workers reported the preparation and characterization of 

high-quality 0D perovskite shelled PbS QDs featuring high carrier mobility, and 

excellent results in photoconductors applications. Their experiments on octahedral 

metal halide clusters: (MA+)(6-x) [M(x+) Hal6](6-x)- with (MA = methylammonium, Mx+ 

= Pb2+, Bi3+, Mn2+, In3+, and Hal = Cl, I) resulted in the MA3BiI6  coated PbS based 

devices having the best performance – an observation they attributed to the low 

lattice mismatch of ca. -1%, which resulted in the most efficient passivation. 

Interestingly, this same Bi-based ligand shelled QD displayed a full quenching of 

the photoluminescence (PL) when in solution. Which was interpreted as due to the 

formation of a staggered heterostructure between the PbS core and the (BiI6
)3-

 

clusters[28]. This is in contrast with what has been reported for Pb-based perovskite 

shelled QDs, which display similar PL (peak position and lifetimes) to OA-capped 

QDs in solution[18]. In addition, the PbS inks using (PbI3)- as ligand have shown 

very good performances as active materials in solar cells and field effect 

transistors[15,18,29,30]. For this reason, the surprising behaviour of the Bi-based PbS 

QD ligand warrants further investigation. 

In this study, two Bi-shelled PbS QD inks were synthesised using a modified 

procedure from Sytnyk et al.[28]. These are expected to have composition MA3BiI6 

and MA3Bi2I9, the former was also studied by Sytnyk and co-workers, while the 

latter has not been reported earlier as a PbS ligand. 



Bismuth-Perovskite Shelled PbS QDs 

 

92 
 

5.2 Experimental 

5.2.1 Ink Preparation 

The PbS QDs were synthesized in a similar manner as reported elsewhere[31]. 

Solution-state ligand exchange was performed by using a modified recipe from 

Sytnyk et al[28]. In a typical procedure, 50 mM ligand solution in 10 ml DMF was 

prepared by mixing MAI and BiI3 in 3:1 ratio for MA3BiI6, or in 3:2 ratio for 

MA3Bi2I9. In both cases, the ligand solution turns red upon stirring and heating at 

100 °C on a hot-plate. After cooling, the ligand solution was mixed with 10 ml of 

hexane dispersion of oleate-capped PbS CQDs with concentration of about 5 

mg/ml. The mixture was stirred until the CQDs are transferred into polar phase. 

Then the top phase was discarded and the polar phase was washed 3 times with 10 

ml of hexane. The Bi-shelled PbS CQDs were then precipitated by addition of 

toluene and collected by centrifugation. The supernatant was removed and the 

CQDs were re-dispersed in either 2,6-difluoropyridine (DFP) or propylene 

carbonate (PC) to form a QD ink.  

5.2.2 Absorption Spectroscopy 

Absorption measurements were carried out on dilute inks in 2 mm path length 

quartz cuvettes; or on masked areas of thin films deposited by spin-coating on 

quartz substrates using a dual beam Shimadzu spectrophotometer (UV-3600). From 

the absorption peak position of the OA-capped PbS QDs ( ~ 849 nm), we estimate 

a particle size of approximately 2.7 nm[32]. 

5.2.3 Photoluminescence (PL) Spectroscopy 

PL measurements were carried out by exciting (unwashed) blade-coated samples 

with the 2nd harmonic of a Ti:Sapphire resonator (λ ≈ 400 nm). Measurements were 

carried out in transmission mode and spectra were collected through a 

monochromator with 30 lines/mm and recorded by an ANDOR InGaAs inline 

detector (iDUS-1700). The laser spot on the sample was focussed via a 15 cm focal 

length lens, resulting in a diameter of approximately 100 μm. 

For power dependent measurements, a neutral density filter wheel was used to vary 

the excitation power on the sample; for temperature dependent measurements: a 

cryostat equipped with flow and temperature controllers (Oxford Instruments) was 

used with liquid helium. All recorded spectra were corrected for the response of the 

setup using a calibrated lamp. 
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5.2.4 Field Effect Transistor (FET) fabrication and measurement  

The substrates for FETs consist of highly doped Si with thermally grown 230 nm 

SiO2 as gate dielectric. Pre-patterned ITO/Au electrodes served as source and drain 

electrode and formed a channel of 1 cm width and 20 µm length. The substrates 

were cleaned by consecutive sonication in acetone and isopropanol, dried in an 

oven, and treated by oxygen-plasma for 3 minutes before QD film deposition. The 

QD film was deposited by spin coating the ink of ligand-exchanged QDs in 2,6-

difluoropyridine (DFP) at 1000 rpm after which the films were washed with 

Methanol. The devices were annealed for 20 min at 120 °C after the fabrication and 

then measured with an Agilent E5262 semiconductor parameter analyzer. All 

transistor fabrication and measurements were performed in a nitrogen-filled 

glovebox. 

 

5.3 Results and Discussion 

Figure 5.1(a) shows a schematic representation of the phase-transfer ligand 

exchange process employed to make the inks, as well as the layouts of samples for 

PL spectroscopy and FET measurements. Figure 5.1(b,c) shows the absorption 

spectra of the Bi-based inks (in DFP) and thin films. We note that the Bi-based inks 

display a weaker excitonic peak compared to the OA-based reference sample. This 

(inhomogeneous) broadening of the excitonic peak is likely due to changes in the 

surface passivation upon OA removal which leads to a variation in shell thicknesses, 

furthermore the variation of the solvent and consequently of its’ polarity (DFP has 

a dielectric constant of 107.8) can also explain this effect, as it has been observed 

by other authors[18,33]. When thin films of the QDs are cast onto quartz substrates, 

once again – the Bi-based samples do not display a clear excitonic peak, unlike the 

OA-based sample. In this case, the absence of the excitonic peak is expected to 

result from an increased  dielectric constant of their environment and closer 

electronic coupling between adjacent QDs.[18,34]  
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The photoluminescence spectra of the inks are shown in Figure 5.2(a). The Bi-

perovskite shelled inks display broad peaks along with a tail at longer wavelengths, 

such broad spectra in solution are peculiar, in particular when compared with the 

parent OA-based sample which displays a narrow peak at 995 nm without any sub-

bandgap emission or signs of extensive polydispersity. The dips in the solution PL 

spectra at ~ 1020 nm are due to absorption of the PL from the QDs by the solvent 

(DFP). While broad PL spectra have been reported for several ligands like TBAI, 

EDT and MPA[35–37], these apply to thin films and not to inks or solutions. This 

broad low energy features in the Bi-based samples seem to indicate clustering of the 

QDs driven by excess ligands. When cast into films via blade coating, the PL peaks 

for both Bi-based samples resemble the OA-based reference sample very closely 

(see Figure 5.2(b)); with an approximately 20 nm redshift relative to their main peaks 

Figure 5.1: (a) Scheme of the phase transfer ligand exchange process. (b) Absorption spectra of the 

OA-capped PbS QD solution (in hexane) and Bi perovskite shelled PbS QDs in DFP. (c) 

Corresponding spectra of thin films on quartz substrates. 
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in solution, it should be noted that the films are unwashed. This leads to the 

question: what determines the large variation in the shape of the Bi-shelled samples?  

To gain more information about the electronic properties of the Bi-perovskite 

shelled QDs, field effect transistors were fabricated on Si/SiO2 substrates, and the 

output characteristics are shown in Figures 5.2(c & d). The extracted linear mobility 

values(1.4 x 10-3 and 1.4 x 10-3 cm2[Vs]-1 for the [BiI6]3- and [Bi2I9]3- shelled QDs 

respectively), although lower than recent records for LbL PbS QD FETs[38], are 

encouraging first results for Bi-perovskite shelled PbS-QD thin films, and compare 

favourably with mobilities for other PbS inks such as those with ligands such as 

MAPbI3, MPA and halides[18,39,40]. More importantly, these results confirm the 

removal of the native OA based ligands without which transport is essentially 

Figure 5.2: Steady-state photoluminescence spectra of OA-capped and Bi-perovskite shelled PbS QD 

solution/inks (a) and thin films on quartz (b); output curves for field effect transistors based on (c) 

MA3BiI6 and (d) MA3Bi2I9 shelled QDs. 
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impossible[41,42]. As can be seen by the higher drain currents in the n-channel from 

the output curves, the FETs display more electron-dominant transport. This is also 

reflected in the transfer curves depicted in Figure S5-3. 

Temperature-dependent PL measurements are an important tool to gauge more 

physical information about QD solids. Figure 5.3(a) shows the strong temperature 

dependence of the PL from reference thin films of OA-capped QDs. The PL at 

room temperature (RT) exhibits a single peak at ~1029 nm with a FWHM of 129 

nm. When the temperature is decreased, the PL emission becomes stronger, as has 

been variously reported before in PbX QDs[43,44]. At 5 K it is already more than 

double in intensity and the FWHM has decreased to ~ 89 nm. Another consequence 

Figure 5.3: Temperature dependent PL plots of (a) OA-capped PbS QDs, (b) PbS-MA3BiI6 QDs and 

(c) PbS-MA3Bi2I9 QDs. (d) Integrated PL intensity vs. temperature plots for the OA and Bi-shelled 

PbS QDs fit to equation (5.1) with obtained values for the quenching temperature, TQ and (e) 

Representative PL spectra of the samples at 5 K. 
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of decreasing the temperature is a bathochromic shift of the emission from RT to 

5K (1029 nm to 1068 nm), this red shifted PL emission can be explained as an 

interplay between the thermal expansion of the QDs described by a size-dependent 

temperature coefficient, temperature-mediated interactions between phonons and 

charge carriers as well as the effect of confinement energy on the effective masses 

of carriers[44,45]. The increasing PL intensity and decreasing FWHM at low 

temperature are a consequence of reduced electron-phonon scattering due to 

reduced number of lattice vibrations at low temperature which is known to result 

in quenching of excitons[34]. The evolution of the FWHM and peak position as a 

function of temperature is shown in Figure 5.4.  

For the Bi-perovskite capped PbS QD films, the temperature dependent PL spectra 

are shown in Figures 5.3(b & c) - with RT peak positions at 1038 nm and 1043 nm 

for the [BiI6] 3- and [Bi2I9] 3- samples respectively; and FWHM values of 132 nm and 

128 nm. Similar to the OA-based reference sample, there is a bathochromic shift of 

the PL as temperature decreases together with a corresponding increase in the PL 

intensity (by a factor of ~ 5 between RT and 5 K in both cases), i.e. a quenched PL 

is obtained as temperature goes up from 5 K. Temperature-mediated PL quenching 

is usually quantified in terms of a Boltzmann model[46]: 

𝐼𝑃𝐿(𝑇) =  
1

1 + 𝑒𝑥𝑝 [(𝑇 − 𝑇𝑄) 𝜑⁄ ]
               (5.1) 

Where IPL is the integrated PL intensity (normalized, in this case); TQ and φ are fit 

parameters representing the quenching temperature and rate respectively. TQ can be 

Figure 5.4: The (a) FWHM and (b) peak position of the PL emission as a function of temperature for 
the PbS-OA, PbS-MA3BiI6 and PbS-MA3Bi2I9 samples.  
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interpreted as the temperature associated with thermal quenching of excitons; and 

φ  represents a quenching rate associated with TQ. In general, a higher TQ is necessary 

for better stabilization of excitons and more efficient PL[26]. From the fits shown in 

Figure 5.3(d), we obtain TQ values of 89 K, 136 K and 231 K, corresponding to 

thermal energies (required for the non-radiative quenching of excitons) (i.e. kBTQ) 

of 7.7 meV, 11.7 meV and 19.9 meV for the [BiI6]3- , [Bi2I9]3- and OA capped 

samples respectively. The next figure, 5.3(d), shows a comparison between the 

shapes of the PL of the samples at 5 K, as can be inferred from 5.3(b,c) the Bi-

capped samples display a broad emission feature at lower energies than the main 

peak. This behaviour is all the more interesting since the same batch of OA-capped 

PbS QDs display very different behaviour when Pb-based perovskite ligands 

(MAPbI3 and MA4PbI6) are used – see Figure S5-4 for their corresponding 

temperature-dependent PL spectra to contrast with Figures 5.3(a-c). 

This important feature of the temperature dependent PL spectra of the Bi-

perovskite capped thin films initially emerges below approximately 100 K. Similar 

behaviour has been observed in both thiol- (EDT, MPA) & I--capped PbS QDs, 

and is attributed to radiative recombination from shallow below bandgap trap states 
[36,46,47]. Such an emission is absent in the reference OA-capped QD film, 

presumably because it passivates the QDs efficiently[48] – this can be seen from the 

PL shape, which remains unchanged at both 5 K and RT, (see supporting 

information Figure S5-1(a-c)). This indicates that the source of the trap states is the 

surface of the QDs. Furthermore, we can infer that these traps are induced by the 

ligand exchange process and that the Bi-shelled QDs are not well passivated.  

Turning our attention to the Bi-based PbS QD films, we performed power 

dependent PL measurements at both RT and 5 K. The Bi-perovskite shelled 

samples display changing spectra as a function of excitation power, showing a trap-

filling mechanism occurring at these temperatures as the excitation power is 

increased (see Figure S5-2(c-f)). Figure 5.5 shows a plot of the integrated PL 

intensity versus the excitation power density for the three samples both at room 

and low temperature. The slope of the measured data is the fit to a power law 

relation of form[49]: 

𝐼𝑃𝐿(𝑃) =  𝜂𝑃𝛼        (5.2) 

With IPL, P, and α respectively representing the integrated PL intensity, excitation 

power density, and a recombination exponent. η represents an empirical “catch all” 
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term which encompasses the PL quantum yield, absorption, sample geometry, etc. 

The recombination exponent  α, is generally expected to fall between 1 for excitonic 

recombination and 2 for bimolecular recombination between uncorrelated electron-

hole pairs. 

It is important to note that the excitation power density for the Bi-shelled samples 

is over two orders of magnitude higher than that of the OA-capped one. Much 

higher PL signals from the reference OA-capped sample were obtained, which is 

Figure 5.5: Integrated PL vs. excitation power density at 5 K and RT for (a) PbS-OA QDs (b) PbS- 

MA3BiI6 QDs and (c) PbS-MA3Bi2I9 QDs; insets show the extracted values for 𝛼 and η from equation 

(5.2). 
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further evidence for the lower amount of non radiative recombination sites in the 

well passivated OA-sample. An additional important consideration is that the 

occurrence energy transfer has been reported  in the case of OA-capped QDs[45], 

thus, in QDs with shorter ligands, energy transfer is expected to be more effective, 

increasing the probability of non-radiative recombination.  

As mentioned above, the solid lines in the plots shown in Figure 5.5 represent the 

best-fit to equation 5.2. As expected, α for the OA-reference sample is 

approximately 1 at both 5 K and RT, and the η values remain both very similar (5.52 

and 5.20, respectively) indicating a predominantly excitonic recombination 

mechanism with a slightly increased PL efficiency at 5 K compared to RT. For the 

Bi-based samples on the other hand, a few interesting differences can be seen: the 

first is that although the recombination mechanism remains excitonic in nature (α 

around 1), it is lower at 5 K (0.88 in both cases) than it is at RT (0.95 & 1.02 for 

[BiI6] 3- and [Bi2I9] 3-  respectively). 

This is in good agreement with the earlier observations of the emergence of a broad 

emission feature below the bandgap at low temperatures which leads us to the 

conclusion that such below gap radiative states are indeed trap-like. At RT, such PL 

signals are absent, which reflects in a higher α value since the low temperature 

emission represents a loss mechanism to the mean excitonic emission peak. The 

second observation that can be made is that the η parameter varies significantly 

between RT and 5 K for both the [BiI6] 3- sample (0.59 & 2.18 at RT and 5 K 

respectively) and [Bi2I9] 3- (0.29 & 2.08, ditto). This large difference (η is on a log 

scale, thus a difference of Δη =1 represents an order of magnitude difference in PL 

efficiency, under the assumption that all changes are temperature dependent) 

strongly shows that the PL efficiency of the Bi-based samples is much lower than 

that of the OA-based reference films, especially at RT. 

A similar sublinear power dependence (α < 1) of the integrated PL of ligand-

exchanged PbS films at low temperatures has been reported before[46,47]; such 

observations, together with the assertion of an increased carrier lifetime at low 

temperatures reported before for both PbS[50] and PbSe[43] QDs point towards 

either a redistribution of the excited state population from bright (highly radiative) 

exciton states to dark (relatively lower radiative) states or to a changing non-

radiative decay rate with temperature. This harkens to the assertion of a strong 

sensitivity of the surface of the Bi-shelled PbS QDs to the quality of passivation as 
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seen in several studies with other passivating ligands, and implies that there is still 

much room for further development of these Bi-perovskite shelled QD solids. 

5.4 Conclusion  

We report herein FETs and PL measurements on Bi-shelled PbS inks and solids.  

Our PL measurements on thin films reveal the presence of sub-band gap radiative 

states which become visible at temperatures below ~ 100 K; an observation 

supported by previous studies on PbS-QDs. Using temperature dependent PL 

measurements, we obtain quenching temperatures (energies) of 231 K, 89 K, and 

136 K for the PbS-OA, PbS-MA3BiI6 and PbS-MA3Bi2I9 samples respectively. 

From power-dependent measurements, we show that the PL efficiency of the OA 

samples is much higher than the Bi-shelled ones – which suffer from traps; most 

likely formed at their surfaces during the phase-transfer ligand exchange process. 

Nevertheless, results from electrical measurements on FETs show the successful 

removal of the native-OA ligands, displaying electron dominated transport with 

modest mobilities of around 10-3 cm2[Vs]-1 – comparable to reported values for 

epitaxial Pb-based shelled samples. These results improve our understanding of Bi-

perovskite shelled PbS QD solids, which are contenders for diverse optoelectronic 

applications such as absorber layers in solar cells and photodetectors. 
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5.5 Supporting Information 

 

 

 

 

 

 

 

 

 

 

 

S-5. 1: PL emission of (a) PbS-OA, (b) PbS/[BiI6]3- and (c) PbS/[Bi2I9]3- QDs at selected 

temperatures showing the spectral shape evolution as temperature is decreased from RT to 5 K. 
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S-5. 2: Excitation Power Dependence of the PL spectra for PbS-OA (a, b), PbS/[𝐵𝑖𝐼6]3- (c, d) and 

PbS/[𝐵𝑖2𝐼9]3- (e, f) QDs at 5 K and RT respectively 
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S-5. 3: Representative output curve for the FETs with the Bi-shelled samples measured at 5V. 

 

 

 

S-5. 4: Temperature dependence of PL spectra for (a) PbS-MAPbI3 and (b) PbS-MA4PbI6. 
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Solar energy has the potential to make a great contribution towards solving the 

growing demand for energy worldwide – due to its’ being both renewable and 

relatively well distributed over the globe. It has gained much traction over the past 

few decades via increased research and development efforts, as well as from 

increased international attention to climate change,  global warming and the need 

to limit pollution and engender a sustainable future. Traditionally, although silicon 

solar cells have been (and remain) the most purchased solar cells over the past few 

decades and currently have module-scale efficiencies exceeding 20%; emerging solar 

cell technologies (based on materials such as organics, colloidal quantum dots and 

perovskites) have become increasing popular and continuously challenge the 

dominance of silicon. This is especially true for niche applications where their 

flexibility, lightweight and wide range of colors give them advantages over silicon. 

In particular, this enables coating ultrathin layers that conform to the underlying 

substrate and makes them ideal for technologies such as disposable electronics, 

sensors, semi-transparent barriers, wearables and even in (external) facades of 

buildings where aesthetics are important. Although the economic barrier to 

widespread commercialization (in terms of the USD per Watt levelised cost 

criterion) has still not been met by most of these emerging technologies, positioning 

them as candidates for either niche applications (as above) or as efficient sub-cells 

for tandem architectures opens a much wider market for them than the already 

silicon-dominated solar cell market.  

This thesis begins with an introduction to the different types of solution processable 

semiconductors studied and addresses their most relevant properties for the topics 

covered followed by a short discussion of important concepts and methodologies 

for the characterizations carried out in later the thesis.  

Chapter 2 deals with an approach of making a 3-component (ternary) blend of a 

polymer, fullerene derivative and lead sulphide quantum dots (PbS QDs) in order 

to increase the dielectric constant of the blend. The dielectric constant of blends for 

organic solar cells is believed to be one of several limiting factors to achieving 

proper exciton dissociation and thus, improved efficiency. Although the idea of 

ternary blends for organic photovoltaics (OPV) is not new, the main idea has always 

been to improve coverage of the solar irradiance spectrum by incorporating 

materials with complementary absorption rather than aiming to use the third 

component as a means to increase the dielectric constant of the blends. In the 

chapter, we add small amounts of PbS QDs to a blend of a narrow bandgap 

copolymer and a fullerene derivative and use the photoluminescence of the 
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interfacial charge transfer state as a measure of the local dielectric constant of the 

blend. The results of this chapter strongly point towards a reduction of the initial 

charge transfer state population upon addition of PbS QDs, which we interpret as 

evidence of a locally increased dielectric constant of the ternary blend.  

In chapter 3, an alternative approach to OPV: the concept of ferroelectric OPV 

(FE-OPV), is revisited with the aim of reconciling disparate views in the literature. 

Therein, a newly developed (and previously unreported) semiconducting-

ferroelectric block copolymer is used as a compatibilizer to overcome the severe 

phase segregation that often occurs when ferroelectric polymers are mixed with 

semiconducting ones in a ternary blend. The copolymer containing films obtained 

by our optimized recipe were smooth and pinhole free which enabled us to 

eliminate the effect of a suboptimal morphology; and to conclude that our 

observations underlie previous assertions that ferroelectric compensation in the 

blends effectively cancels out the dipolar alignment in the ferroelectric rendering 

the FE-semiconductor blend strategy for FE-OPV inoperative. 

Yet another approach in the field of emerging PV materials over the past decade 

has been a move towards hybrid organic-inorganic material systems. These systems 

retain the ease of solution processability and are generally more robust in terms of 

operational stability and efficiency compared to organics. In Chapter 4, such a 

material system: hybrid perovskites, are introduced and the effect of both thin film 

microstructure and electron extraction layers on the performance of hybrid 

perovskite solar cells (HPSCs) are studied; with particular emphasis on the so-called 

light-soaking effect. The light soaking effect is a reversible increase in the 

performance of perovskite solar cells upon extended illumination, this temporal 

instability is a challenge that must be overcome if HPSC technology is to become 

commercially viable. The results of this chapter clarify the roles either a compact or 

coarse microstructure play in device performance and also the role of the electron 

extraction layer on the light soaking phenomenon; thus advancing our 

understanding of HPSCs and how to improve their performance. 

Finally, in chapter 5, another hybrid organic-inorganic system consisting of 

perovskite shelled PbS QDs is studied. Therein a detailed photophysical 

characterization of bismuth-perovskite shelled PbS QDs is performed. Perovskite 

and perovskite-shelled QDs have recently become forerunners for several 

optoelectronic applications and are likely going to remain technologically relevant 

in the years to come. To this end, temperature- and power- dependent 
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photoluminescence (PL) measurements were used to characterize thin films made 

from an ink based on Bismuth-perovskite shelled PbS QDs. Our experiments 

revealed the existence of radiative below bandgap states at low temperatures, 

reminiscent of other previously studied ligands. In addition, we show that the PL 

efficiency of the oleic acid (OA) -capped sample is much higher than the Bismuth-

shelled ones – which suffer from traps; most likely formed at their surfaces during 

the phase-transfer ligand exchange process. Nevertheless, measurements on FETs 

show the successful removal of the native OA ligands, displaying electron 

dominated transport with mobilities comparable to reported values for perovskite-

shelled PbS-QDs; which have been extensively studied in literature. 

In conclusion, this thesis presents the results of experiments on different classes of 

solution-processable optoelectronic materials (polymers, perovskites and QDs). It 

also addresses methodologies such as the use of QD additives to improve the 

dielectric constant of organic photovoltaic blends, the (related) FE-OPV strategy of 

using the intrinsic dipolar alignment of a ferroelectric polymer to enhance the PCE 

of OPVs, topics regarding hybrid organic-inorganic photovoltaic technologies such 

as the light-soaking effect in perovskite solar cells and the photophysical properties 

of perovskite shelled PbS QDs. The final results herein improve our understanding 

of these classes of solution-processable semiconductors and points towards avenues 

for further material (system) improvements.  
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Zonne-energie heeft de potentie om in grote mate te voorzien in de toenemende 

wereldwijde vraag naar energie, daar het zowel een hernieuwbare als wijdverspreide 

bron van energie is. In de afgelopen decennia heeft zonne-energie voet aan de grond 

gekregen door toenemende inspanningen op het gebied van onderzoek en 

ontwikkeling, alsmede door een toegenomen internationale aandacht voor 

klimaatverandering, de opwarming van de aarde en de noodzaak vervuiling aan 

banden te leggen om zo een duurzame toekomst te bewerkstelligen. Hoewel 

traditioneel gezien silicium zonnecellen de bestverkochte zonnecellen zijn en 

tegenwoordig een module-efficiëntie hoger dan 20% hebben, worden opkomende 

zonneceltechnologieën (gebaseerd op bijvoorbeeld organische materialen, 

colloïdale quantum dots (CQD’s) en perovskieten) in toenemende mate populair en 

dagen ze voortdurend de dominantie van silicium uit. Dit is zeker het geval in 

gebieden waar hun flexibiliteit, lage gewicht en grote kleurbereik deze technieken 

een voordeel bieden ten opzichte van silicium. De mogelijkheid om ultradunne 

lagen te fabriceren die zich conformeren aan het onderliggende substraat maakt hen 

ideaal voor technologieën zoals wegwerpelektronica, sensoren, semi-transparante 

barrières, wearables en zelfs in gevels van gebouwen, waar esthetiek belangrijk is. 

Hoewel voor de meeste van deze opkomende technologieën de economische 

obstakels die in de weg staan van wijdverspreide commercialisatie (in termen van 

het USD per Watt genormaliseerde kostencriterium) nog niet zijn overwonnen, 

opent de positionering van deze technologieën als kandidaten voor ofwel 

nichetoepassingen (zoals hierboven) of als een efficiënte sub-cel voor 

tandemarchitecturen een veel bredere markt dan de al door silicium gedomineerde 

zonnecellenmarkt. 

Deze thesis begint met een introductie in de verschillende typen van uit oplossing 

vervaardigbare halfgeleiders en behandelt hun meest relevante eigenschappen voor 

de onderwerpen die in deze thesis aan bod komen, dit wordt gevolgd door een korte 

discussie van de belangrijke concepten en methodologieën voor de karakterisaties 

die later in de thesis uitgevoerd worden. 

Hoofdstuk 2 behandelt een strategie voor het vervaardigen van een drie-

componenten (ternair) mengel bestaande uit een polymeer, fullereenderivaat en 

loodsulfide (PbS) QD’s met als doel het verhogen van de diëlektrische constante 

van het mengsel. De diëlektrische constante van mengsels voor organische 

zonnecellen is één van de limiterende factoren die in de weg staan van adequate 

excitonenscheiding en daarmee van een verbeterde efficiëntie. Hoewel het idee van 

een ternair mengsel voor organische fotovoltaïsche (OFV) cellen  op zichzelf niet 
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nieuw is, was het voornaamste idee altijd om een groter deel van het zonnespectrum 

te bestrijken door materialen met complementaire absorptie te gebruiken in plaats 

van het gebruiken van een derde component om de diëlektrische constante van het 

mengsel te verhogen. In dit hoofdstuk voegen we kleine hoeveelheden PbS QD’s 

toe aan een mix van een copolymeer met een smalle bandkloof en een 

fullereenderivaat en gebruiken we de fotoluminescentie van de 

raakvlakladingsoverdrachtstoestand als een maat voor de lokale diëlektrische 

constante van het mengsel. De resultaten van dit hoofdstuk wijzen sterk op een 

reductie van de initiële populatie van de ladingsoverdrachtstoestand wanneer PbS 

QD’s worden toegevoegd, hetgeen we interpreteren als bewijs voor een lokaal 

verhoogde diëlektrische constante van het ternaire mengsel. 

In hoofdstuk 3 grijpen we terug op een alternatieve benadering van organische 

fotovoltaïsche cellen: het concept van ferroëlektrische OFV-cellen (FE-OFV), met 

als doel het verenigen van verschillende denkbeelden in de literatuur. Een nieuw 

ontwikkelde (en niet eerder gerapporteerde) halfgeleidende ferroëlektrische 

blokcopolymeer is gebruikt als een verenigbaarheidsbevorderaar om de sterke 

fasesegregatie die vaak plaatsvindt wanneer ferroëlektrische met halfgeleidende 

polymeren gemengd worden tegen te gaan. De dunne films met copolymeer 

verkregen met behulp van ons geoptimaliseerde recept waren effen en vrij van 

gaten, wat ons in staat stelde het effect van een suboptimale morfologie te 

elimineren. Hierdoor hebben we kunnen concluderen dat onze observaties 

voorgaande aannames bevestigen en dat ferroëlektrische compensatie in de 

mengsels de dipolaire uitlijning in het ferroëlektrische materiaal teniet doet, wat de 

FE-halfgeleidermengselstrategie voor FE-OFV onwerkzaam maakt. 

Weer een andere benadering in het veld van opkomende FV-materialen is de 

verschuiving naar hybride organisch-anorganische materiaalsystemen. Deze 

systemen behouden hun gemak van verwerkbaarheid uit oplossing en zijn over het 

algemeen robuuster op het gebied van operationele stabiliteit en efficiëntie 

vergeleken met organische materialen. In hoofdstuk 4 wordt een dergelijke 

materiaalsysteem geïntroduceerd: hybride perovskieten, en de invloed van zowel de 

microstructuur van de dunne laag alsmede de elektronextractielagen op de prestatie 

van perovskiete zonnecellen (PZC) wordt bestudeerd: met in het bijzonder de 

nadruk op het zogenaamde lichtverzadigingseffect. Dit lichtverzadingseffect is een 

omkeerbare toename in de prestatie van perovskiete zonnecellen wanneer deze 

wordt blootgesteld aan licht; deze tijdsafhankelijke instabiliteit is een uitdaging die 

overkomen dient te worden alvorens PZC-technologie commercieel haalbaar kan 
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worden. De resultaten van dit hoofdstuk verhelderen de rol die een compacte dan 

wel ruwe microstructuur speelt in de prestatie  van het apparaat alsmede de rol van 

de elektronextractielaag op het lichtsverzadigingseffect. Dit verbetert ons begrip 

van PZC’s en hoe hun efficiënte verbeterd kan worden. 

Tot slot wordt nog een ander hybride organisch-anorganisch systeem bestaande uit 

met perovskiet geëncapsuleerde PbS QD’s bestudeerd. Hierin wordt een 

gedetailleerde fotofysische karakterisatie van met bismut-perovskiet 

geëncapsuleerde PbS QD’s uitgevoerd. Recentelijk zijn perovskieten en met 

perovskiet geëncapsuleerde PbS QD’s koplopers geworden in tal van opto-

elektronische toepassingen en blijven hoogstwaarschijnlijk technologisch relevant 

in de komende jaren. Om deze redenen zijn temperatuur- en vermogensafhankelijke 

fotoluminescentiemetingen gebruikt voor de karakterisatie van dunne lagen 

gemaakt van een op bismut-perovskiet geëncapsuleerde PbS QD’s gebaseerde inkt. 

Onze experimenten onthulden het bestaan van luminescente toestanden in de 

bandkloof bij lage temperaturen, gelijkend op die van eerder bestudeerde liganden. 

Daarnaast tonen we aan dat de fotoluminescentie-efficiëntie van de met oliezuur  

afgetopte QD’s veel hoger is dan die van de met bismut gekapselde QD’s die sterk 

onderhevig zijn aan ladingsvallen; welke hoogstwaarschijnlijk aan het oppervlak 

gevormd zijn tijdens de liganduitwisselingsreactie in oplossing. Desalniettemin  

laten veldeffecttransistor-metingen de geslaagde verwijdering van de  

oorspronkelijke oliezuur-liganden zien, met dominant elektronentransport en 

mobiliteiten die vergelijkbaar zijn met gerapporteerde waarden voor met perovskiet 

geëncapsuleerde PbS QD’s; die uitgebreid bestudeerd zijn in de literatuur. 

Ter conclusie, deze thesis presenteert de resultaten van experimenten op 

verschillende klassen van uit oplossing vervaardigbare opto-elektronische 

materialen (polymeren, perovskieten en QD’s). Daarnaast behandelt het 

methodologieën zoals het gebruik van QD-toevoegingen om de diëlektrische 

constante van organische fotovoltaïsche mengsels te verhogen, de (gerelateerde) 

FE-OFV-strategie van het gebruik van intrinsieke dipolaire uitlijning van een ferro-

elektrische polymeer om de efficiëntie van OFV’s te verhogen, onderwerpen met 

betrekking tot hybride organische-anorganische fotovoltaïsche technologieën: zoals 

het lichtverzadigingseffect in perovskiete zonnecellen en de fotovoltaïsche 

eigenschappen van met perovskiet geëncapsuleerde PbS QD’s. De uiteindelijke 

resultaten in dit werk vergroten ons begrip van deze klassen uit oplossing 

vervaardigbare halfgeleiders en wijzen de weg naar mogelijkheden tot verdere 

verbetering van dergelijke materialen en materiaalsystemen. 
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