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Spectroscopic Study of Triplet Exciton Dynamics at the 

Hybrid Organic-Inorganic Interface 

Jesse Allardice 

The control and utilisation of spin-triplet excitons in organic semiconductors is highly 
sought after for the next generation of Optoelectronic applications. Of particular 
interest is the utilisation of these photoexcited states in the singlet-fission photon-
multiplier and triplet-triplet annihilation upconversion processes. Singlet fission is an 
exciton multiplication process in organic molecules, in which a photogenerated spin-
singlet exciton is rapidly and efficiently converted into two spin-triplet excitons. 
Conversely, triplet-triplet annihilation is essentially the same reaction operating in 
reverse. These processes offer two spectral management mechanisms to break the 
Shockley–Queisser limit by overcoming the thermalisation and absorption losses 
inherent to all single-junction photovoltaics. Such spectral management technologies 
have been predicted to increase the maximum possible efficiency of Si-based cells from 
32 % to greater than 40 %, breaking the Shockley–Queisser limit.  

Harnessing these processes would be facilitated if the energy of the triplet exciton could 
be efficiently interchanged with photons. However, utilising triplet excitons like this 
poses a significant challenge, as transitions between the ground state and triplet excited 
states typically have negligible mediation by photons. Transitions such as these are spin 
forbidden, and have a correspondingly weak oscillator strength. In this thesis, we 
investigate a promising method to overcome this impasse, using inorganic quantum dots 
(QDs) to efficiently convert between triplet excitons and photons. We develop a variety 
of novel hybrid organic-inorganic systems that perform singlet-fission photon-
multiplication and triplet-triplet annihilation upconversion.  

We find that in order to achieve efficient triplet transfer at the hybrid organic-inorganic 
interface, it is critical to engineer the surface of the QD with a triplet transfer ligand. The 
triplet transfer ligand facilitates transfer by acting as an intermediate excited state 
during the transfer process, encouraging the formation of an optimal solid-state 
morphology, and providing a weak adsorption site for rapid transfer to occur at. Among 
the many highlights, we develop a solid-state singlet-fission photon-multiplier with an 
exciton multiplication efficiency of ~190%, showing significant promise for real-world 
application. Additionally, advanced spectroscopic techniques and mathematic 
modelling are applied to gather an in-depth understanding of the impact of a variety of 
photophysical processes on operation under realistic working conditions. These results 
establish a variety of highly tuneable platforms to understand the triplet transfer 
process at the organic semiconductor and inorganic QD interface, providing clear design 
rules for new materials that perform spectral management.  
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TCSPC time-correlated single photon counting 

TEM transmission electron microscopy 

TET triplet exciton transfer 
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Introduction 

“If we do not change course by 2020, we risk missing the point where we can avoid 

runaway climate change, with disastrous consequences for people and all the natural 

systems that sustain us.” – UN Secretary-General António Guterres. 

The global transition to sustainable energy sources is a key step in the progress towards 

climate change mitigation. The adoption of energy generation by photovoltaics is a 

solution to meeting the global energy demand during this transition. Increasing 

photovoltaics’ energy generation efficiency has been pointed to as a productive method 

for increasing the most economically influential metric: dollars per Watt of energy 

generated.1 Reduction of this metric is expected to be an effective means to accelerate 

the adoption of solar energy.2 Progress towards this goal should therefore be of 

paramount concern for academia and industry, as institutions which ideally exist for the 

benefit of humanity. 

This thesis aims to increase the energy generation efficiency of photovoltaic devices by 

implementing advanced spectra management. Spectral management structures utilising 

the carrier modulation processes: singlet exciton fission and triplet-triplet annihilation 

were developed and investigated. The photophysics of these systems was studied by 

spectroscopic techniques, such as ultrafast transient absorption. The combination of 

information from multiple sources led to the development of an increased picture of the 

relevant processes in these spectral management systems. New understanding of 

existing spectral management systems, demonstration of novel structures, and 

implications for future research discussed in this thesis deliver important progress 

towards increased photovoltaic efficiencies. 

The Sun constantly irradiates the earth’s surface with ~120000 TW of power, which far 

exceeds even the predicted ~30 TW  of global energy consumption by the year 2050.3,4 

This ‘effectively’ unlimited source of sustainably energy has resulted in significant 

demand for photovoltaic technology, increasing at ~30% per year, making it the fastest-
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growing electricity generation method.5 However, the total installed solar energy 

generation capacity is still insufficient, accounting for only ~2% of the total global power 

consumption in 2017.2,6 Increases to the power conversion efficiency of the photovoltaic 

modules is considered a promising strategy to encourage deployment of solar energy 

generation technologies at a global scale. 

The photovoltaic industry has already made a substantial effort to optimise photovoltaic 

technologies, resulting in low manufacturing costs and high efficiencies. These 

developments have led to solar energy gaining a competitive advantage over fossil fuels 

as a power source. However, the dominate technology currently being deployed is 

single-junction, silicon-based cells. The power conversion efficiency of photovoltaics of 

this kind is approaching an upper limit of ~32% set by the Shockley–Queisser. Therefore, 

if a change in strategy is not implemented, there are thermodynamic considerations that 

will limit further technological progress. Rather than further engineering of this 

technology, all-new strategies are needed to drive photovoltaic deployment. Ironically, 

like many solutions to current physics problems, the alternative solution is not new at 

all: it was predicted long ago. 

“[Singlet] exciton fission in the organic coating could provide two electron-hole pairs per 

absorbed photon… It is suggested that energy transfer from an organic coating of a 

semiconductor be used to produce electron-hole pairs in the latter.” – D.L. Dexter, 1979.7 

Spectral management strategies aim to efficiently use energy from a broader section of 

the solar spectrum. Strategies employing singlet fission and triplet-triplet annihilation 

have been proposed to scavenge more energy from high and low energy photons, 

respectively.8–10 The singlet fission photon multiplier and triplet-triplet annihilation 

upconverter have been proposed as devices which utilise these aforementioned 

processes.8,11 Both technologies rely on the conversion of energy between that stored 

by a spin-triplet exciton in an organic semiconductor and a photon. Proof of concept 

devices have been developed previously which utilise triplet exciton transfer at the 

interface of the organic semiconductor and inorganic quantum dots.12–15However, the 

development and optimisation of devices that can generate substantial improvements 

in power conversion efficiency is still underway. 

Within the spectral management community ongoing research aims include; 

development of bulk solid-state architectures for the singlet fission photon multiplier 

and triplet-triplet annihilation upconverter, tuning of these architectures for coupling 

with silicon-based photovoltaics, and investigation of possible loss pathways and their 

mitigation for optimisation of singlet fission yield, triplet exciton transfer and triplet-
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triplet. In this dissertation, we employ materials characterisation, spectroscopy and 

computational modelling in pursuit of these goals.  

We begin this thesis with a summary of the relevant background knowledge and an 

overview of the current state of research in the literature. Next, we detail experimental 

and numerical methods. Subsequently, we report on three intertwined projects 

pursuing advanced spectral management for photovoltaics. Due to the interrelation of 

these projects, the knowledge gained from any one of them has enlightening 

implications for the other projects. In Chapters 4 and 5 we demonstrate bulk singlet 

fission photon multipliers with efficient singlet fission and triplet exciton transfer in 

solution-phase and solid-state systems, respectively. In both systems, we show that 

engineering the surface of the inorganic quantum dots with triplet transmitter ligands 

leads to increased triplet exciton transfer. The solution phase system is shown to meet 

previously unachieved goals of acceptable levels of parasitic quantum dot absorption 

and maintained it’s singlet fission photon multiplication efficiency up to solar-equivalent 

fluences. In the solid-state system, we identify the formation of a trap state that limits 

singlet fission yield. The presence of this trap state is then controlled with QD nucleation 

sites and film fabrication methodology. Crucial to the development of an efficient solid-

state singlet fission photon multiplier, we demonstrate a novel surface chemistry 

approach to mitigate phase separation in hybrid organic-inorganic quantum dot blends. 

This approach uses a chemically favourable ligand to encourage quantum dot dispersion 

within an organic host. Using familiar components Chapter 6 details the investigation of 

a solution-phase triplet-triplet annihilation upconversion system. Here, we find that 

attachment of the triplet transmitter ligand introduces a trap state on the quantum dots. 

These trap states are investigated in relation to triplet exciton transfer and it is indicated 

that they involve a surface state on the QD. The adsorption of annihilator molecules to 

the surface of the quantum dots is identified as a process aiding triplet exciton transfer. 

Each results chapter summarises the lessons learnt from the corresponding project, and 

in the final chapter, we suggest research directions for future work. 

 

 

  





 

 

   

Background and Theory 

This chapter details the minimum required knowledge and technical vocabulary for the 

reader to have the most enjoyable understanding of the research. We begin with an 

overview of the electronic states and processes present in organic semiconductors, 

highlighting their interactions with photons and excited state processes.  

Next, we familiarise the reader with inorganic quantum dots and their distinctive 

photophysical properties. The combination of these two classes of materials has led to 

fruitful research across the field of optoelectronics. The operation of these hybrid 

structures generally requires energy transfer at the organic-inorganic interface, which is 

discussed extensively in this thesis. 

The third section of this chapter covers the history and principles of energy transfer at 

the hybrid interface. Finally, we identify possible uses for optoelectronic devices based 

on hybrid structures in relation to solar spectral management. The ultimate goal of this 

is increased efficiency of solar energy harvesting via commercially viable technologies.  

For a more exhaustive discussion of these topics, the curious reader is directed to the 

excellent books “Electronic Processes in Organic Semiconductors” by A. Koehler and 

H. Baessler, and “Nanocrystal Quantum Dots” edited by V. Kilmov.16,17 Theoretical 

frameworks relevant to a specific part of this thesis are detailed within the related 

chapter. 
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2.1 Photophysics of Organic Semiconductors 

Many scientifically and sociologically important technologies, such as field effect 

transistors (FETs), photovoltaics (PVs), light emitting diodes (LEDs) and thermoelectric 

devices require semiconducting materials. A semiconducting material occurs when 

individual atoms are brought together forming structures as small as a few atoms or as 

large as entire crystals. Bringing together atoms is one way to generate semiconducting 

properties. These molecules generally consist of a covalently bonded structure of carbon 

and hydrogen atoms; and additional structural and electrical functionality is often 

introduced by the incorporation of atoms such as nitrogen, oxygen, fluorine and sulphur.  

In this dissertation we focus on conjugated organic molecules possessing beneficial 

optical properties. Electromagnetic radiation interacts with the electronic transitions 

present in these molecules, resulting in the absorption and emission of photons near 

the visible part of the electromagnetic spectrum.18 Because of this, conjugated organic 

molecules are incredibly useful for optoelectronic application. The electronic states 

associated with these transitions are composed of molecular orbitals, with electronic 

wavefunctions extending spatially over the covalent bonds within the molecule.  

When conjugated organic molecules are combined in the solid state the resultant 

structures are commonly held together by a relatively weak intermolecular force. For 

example, monomolecular crystals are held together by ‘van der Waals’ interactions. This 

weak coupling between molecules means that the bulk material’s electronic properties 

are similar to that of the isolated molecules. Thus, an understanding of electronic states 

for individual molecules is sufficient to describe large amounts of electronic properties 

for multi-molecule material states such as crystals, liquids and concentrated solutions. 

With this in mind, the following sections build up an understanding of the electronic 

states for a single molecule. 

2.1.1 Atomic and Molecular Orbitals  

One way to understand the dominant physics relevant for the electronic states in 

conjugated organic molecules is to build up from the individual atomic orbital 

wavefunction. Atomic orbitals are the solutions to the time-independent Schrödinger 

equation for a single electron surrounding a positively charged nucleus, similar to 

hydrogen orbitals. A linear combination of these atomic orbitals can be used to form 

molecular orbitals, an approximate solution for the multi-nucleus Schrödinger equation.  
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Figure 2.1 illustrates carbon’s atomic orbitals as a basis for the molecular orbitals of 

ethylene. This example demonstrates the origin of ‘π-orbits’, the condition for a 

molecule being conjugated. The atomic orbital electron configuration for an isolated 

ground state carbon atom is 1s22s22p2. Within the theory of atomic orbital hybridisation, 

bringing together two carbon atoms to form a double bond results in sp2 hybridisation 

of each atom’s atomic orbitals. For each carbon atom, this sp2 hybridisation results in 

the creation of three coplanar, orthogonal and degenerate sp2 orbitals, from the linear 

combination of one 2s orbital and two 2p orbitals.  

The ethylene molecular orbitals are then found by taking a linear combination of these 

hybridised atomic orbitals for each carbon atom and the relevant hydrogen 1s orbitals. 

This leads to the two adjacent sp2 orbitals, colinear to the bond axis, one from each C 

atom, mixing to form a 𝜎  bond. The 𝜎  bonds have electronic density in the space 

between the participating atoms. These bonds determine the structure of the molecule. 

Electrons participating in 𝜎 bonds are commonly very tightly bound, ~10 eV, relative to 

unoccupied orbitals or the vacuum.19 The energy required to facilitate the transition of 

electrons from orbitals is generally beyond the scope of optical processes.  

 

Figure 2.1: Schematic of the sp2 hybridisation and bonding in ethylene.  
The electron density in the 𝜎  bonds is localised between  participating atoms. The π bond’s 
electron density is predominately above and below the sp2 hybridisation plane. Adapted from a 
figure by Dr Sebastian Albert-Seifreid. 

Other than the sp2 orbitals, each carbon atom has a lone electron in the remaining pz 

orbital. These orbitals mix resulting in a π bond, with electron density perpendicular to 

the bonding axis and hybridisation plane. These π bonding electrons have zero orbital 

strength in the hybridisation plane and instead have significant electron density situated 

above and below the plane. The π bonds lead to energetical unfavourable rotation 

around the bond axis, leading to more rigid structures. One of the key take away points 

from this example is that electrons in π bonds are commonly the most weakly bound in 

conjugated molecules. Therefore,  understanding their properties is sufficient to explain 

low-energy physics of the molecules, such as the interaction with visible photons. For 
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example, π bonding electrons are responsible for the electrical and optical properties, 

which have been exploited for numerous applications.19 

This methodology can be extended to molecules with many atoms, illustrated by Figure 

2.2. A variety of theoretical methods exist for determining the solution for the many-

nucleus system as a linear combination of atomic orbitals.19–21 Here, we highlight some 

of the key features relevant to the presented results. The addition of further sp2 

hybridised carbon atoms to the bonding system can be interpreted as causing  π orbitals 

to delocalise further, resulting in significantly spatially extended wavefunctions. For 

example benzene has sp2 hybridisation of the in-plane atomic 2p atomic orbitals. The 

2pz orbitals, perpendicular to the bonding plane, form a π bonding system with a 

delocalised wavefunction extending over the entire carbon ring. This highlights an 

important characteristic of conjugated molecules, the electrons participating in the 

delocalised π bonding system have wavefunctions extending over many atoms. The 

electrons are no longer associated with a single atom and are instead a particle that 

experiences the effects of the entire molecule.  

 

Figure 2.2: Schematic showing the delocalised molecular orbitals of benzene.  
The combination of six pz atomic orbitals leads to the formation of a significantly delocalised π 
bonding system. 

It is important to emphasise the distinction between molecular orbitals and complete 

electronic states of a molecule. Molecular orbitals are the one-electron wavefunctions 

for a particular molecule.  Conversely, the full electronic states for a molecule are the 

solution to the many bodied quantum mechanics problem prescribed to the molecule 

and include the electron-electron interactions. The ground state of a many-electron 

system of the full molecule can be approximated as the progressive filling of the lowest 

energy molecular orbitals of the molecule with the required number of electrons. Within 
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this approximation the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO), can be used to calculate the optical transitions 

and electronic properties of the molecule. Differing energy and occupancy of these two 

states results in the semiconducting properties of conjugated organic molecules. The 

energy of the HOMO approximates the energy required to remove an electron from the 

molecule, or its ‘ionisation potential’. The LUMO energy approximates the energy 

gained by adding an electron to the molecule, the ‘electron affinity’. The energy 

difference between these two levels is the minimum amount for any pair of occupied 

and unoccupied orbitals. Excitation of an electron from the HOMO to the LUMO gives 

rise to the lowest energy optical transition of the molecule and thus determines the 

optical gap of the material. Excited charge carriers such as electrons and holes, generally 

occupy the LUMO and HOMO respectively, due to thermalisation. 

2.1.2 Excitons  

To fully describe the electronic processes in organic semiconductors, the use of 

theoretical frameworks describing the many-electron system, with explicit inclusion of 

electron-electron interactions are necessary. One example that demonstrates the 

limitations of molecular orbital description is the absorption of a photon. Absorption of 

a photon with equal to or above the optical gap can result in the excitation of an electron 

from the HOMO to the LUMO of a particular molecule. It is useful to treat the missing 

electron from HOMO as a spin 1/2, positively charged quasi-particle, termed a ‘hole’. 

Molecular orbital approximations struggle to properly describe excited states such as 

this. Effects such as the relaxation of the nuclear coordinates and redistribution of the 

remaining electrons in the excited state, means the HOMO and LUMO are not ideal 

approximations of the excited hole and electron wavefunctions. In particular, these 

approximations do not account for the coulombic attraction between the electron and 

hole. This Coulombic attraction leads to a neutrally-charged bound-state  quasi-particle, 

termed an ‘exciton’. This excited state, named after ‘excitation packets’ was proposed 

by Frenkel to explain the optical absorption in crystalline materials and energy transfer 

from absorbing donor molecules to emissive accepter molecules with no electrical 

current.22  In a simplified picture of the system, the coulombic attraction between this 

hole and the excited electron results in a reduction of the excited state energy relative 

to the difference between HOMO and LUMO energies. This difference is referred to as 

exciton binding energy. 

In inorganic semiconductors, strong dielectric screening results in a reduced coulombic 

interaction between the electron and hole. Thus the associated binding energy of the 
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exciton is reduced to the order of 10s of meV.23 Excitons in these systems are 

distinguished as ‘Mott-Wannier excitons’, since at room temperature there is readily 

enough thermal energy available to separate these excitons into free electron and hole 

charge carriers.24 Additionally, these charge carries have wavefunctions that extend 

over volumes significantly larger than that of a crystal unit cell. Comparatively, the 

significantly lower dielectric constant typical of organic semiconductors, results in 

reduced screening of the electron-hole coulombic attraction. Thus, the exciton binding 

energy for these excitons, referred to as ‘Frenkel excitons’, is typically 100s of meV. The 

resultant excitons are strongly localised over a few molecules and not easily separated 

by external electric fields or thermal energy at room temperature. This use of the exciton 

as a description of the excited state is useful for understanding electronic transport 

properties of organic semiconductors. 

Another situation where the molecular orbital treatment is not sufficient, is the 

consideration of the electron’s spin. This is particularly important for understanding spin 

physics relevant to excitons. These excitons are two bound particles with spin-angular 

momentum. The combination of two spin 1/2 particles has well-established rules for the 

angular momentum of the exciton and leads to four eigenstates.25 One of this 

eigenstates, referred to as the ‘singlet state’, has antiparallel spin for the electron and 

hole, thus has total spin of zero. The three remaining states, referred to as ‘triplet 

states’, have parallel spin for the electron and hole, and total spin angular momentum 

of 1 (in units of ℏ). This spin dependence of the exciton introduces a further energy 

dependence of the system due to the exchange interaction.26 This exchange interaction 

separates the otherwise degenerate singlet and triplet states, resulting in the triplet 

state being lower in energy than the singlet state. This energy difference, termed the 

‘exchange energy’, is generally independent of the delocalisation of the electron and 

hole.27 The exchange energy has been experimentally found to be ~0.7 eV in conjugated 

polymer molecules.26 The increased overlap of HOMO and LUMO results in an increased 

exchange energy in the case of polyacenes, relevant to the studies presented here.27–29 

Oligoacenes are experimentally found to have singlet triplet splitting about 1 eV 

independent of molecule size.27 Excitons with spin wavefunction from one of the triplet 

states, referred to as ‘triplet excitons’, behave very differently from ‘singlet excitons’. 

The triplet exciton’s transport between molecules and interaction with photons is 

significantly different from that of the singlet exciton, as detailed in following sections. 

It is the unique properties and possible uses of the triplet exciton states that are of 

significant investigation in this dissertation. 
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2.1.3 Dynamic Processes in Organic Molecules 

The research presented in this dissertation includes optical studies of the dynamic 

evolution of excited state populations in conjugated organic materials. Our use of 

conjugated organic molecules is motivated by their potential application in solar energy 

harvesting. As such, understanding their interaction with visible light is important. In this 

section we detail some of the principles that govern the optical processes occurring in 

conjugated organic materials that determine the excited state dynamics. 

2.1.3.1 Radiative Transitions 

To develop an understanding of organic molecules’ interaction with electromagnetic 

radiation, we start with ‘Fermi’s golden rule’. Initially developed by Dirac from first-order 

time-dependent perturbation theory, it describes the transition rate from an initial state 

to a continuum of final states mediated by a perturbing interaction, such as interaction 

with a photon.30 There many derivations of this expression, which are detailed in 

previous work.19,31 In summary, begin with the initial and final eigenstates of the 

unperturbed time-independent Hamiltonian. The interactions of this system are 

described by an interaction Hamiltonian and treated as a perturbation of the original 

system. Perturbation theory then allows calculation of the eigenstates for the full 

Hamiltonian system by a Taylor series expansion in the time-evolution operator.16 In this 

manner, it is possible to calculate the transition rate 𝑘𝑖𝑓, between an initial Ψ𝑖 and final 

Ψ𝑓 eigenstate of the unperturbed system, by the expression16 

𝑘𝑖𝑓 =
2𝜋

ℏ
|⟨Ψ𝑓|𝐻�̂�|Ψ𝑖⟩|

2
𝜌(𝐸𝑓) . 

(2.1) 

Here, 𝐻�̂� is the interaction Hamiltonian and 𝜌(𝐸𝑓) is the density of the final state. When 

investigating the interaction with photons such as radiative transitions, the appropriate 

perturbation Hamiltonian is given by the electric dipole operator 𝐻�̂� = 𝑒�̂�, where 𝑒 is 

the fundamental charge and �̂� is the position operator. 

The eigenstates to the time-independent Hamiltonian can be separated into three 

components; the electronic wavefunction Ψ𝑒𝑙(𝒓, 𝒓𝒏)  dependent on the electron’s 

location 𝒓 and nuclear coordinates 𝒓𝒏, the vibrational wavefunction Ψ𝑣𝑖𝑏(𝒓𝒏) and the 

spin wavefunction Ψ𝑠𝑝𝑖𝑛, which depends on the spin of the electrons. The separation of 

the wavefunction into these three components ignores interactions between them. This 
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originates from the Born-Oppenheimer approximation which separates electronic and 

vibrational wavefunctions. Within this approximation the transition rate is given by 

𝑘𝑖𝑓 =
2𝜋

ℏ
|⟨Ψ𝑒𝑙,𝑓Ψ𝑣𝑖𝑏,𝑓Ψ𝑠𝑝𝑖𝑛,𝑓|𝑒�̂�|Ψ𝑒𝑙,𝑖Ψ𝑣𝑖𝑏,𝑖Ψ𝑠𝑝𝑖𝑛,𝑖⟩|

2
𝜌(𝐸𝑓) 

(2.2) 

The spin and vibrational wavefunctions have no dependence on 𝒓, and so the transition 

rate can be simplified to 

𝑘𝑖𝑓 =
2𝜋

ℏ
|⟨Ψ𝑒𝑙,𝑓|𝑒�̂�|Ψ𝑒𝑙,𝑖⟩|

2
|⟨Ψ𝑣𝑖𝑏,𝑓|Ψ𝑣𝑖𝑏,𝑖⟩|

2
|⟨Ψ𝑠𝑝𝑖𝑛,𝑓|Ψ𝑠𝑝𝑖𝑛,𝑖⟩|

2
𝜌(𝐸𝑓) , 

(2.3) 

with dependence only on the overlay of the initial and final states of the vibrational and 

spin wavefunction. Under these approximations, the photon mediated transition rate is 

the product of three factors. In the following section we demonstrate the selection rules 

for the photon mediated transition rate in terms of these three factors. 

2.1.3.1.1 Electronic Factor 

The first factor influencing the radiative transition rate is the |⟨Ψ𝑒𝑙,𝑓|𝑒�̂�|Ψ𝑒𝑙,𝑖⟩| term, 

commonly referred to as the ‘transition dipole moment’. The dipole operator has odd 

parity, its sign flips under spatial inversion. Thus, if the initial and final state 

wavefunctions are of the same parity, the integrand as a whole has odd parity and thus 

the integral evaluated over all space is zero. Therefore its transition rate is zero. The 

transitions between states of the same parity, is referred to as ‘symmetry forbidden’. 

For most molecules, their ground state wavefunction is of even parity and so photon 

absorption can only access excited states of odd parity. Excited states that have a 

symmetry forbidden transition with the ground state are commonly referred to as dark 

states. Symmetry of the wavefunctions aside, the strength of the transition increases 

with both the overlap of the initial and final wavefunction, and the spatial extent of the 

wavefunctions. Wavefunctions with higher delocalisation, such as in conjugated 

systems, lead to stronger photon interactions. 

2.1.3.1.2 Vibrational factor 

Within the Born-Oppenheimer approximation, vibrations refer to displacements of the 

nuclear coordinates. The energy of the molecule is dependent on the position of the 

nuclear coordinates interacting with the electronic wavefunctions in the electrons 
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bonding the molecule together. The electronic bonding determines the shape of the 

molecule, and results in the expectation value for the nuclear coordinates sits at the 

bottom of a local minimum in the potential energy surface. By a second order Taylor-

series expansion about this local minimum, one can arrive at a paraboloid potential 

energy surface or, equivalently, a multi-dimensional harmonic oscillator potential. A 

quantum mechanical treatment of the oscillations in nuclear coordinates leads to sets 

of vibrational states that are evenly spaced in energy with associated vibrational 

wavefunctions for the molecule. A coordinate transform from nuclear coordinates to 

the normal mode coordinates 𝑄𝑖 is usually performed to emphasise collective motion of 

the couple oscillators. The potential energy surfaces associated with these normal 

modes are dependent on the electronic wavefunctions and so are different for excited 

electronic states. As Figure 2.3 illustrates, the potential energy surfaces of the excited 

state are generally shifted to a higher minimum energy and larger normal mode 

coordinates. This is consistent with the increased electronic energy and increased inter-

nuclear distances in the excited states. 

Returning to the radiative transition rate; it is transitions between these vibrational 

states that we are investigating. The factor |⟨Ψ𝑣𝑖𝑏,𝑓|Ψ𝑣𝑖𝑏,𝑖⟩|
2

 is referred to as the ‘Franck-

Condon factor’. This factor illustrates that it is the overlap of initial and final vibrational 

wavefunctions that affects the radiative transition rate. The associated ‘Franck-Condon 

principle’, asserts that transitions between different electronic level’s potential energy 

surfaces, occurs vertically, with no change in nuclear coordinates during the transition. 

For example, radiative excitation from the ground electronic and vibrational state, 

occurs to multiple vibrational energy levels within the excited electronic state (Figure 

2.3). This is then followed by relaxation of the molecule to the lowest vibrational energy 

level within the excited electronic level, usually by the desperation of vibrational energy 

to the environment. Such vibrational relaxation processes occur on a picosecond 

timescale. This is significantly faster than the reverse radiative transition to the ground 

state that occurs on a nanoseconds timescale. As a result, the emission of photons 

predominately occurs from the lowest vibrational energy level of the excitation state to 

many of the excited vibrational energy levels of the ground state. The resultant pattern 

of photon absorption strength has clear peaks due to vibrational energy transitions. The 

emission of photon strengths is roughly a reflection of the absorption with respect to 

energy.  
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Figure 2.3: Schematic showing the absorption and emission of photons by an organic molecule. 
Absorption of photon from the ground state 𝑆0, to the first excited, spin singlet, electronic state 
𝑆1. The vibrational levels for each electronic level are as labelled. After excitation to many of the 
excited vibrational energy levels in the excited electronic state, relaxation to lower vibrational 
energy levels occurs. This is followed by emission of photons by transition from the lowest 
vibrational energy level in the excited state to many of the excited vibrational energy levels in 
the ground electronic state. The correspondence between these transitions and the resultant 
absorption and emission spectrum is shown. Adapted from a figure by Dr Sebastian Albert-
Seifried. 

2.1.3.1.3 Spin factor 

The remaining factor of consideration, influencing the radiative transition rate, is due to 

the spin of the initial and final state. The inner product |⟨Ψ𝑠𝑝𝑖𝑛,𝑓|Ψ𝑠𝑝𝑖𝑛,𝑖⟩| is one for 

identical initial and final spins states and zero for different initial and final spins states. 

As such, transitions between states with different spin are referred to as ‘spin 

forbidden’. This asserts that radiative transitions from a spin singlet state to a spin triplet 

state is spin forbidden so is unlikely to occur. This selection rule is loosened where ‘spin-
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orbit coupling’ is significant. Spin-orbit coupling is the interaction of the orbital angular 

momentum and the spin angular momentum of the molecule. This interaction mixes the 

singlet and triplet states, making some transitions allowed which would otherwise be 

spin forbidden. The strength of spin-orbit coupling increases with the atomic number of 

the atoms used in the molecule. As a result, photon mediated transition rates between 

singlet and triplet states are only significant in molecules containing heavy atoms. The 

ground state in organic molecules is commonly of singlet spin. Therefore, emission of a 

photon from a spin singlet excited state to the ground electronic state is spin allowed 

and referred to as ‘fluorescence’. Emission from a spin triplet excited state is usually spin 

forbidden and referred to as ‘phosphorescence’. The general term for the emission of a 

photon from an excited state is ‘photoluminescence’. 

2.1.3.2 Non-radiative Transitions 

Having briefly surveyed the influences of radiative transitions in organic molecules, we 

now detail the principles of transition between energy levels not only mediated by 

interaction with a photon. Previously, we mentioned the relaxation between vibrational 

states within an electronic energy level. The excess vibrational energy is dissipated to 

the environment surrounding the molecule as heat. Due to the exchange of heat energy 

between molecules, this results in a Maxwell-Boltzmann distribution of the populations 

within the vibrations energy levels in a large sample of molecules.  

Non-radiative transitions occur between vibrational energy levels from different 

electronic states. If spin of the total wavefunction is conserved during non-radiative 

transitions, the process is referred to as ‘internal conversion’ (Figure 2.4). When the spin 

of the wavefunction does change the process is ‘intersystem crossing’. Similar to the 

radiative transitions, non-radiative transitions rates can be found by time-dependent 

perturbation theory. In this case the appropriate interaction Hamiltonian is the ‘nuclear 

kinetic energy operator’. Transition rate from initial to final state is given by16 

𝑘𝑖𝑓 =
2𝜋

ℏ
|⟨Ψ𝑒𝑙,𝑓Ψ𝑠𝑝𝑖𝑛,𝑓Ψ𝑣𝑖𝑏,𝑓|

𝜕
𝜕𝑄

|Ψ𝑒𝑙,𝑖Ψ𝑠𝑝𝑖𝑛,𝑖Ψ𝑣𝑖𝑏,𝑖⟩|
2

𝜌(𝐸𝑓) . 

(2.4) 
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Figure 2.4: Schematic of non-radiative transitions followed by vibrational relaxation. 
a) Internal conversion between states of the same spin. b) Intersystem crossing between states 
of different spin. Adapted from a figure by Dr Ture Hinrichsen. 

From this one can arrive at the expression 

𝑘𝑖𝑓 =
2𝜋

ℏ
𝐽2𝐹𝜌(𝐸𝑓) , 

(2.5) 

where 𝐹 = |⟨Ψ𝑣𝑖𝑏,𝑓|Ψ𝑣𝑖𝑏,𝑖⟩|
2

 is the Franck-Condon factor mentioned previously and 𝐽 

contains the electronic coupling between the initial and final states. The Frack-Condon 

factor has an exponential relationship with the energy difference between the initial and 

final state.32,33 This leads to a non-radiative transition rate of the form 



Photophysics of Organic Semiconductors 17 

 

 

𝑘𝑖𝑓 ∝ exp (−𝛾
Δ𝐸

ℏ𝜔𝑀
) , 

(2.6) 

where 𝛾 is dependent on the structure of the molecule and 𝜔𝑀 is the angular frequency 

of highest energy vibration of the final electronic state.32,33  

This highlights the mediation of non-radiative transition by ‘phonons’: quasi-particles of 

vibrational energy. This expression known as ‘energy gap law’, has been shown to be in 

good agreement with experimental data and sufficiently describes many non-radiative 

processes.34  

In many conjugated molecules, the highest energy mode is a stretching mode of the 

molecule and has energy of the ~200meV.35,36 As a result, internal conversion between 

the many, closely packed, excited states to the ‘band edge’ state, of the same spin, 

occurs rapidly within ~100 ps (Figure 2.4a).37,38 In contrast, the transition from the band 

edge state to the ground state has an energy difference of a few eV, and therefore 

proceeds significantly slower via a multi-phonon decay pathway.39 Figure 2.4b illustrates 

an important case of non-radiative transition, the decay from the first excited triplet 

exciton state to the ground state (spin singlet). The initial, horizontal component of the 

transition is an example of intersystem crossing mediated by a weak spin orbit coupling. 

As a result, the transition rate is usually relatively slow. However, in the absence of fast 

radiative decay (spin forbidden transition) and reduced energy difference from the 

ground state, the non-radiative decay of the excited triplet state is generally the 

dominate decay pathway. 39 In absence of influencing factors, such as strong spin-orbits 

coupling, typically the first excited, spin triplet state has significantly longer lifetimes 

than the first excited, spin singlet state. This long lifetime makes them an incredibly 

useful ‘energy carrier’, with many applications as shown by results presented in this 

dissertation. 

2.1.3.3 Singlet Fission and Triplet-Triplet Annihilation 

In this section we introduce two processes occurring in conjugated organic materials 

important for understanding results in ‘singlet fission’ and ‘triplet-triplet annihilation’. 

Singlet fission (SF) is an exciton multiplication process where a photoexcited spin singlet 

exciton is rapidly and efficiently converted into two spin triplet excitons. This is 

proceeded by the excited singlet state interacting with an adjacent molecule which is in 

the ground state and therefore requires a minimum amount of coupling between the 

two molecules. Polycrystalline films or concentrated solutions of a singlet fission capable 
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molecule are some examples with sufficient coupling for singlet fission to occur. Triplet-

triplet annihilation (TTA) is effectively this reaction in reverse. Two spin triplet excitons 

‘annihilate’ together to form one excited state spin singlet exciton and one spin singlet, 

ground state molecule. Other than the spin constraints, these processes are bound by 

energy conservation and so only occur if enthalpically allowed. 

Singlet fission was first proposed by Singh et al. to explain the ‘delayed’ fluorescence in 

crystalline anthracene.40 Specifically, when exciting with a photon energy twice that of 

the triplet exciton, they observed a novel triplet generation process. Critically, this triplet 

generation process had an activation energy incompatible with direct intersystem 

crossing. Singh et al. deduced that this triplet generation process could be both rapid 

and efficient. This was backed by the observation that this process, only occurring from 

a highly energetic singlet state, was out-competing internal conversion down to the 

band edge state. This was followed by significant research in the 1960-80s, which 

identified singlet fission occurring in variety of organic materials, including crystalline 

anthracene, tetracene.41,42 

A important development in the understanding the singlet fission process was achieved 

by investigating the strengths of  the ‘prompt’ and delayed fluorescence under the 

application of an external magnetic field.43,44 These experiments were built on the 

already understood properties of TTA under an applied magnetic field.45,46 They 

prompted the development of the first theoretical descriptions of the process.47 

The experimental evidence of a rapid singlet fission process indicates that it is a spin 

allowed process. Within the model proposed by Merrifield and Johnson, singlet fission 

preferentially populates certain spin configurations of the triplet states.45,47 Within this 

model the singlet fission produces a coupled triplet pair state (𝑇𝑇) 
1  with pure spin 

singlet character, thus conserving angular momentum. The transition from excited 

singlet exciton to correlated triplet pair state is assumed to be fundamentally rapid, 

mediated by electrostatic interactions. The separation of the triplet pair to free triplets 

𝑇1 + 𝑇1, is relatively slow and governed by spin decoherence, as well as spin-dependent 

and diffusion processes. This theoretical framework suggests the following reaction 

scheme for the singlet fission process 

𝑆𝑛 + 𝑆0 ⇄ (𝑇𝑇) 
1 ⇄ 𝑇1 + 𝑇1 . 

(2.7) 

Here 𝑆𝑛  is the excited spin singlet state and 𝑆0 is a ground state molecule. The main 

advantage of this description with two steps to the free triplets, is that it offers an 
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explanation for the observed magnetic field dependence of the steady state and 

transient fluorescence.  

The expected dependence of steady state fluorescence for a singlet fission system is well 

established.46 Via the Zeeman interaction, application of a magnetic field modifies  the 

number of triplet pair states that can couple to the 𝑆1  state shifting the equilibrium 

between singlets and triplets, described by equation (2.7).48 This modulation of the 

singlet population can be detected by a change in the steady state fluorescence,  

photocurrent from a device, or levels of prompt and delayed transient fluorescence. 

Typically, this results in an increased fluorescence, under external field strengths of ~500 

mT.49 The rise at high fields is usually accompanied by a slight dip at low fields. The exact 

crossing between these two regimes is dependent on the material, usually occurring 

between 50 mT and 250 mT.  

These magnetic field effects are not universally observed for all materials that undergo 

singlet fission. For example, the exact nature of the equilibrium between the singlet 

triplet pair and free triplets, can be heavily one sided for materials exhibiting exothermic 

singlet fission. In such cases, the change in singlet population due to the application of 

a magnetic field is low to undetectable. Thus, the absence of a magnetic field effect on 

the fluorescence does not rule out the presence of singlet fission occurring.50 

The energy of the singlet exciton in relation to the twice the triplet exciton state’s energy 

is important for determining whether singlet fission or triplet-triplet annihilation is the 

dominant process in an organic material. For singlet fission to be dominant, the energy 

of the singlet state is generally required to be at least twice that of triplet state. The 

opposite is true for triplet-triplet annihilation. These are basic guidelines and there are 

extra entropy considerations that should also be included.51,52  

Additional energy considerations include the energetic accessibility of further excited 

triplet and singlet states, such as the following reactions 

𝑇1 + 𝑇1 → 𝑇𝑛 + 𝑆0 , 

𝑆1 + 𝑆1 → 𝑆𝑛 + 𝑆0 . 

(2.8) 

As competing channels with the singlet fission and preferred triplet-triplet annihilation 

process, these reactions are not generally desired. However, minimisation of 

bimolecular processes such as these has been achieved via engineering of the molecule 

structure.53 Molecular design such as this offers a means to optimise the efficiency of 

either singlet fission or triplet-triplet annihilation. 
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Since the initial research interest in singlet fission in the 1970s, there has been a 

significant wave of new results in the past decade. These include experimental 

verification that materials with singlet fission efficiencies approaching 200% are indeed 

possible.54 Organic material need not be in crystalline form, singlet fission can occur in 

the solution phase as well.55,56  

Triplet-triplet annihilation has been shown to be significantly efficient in the solution 

phase.57 The hypothesised coupled triplet pair state has been directly observed, along 

with its separation into free triplets. 55,56,58–61 Advances in ultrafast femtosecond 

spectroscopy have allowed the identification of vibronically coherent components of 

singlet fission on sub 500 fs timescales. The coupling of vibrionic and electronic degrees 

of freedom result in ultrafast generation of the triplet pair state.58,59,62,63  

Lastly, there are now many increasingly complex theoretical descriptions of the singlet 

fission process that capture greater extents of the relevant physics.48,62,64 For example, 

models can be used to explain the quantum beating present in delayed fluorescence as 

the coherent recombination of the triplets to regenerate the singlet state. 

2.1.3.4 Excimers and Singlet Fission 

The role of ‘excimer’ states in the singlet fission process is debated.55,56,65,66  The term 

excimer refers to an ‘excited dimer’ state particular to a physically interacting pair of 

molecules rather than a chemically bonded dimer.16 The excimer state is the result of 

the van-der-Waals interaction between adjacent molecules, leading to the splitting of 

the otherwise degenerate, singularly excited state on either molecule. In cases where 

the intermolecular distance is large or the relative orientation of the two dimers is such 

that the dipole-dipole interaction between molecules is weak, then this splitting can be 

small.  

For ‘amorphous’ films, the highly disordered nature of the molecular packing can result 

in the mean splitting being smaller than the inhomogeneous broadening within the film. 

This situation is desired for devices such as organic light-emitting diodes and organic 

solar cells, as there is no low energy excimer state to ‘trap’ charge carriers. This situation 

can be engineered using synthetic or fabrication strategies. For example, the addition of 

bulky, sterically hindering side groups to the molecules, or use of a volatile, low-boiling 

point solvent for film processing, can result in high structural disorder. In Section 5.4, 

we investigate the use of a vacuum pressure to facilitate solvent evaporation for the 

fabrication control of disordered films. In films such as these, electronic states are 
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resemble isolated molecules with the inclusion of polarisation interactions within the 

solid. 

In comparison, in the case of strong van-der-Waals interactions, the energy level 

splitting can be large, and excitation can result in significant reorientation of the 

interacting molecules. As a result, photoexcitation of the material leads to the 

occupation of excimer states that sit significantly lower (by at least 100 meV) than the 

first excited singlet state. Spin singlet excimer states can still have significant oscillator 

strength and thus can emit photons directly. However, excimer emission has spectral 

profiles that are usually exempt from any vibrational structure, and in comparison to the 

fluorescence are redshifted and have slower radiative decay rates.67 These distinctions 

offer easily verifiable means for excimer identification.  

In films of organic molecules, these two cases are not absolute. The random morphology 

present within amorphous films can result in varying degrees of these cases in parallel. 

For example, crystallographic faults in polycrystalline films or the boundary of ordered 

and amorphous domains are prone to creating sites that give rise to excimer 

fluorescence, even if the ideal crystal emits only monomer like fluorescence.16 In 

technologically relevant materials such excimer states have been shown to act as traps, 

reducing device performance.68 The role of excimer states has been interpreted by some 

as either an intermediate to or competing pathway with the singlet fission process. In 

Section 5.4 we investigate these possible explanations and the consequences for 

harvesting of triplets excitons generated by singlet fission. Smith, M.B. and Michl, J. have 

provided in-depth reviews of singlet fission materials.27,54 

2.2 Photophysics of Inorganic Quantum Dots 

Quantum dots (QDs) are nano-scale clusters of atoms, termed a nanocrystal, commonly 

made from inorganic materials. Quantum dots are an incredibly promising 

optoelectronic material due to a combination of unique properties.69 These versatile 

semiconductors are solution processable and are synthesised at low temperatures 

relative to the energy intensive furnaces used for purification of inorganic crystalline 

semiconductor materials such as Si. Of particular note, inorganic quantum dots can be 

engineered to interact with light across the sun’s spectrum and beyond into the 

infrared.70 
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2.2.1 Electronic States of Quantum Dots 

Inorganic nanocrystals can be made significantly smaller than the spatial extent of the 

exciton excited states of the bulk semiconducting material. This parameter, commonly 

quantified by the ‘Bohr radius’ of the exciton, defines the average electron-hole 

separation of an exciton in bulk material. The process of restricting the excitons spatial 

extent within the nanocrystal, leads to a phenomenon referred to as ‘quantum 

confinement’. Here, the energy bands of the bulk semiconductor are restricted to 

discrete energy levels in the nanocrystal. Consequentially quantum dots are considered 

as artificial atoms, due to their analogy with atomic orbitals and energy levels. 

 

Figure 2.5: Effect of quantum confinement on the electronic states of nanocrystals.  
a) bulk material possessing conduction and valence bands. b) Nanocrystal with quantum 
confinement leading to quantised energies for the electrons (e) and holes (h). The quantum 
confinement results in an increased bandgap for smaller nanocrystals. 

Approximation with the iconic quantum mechanics problem of a spherical infinite 

quantum well gives a qualitative picture of the electronic states in QDs. Within this 

framework, the available electronic states for the electron or hole are described by17 

𝐸𝑙,𝑛
𝑒,ℎ =

ℏ2𝛼𝑙,𝑛
2

2𝑚𝑒,ℎ𝑎2
 . 

(2.9) 

Here 𝑚𝑒,ℎ is the effective mass of electron or hole, 𝑎 is the radius of the nanocrystal, 

𝛼𝑙,𝑛 is the nth root of the spherical Bessel function of order l. Similar to the principal and 

orbital quantum numbers of atoms, 𝑛 is commonly assigned integer values, while 𝑙 is 

given letters (S,P,D,…), for the naming of QD states (Figure 2.5). More complete 
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treatments of the quantum dot include the effects of band mixing and Coulomb 

interaction between electron and hole. Additionally, due to faceted crystal growth the 

nanocrystals are non-spherical. These limitations aside, this interpretation highlights the 

strong dependence of the energy levels on the size of the quantum dot. This relationship 

illustrates the route to ‘bandgap’ engineering with control of the nanocrystal size by 

synthesis. Nanocrystals that show an increased bandgap compare to that of the bulk 

material are said to exhibit the ‘quantum size effect’. 

2.2.2 Radiative Transitions 

The radiative transition probability from the ground state, |0⟩, to a particular electron-

hole pair is given by dipole matrix element,17 

𝑃 = |⟨Ψ𝑒,ℎ,𝑝| 𝒆 ∙ �̂� |0⟩|
2

 , 

(2.10) 

where 𝒆 is the polarisation vector of the light and �̂� is the momentum operator. In the 

‘strong confinement’ regime, where the electron and hole can be treated 

independently, the transition probability can be expressed in terms of the singlet 

particle states 

𝑃 = |⟨Ψ𝑒| 𝒆 ∙ �̂� |Ψℎ⟩|2 . 

(2.11) 

Finally, assumption that the ‘envelope functions’ are slowly varying in terms of 𝒓, such 

that the momentum operator acts only on the unity cell portion ( 𝑢𝑛𝑘 ) of the 

wavefunctions and in the spherical infinite well model yields 

𝑃 = |⟨𝑢𝑐| 𝒆 ∙ �̂� |𝑢𝑣⟩|2 𝛿𝑛𝑒,𝑛ℎ
𝛿𝑙𝑒,𝑙ℎ

 . 

(2.12) 

This highlights the simple selection rules for the radiative transitions to or from the 

ground state (Δ𝑛 = 0 and Δ𝑙 = 0). The participating electron and hole must have the 

same energy level 𝑛 and angular moment 𝑙. The optical gap is therefore approximated 

by the sum of the 1Se and 1Sh energies. Within this interpretation the optical gap of the 

QD is heavily dependent on the size of the nanocrystal. This leads to absorption and 

luminescent energies that are determined by nanocrystal size, which can be controlled 

by synthesis. Optical or electrical excitation to high energy states typically relax to band 

edge states (1Se electron and 1Sh hole) on a few to 10’s of picosecond timescales.71–73 In 

QDs this relaxation can be mediated by a variety of mechanism such as phonon 
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mediated relaxation (for weakly confined QDs) or electron-hole Auger relaxation 

(strongly confined QDs). 

2.2.3 Surface Passivation and Ligands 

The high surface to volume ratio of quantum dots, means a significant proportion of the 

atoms in the nanocrystal are close to the surface where defects commonly occur. The 

surface of these nanocrystals are normally ‘capped’ with organic aliphatic ligands that 

chemically bind to the inorganic’s surface. These ligands stabilise the surface chemistry 

of the nanocrystal during growth and passivate surface defects.69 Non-optimal ligand 

coverage can result in defect states at non-passivated atom sites on the nanocrystal 

surface, causing low energy states within the bandgap.74 These and other trap states can 

induce non-radiative recombination of charge carrier pairs.75,76 Critical to optoelectronic 

applications, surface traps and ligand choice can effect photoluminescent quantum 

efficiencies, recombination rates, excited state transfer and overall performance of QD 

devices.77 The insulating, aliphatic ligands, that inorganic QDs are usually produced with, 

are often changed post-synthesis to shorter ligands, or removed completely to enhance 

excited state transfer in and out of the QDs.78  

2.2.4 Quantum Dots in Films 

One standing limitation is that when quantum dot films are fabricated, generally they 

lose properties that make isolated quantum dots so useful, such as in a colloidal 

suspension. This comes down to two dominate factors, reduced excitonic energy and 

aggregation assisted trapping. Generally, when made into films there is increased 

coupling between individual nanocrystals. In the case of strong coupling, the exciton 

energy can be reduced due to the leakage of electronic wavefunctions into adjacent 

nanocrystals, reducing the effective spatial confinement.17 For example, this leads to 

red-shifting effects that a device designer would need to take into account to match the 

energy levels between a film of QDs and another material such as an electron acceptor.  

Secondly, QDs on their own have an affinity to pack into close-packed structures such as 

face-centred-cubic or hexagonal-close-packed arrays of QDs. The sufficient interdot 

coupling can lead to excited state transfer between QDs.78 When defected QDs are 

included in this aggregated quantum dot composite, they trap states that can affect the 

entire aggregate.77 This leads to decreased excited state properties such as charge 

transport and photoluminescence yields.75,76 This is also the case for co-dispersions of 

QDs with another material, such as a conjugated organic molecule. Co-dispersions 
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generally result in segregation into a QD aggregate and organic molecule phases.79,80 

Hybrid structures with homogeneously dispersed QDs within an organic molecular host 

are highly sought after for spectral management applications.9 

2.2.5 Hybrid Devices with Conjugated Organics  

Within this dissertation, we extensively use quantum dots in hybrid structures with 

conjugated organic molecules for their spin-mixing and energy tunability properties. The 

lead sulfide (PbS) nanocrystals used in this dissertation contain the heavy element Pb. 

As discussed in Section 2.1.3 the high atomic number of the atoms within the 

nanocrystals, leads to strong spin-orbit coupling. As a result, the pure spin singlet and 

spin triplet states are poor quantum numbers for the system, resulting in strong mixing 

of these states within the QD. It has previously been shown that these QDs are a useful 

means of converting between spin triplet excited states on organic molecules and 

absorbent/ luminescent states in the QD. It has been shown that triplet excitons injected 

from an organic material into a lead based QDs become luminescent.13,81 The reverse 

process of photoexcitation of a lead based QD leading to triplet excitons on an adjacent 

organic molecule has also been demonstrated.14 Critically, it is the ability to tune the 

bandgap of the QDs that allows the selection between these two processes. These 

processes are discussed further throughout the results of this dissertation. 

2.3 Triplet Exciton Transfer 

In this section we highlight the key principles governing triplet exciton transfer at the 

hybrid interaction between inorganic quantum dots and organic semiconductors. Here 

‘transfer’ refers to the simultaneous ‘de-excitation’ of a donor ‘chromophore’ and 

excitation of an acceptor chromophore.  

For systems with strong inter-molecular coupling energy transfer can be coherent, 

preserving phase information of the wavefunction from the donor to acceptor. Naturally 

occurring light-harvesting complexes are one system suggested to exhibit coherent 

transfer.82 In conjugated organic molecules,  transfer is commonly consistent with weak 

coupling and associated with incoherent transfer.19 Here, electronic and vibrational 

dephasing leads to localisation of the exciton on a single chromophore and transport 

occurs via the diffusive hopping of the exciton between chromophores.  
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There are two commonly considered mechanisms for the transfer of excitons, Föster 

resonant energy transfer and Dexter transfer (Figure 2.6).83,84 These processes are 

mediated by coulomb and exchange mechanisms respectively. 

 

Figure 2.6: Schematic of Föster and Dexter energy transfer.  
a) Föster transfer of a spin singlet exciton from donor to acceptor, mediated a ‘virtual’ photon. 
b) Dexter transfer of a spin singlet exciton from donor to acceptor, mediated the correlated 
transfer of two electrons. Adapted from a figure by Dr Mark Wilson 

2.3.1 FRET  

Föster resonant energy transfer (FRET) is mediated by a coupling of the electric dipoles 

of each chromophore.83 As illustrated by Figure 2.6, FRET involves the transfer of a 

"virtual" photon, between donor and acceptor, resembling the emission of a photon 

from the donor and subsequent absorption by the accepter. By the use of the point-

dipole approximation where the spatial extent of donor and accepter are neglected, the 

FRET transition rate has been show to follow,16 

𝑘𝐹𝑅𝐸𝑇 ∝
𝑓𝐷𝑓𝐴

𝑅6
𝐽 . 

(2.13) 

Here, 𝑓𝐷 and 𝑓𝐴 are the oscillator strengths of the donor and accepter chromophores 

respectively, 𝑅 is their separation and 𝐽 is the overlap integral of normalised emission 

and absorption spectrum of donor and accepter respectively.  

The dependence on oscillator strength of the donor and acceptor is critical to 

determining which states can participating in FRET. For example, triplet excited states, 

which have a spin disallowed transition to the spin singlet ground state, have a 

correspondingly weak oscillator strength. Therefore, triplet excited states do not 
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undergo appreciable FRET. In comparison, singlet excited states are spin-allowed, and 

FRET is their dominate transfer mechanism. FRET has a strong distance dependence 

( 𝑘𝐹𝑅𝐸𝑇 ∝ 𝑅−6 ), meaning that transfer is only efficient for conjugated organic 

chromophore couplings less than a few nanometres in separation.85 

2.3.2 Dexter 

In the cases of excited states with low oscillator strength, Dexter transfer is far more 

significant. As illustrated by Figure 2.6, the process can be interpreted as the correlated 

exchange of two electrons that does not require a change of any electron’s spin. Spin 

triplet excited states predominately undergo Dexter transfer. Spin singlet excited states 

can also undergo Dexter transfer, however, FRET is generally the dominant mechanism 

as Dexter is a shorter-range interaction than FRET. Within the spherically-symmetric 

particle approximation the Dexter transition rate follows, 16 

𝑘𝐷𝐸𝑇 ∝ 𝑒−2𝑅/𝐿𝐽 , 

(2.14) 

where 𝑅 is the spatial separation of the donor and accepter and 𝐿 is the average radial 

extent of donor and acceptor states. There is again dependence on the spectral overlap 

integral 𝐽, however, there is no dependence on the associated oscillator strengths. This 

results in the ability of states with disallowed transitions to the ground state such as 

triplet excitons, to participate in energy transfer via Dexter transfer. Dexter transfer 

requires significant overlap of donor and acceptor wavefunctions, quantified by the 

exponential decay with donor-acceptor separation. Generally it is only, appreciable for 

transfer between neighbouring molecules or other ~1 nm separations.85  

Comparing transfer mechanisms, Föster for singlet excitons and Dexter for triplet 

excitons, one could conclude that singlet excitons form the dominate excited state 

energy carriers, due to the higher transfer rate for FRET relative to Dexter transfer. 

However, the lifetime of triplet excitons is generally significantly longer, such that triplet 

excitons have longer to make multiple transfers before decay to the ground state. As a 

result, the mean diffusion length of triplet excitons can be substantial and lead to 

significant amounts of energy transfer. 

2.3.3 Transfer at the Hybrid Organic-Inorganic Interface 

In this section we look at the long history of devices utilising energy transfer at the hybrid 

organic semiconductor and inorganic quantum dot interface. We highlight their use in a 
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variety of optoelectronic applications; from photovoltaics, singlet fission sensitised 

photovoltaics, to the their more recent use in spectral management applications. Critical 

to the research of this dissertation, we expand on the relationship between the energy 

tunability of the QDs and energy level matching with organic semiconductors. 

The combination of many parallel fields of research intermingling has led to the proposal 

of both singlet-fission photon-multiplier and triplet-triplet annihilation upconversion, 

devices. The progression to this point takes root in the QD/organic PV field, as one of 

the initial inorganic QD and organic semiconductor hybrid structures. For the best part 

of two decades, QDs were investigated for use in hybrid PV devices with organic 

semiconductors. Over this period the field saw many milestones, from the first 

demonstration of charge separation at the interface of organic polymers and CdSe QDs, 

to full photovoltaic devices with ~3 % power conversion efficiency in 2012.86,87 As 

illustrated by Figure 2.7a, key lessons from this research were that the ‘type-2 

heterojunction’ between QD and organic could result in ultrafast charge transfer and 

separation, as well as the use of hybrid structures in general for optoelectronic 

applications.88 

 

Figure 2.7: Schematic of the relevant energy levels at organic-inorganic interfaces.  
The HOMO and LUMO energy levels (top) and corresponding Jablonski energy diagrams (bottom) 
for a variety of hybrid structures. a) Organic polymer-QD photovoltaic device. b) Singlet fission 
sensitised QD photovoltaic device. c) Singlet-fission photon multiplier device.  

Meanwhile, there were developments in using singlet fission in ‘fullerene’ based 

devices. The demonstration of triplet exciton transfer in pentacene/fullerene type-2 

heterojunctions, was an influential discovery.89 Crucially, this showed the enhanced 
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quantum efficiency possible using singlet fission in pentacene, an exothermic singlet 

fission material - one of the first successful application relevant uses.  This work called 

attention to the use of external magnetic fields to identify the contribution of singlet 

fission generated triplets to overall performance. This was followed by renewed interest 

in singlet fission and lead to spectroscopic identification of the triplet transfer dynamics, 

showing that singlet fission was occurring rapidly within 200 fs after photoexcitation.90 

Parallel to this was the influential development of singlet-fission sensitised infrared 

quantum dot solar cells.91 This type-2 heterojunction demonstrated the first 

combination of an organic singlet fission material and inorganic quantum dot, a 

structure similar to that which forms the bulk of the work report in this dissertation 

(Figure 2.7b). The key development achieved by this structure is the charge dissociation 

of triplet excitons generated by singlet fission at the QD/organic interface. 

Many different combinations of organic singlet fission triplet donors and acceptors of 

both organic molecules and inorganic QDs were tested in these early reports of charge 

transfer. The dependence of the triplet exciton dissociation on the alignment of energy 

levels in the two materials was extensively mapped.92 This research climaxed with the 

development of singlet fission based organic photovoltaic devices with external 

quantum efficiency greater than 100%.93 This measure of how many chargers are 

captured per incident photon, is typically limited to 100%. Notable efficient utilisation 

of a singlet fission material for charge multiplication allowed researchers to achieve an 

efficiency above this limit, cementing the value of singlet fission for improving solar 

energy harvesting. However, these devices have a considerable limitation, this particular 

use of singlet fission allowed a doubling of the extracted photocurrent but at half the 

voltage. These competing effects result in little to no, net improvement in power 

conversion efficiency with respect to a traditional organic singlet junction cell.  

The next step along our technological road map is the harvesting of entire triplet 

excitons, rather than charge separation of an electron and hole. The transfer of triplet 

excitons generated by singlet fission were demonstrated to transfer from organic singlet 

fission molecules and inorganic QDs, in bi-layers of the structures.12,94 Critical to this 

triplet exciton transfer is the alignment of the QD energy levels relative to the electronic 

level within the organic molecules. As illustrated by Figure 2.7c, to inhibit singlet exciton 

dissociation, a type-1 heterojunction was employed. Additionally, the energy of the QD 

bandgap needed not to be greater than the triplet exciton energy. The key benefit of 

this triplet exciton transfer, over charge separation, was that the triplet exciton once 

inside the QD resulted in excited state emission identical to the pure QD 
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photoluminescence. This was attributed to the high spin-orbit coupling within the QD 

allowing for the usually spin-forbidden triplet state to become emissive.  

Other than the significant milestone of showing this harvesting of triplet excitons, 

researchers identified Dexter transfer as the likely transfer mechanism for triplet 

excitons between an organic molecule and QD, as illustrated in Figure 2.8a. The key 

indicator of this being that the transfer efficiencies had exponential dependence on the 

donor-acceptor separation, as determined by the length of the aliphatic ligands 

surrounding the QD. With short enough ligands, the triplet transfer efficiency increased 

towards unity. However, the synthesised QDs with long aliphatic oleic acid ligands 

showed little transfer, highlighting the need for engineering of the QD ligand shell. This 

particular method for controlling triplet transfer rates has the drawback that QD films 

with shorter ligands typically suffer from reduced photoluminescence quantum 

efficiency due to aggregation assisted interdot transfer and trapping, as discussed in 

Section 2.2.4. Again, these works employ the effect of external magnetic fields applied 

to the devices to confirm the dominance of triplet exciton transfer over singlet transfer. 

As illustrated by Figure 2.8b, they observed a shift in the equilibrium between singlet 

excitons on the  organic and QD excitons with the application of a ~0.5 T magnetic field. 

This was identified by an increase in fluorescence from the organic at high fields, as 

expected for material undergoing singlet fission. In contrast, the photoluminescence 

from the QD followed a corresponding reduction, consistent with a state populated by 

the triplet excitons generated by singlet fission. 

With inspiration from this work, Huang et al. investigated the possibility of utilising this 

process in reverse, transferring excitons from QD to the triplet state of an organic 

molecule.14 By adjusting the materials so that the QD exciton was higher in energy than 

the organic’s triplet exciton, they demonstrated that such a process is possible and 

further illustrated the use of the generated triplet excitons for triplet-triplet annihilation 

photon upconversion in the solution phase.  
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Figure 2.8: Triplet exciton transfer at the hybrid organic-inorganic QD interface.  
a) Illustration of the triplet exciton transfer at the hybrid organic-inorganic QD interface, mediate 
by the Dexter transfer mechanism. b) Visual analogy of the equilibrium between singlet excitons 
on the organic and excitons on the QD. Application of a ~0.5 T external magnetic field shifts the 
equilibrium towards the singlet exciton population (singlet heavy). This shift in population is 
reflected in the photoluminescence from these states. c) Schematic of a generalised photo 
modulator. Interconversion between one high energy and two low energy photons is mediated 
by the QD, triplet transmitter, and triplet modulator. 

After photoexcitation of the QD, Huang et al. identified delayed fluorescence from 

organic rubrene molecules and found it to be well described by triplet bi-molecular 

decay regenerating the singlet exciton. The researchers additionally introduced a novel 

strategy involving the use of an electronically active triplet ‘transmitter’ ligand attached 

to the surface of the QDs, as opposed to the usual high bandgap aliphatic ligands. This 

strategy relied on the rapid exciton transfer from the CdSe QD to the transmitter ligand, 

followed by a secondary transfer step to the 9,10-Diphenylanthracene in solution 

surrounding the QD (Figure 2.8c). Though the upconversion efficient was relatively low, 

~0.01 %, the developments described by the researchers in this work inspire a significant 

amount of the strategies deployed in this dissertation.  

Further investigations showed that the diffusion mediated transfer followed a Stern-

Volmer like quenching dependence on the concentration of the accepter molecules. 

Also, the bi-molecular transfer rate was heavily dependent on the moment of excess 

energy between QD exciton and organic triplet exciton energy.95 Marcus-Hush theory is 

pointed to as an appropriate theoretical framework to understand the role of this driving 

energy in the transfer process, with recent experiments supporting this assignment.96,97 

The use of phenyl spacer units between the triplet transmitter chromophore and the QD 
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core showed that the reverse triplet transfer process also follows an exponential 

dependence on the separation between donor and acceptor, assigned as Dexter 

transfer.96  

Triplet transmitter ligands are attached to the QDs post synthesis by solution ligand 

exchange.98 This ligand exchange has been shown to introduce additional states other 

than the QD exciton and organic triplet state.97–99 The role of these states, which have 

been described as ‘surface bound’, is still under debate. In the literature there are many 

proposed assignments for these states, such as a charge transfer intermediate state, an 

electronic state on the surface of the QD near the ligand, or as a trap state introduced 

by poor passivation of the QDs surface.97–99  

Based on these developments we present a general scheme for ‘photon modulation’, 

for use in SF-PM and TTA-UC (Figure 2.8c). Here, the interconversion between one high 

energy and two low energy photons is determined by the relative Gibbs free energy of 

the QD exciton, triplet transmitter, and triplet and singlet states of the ‘triplet 

modulator’. In this scheme the QD acts as a spin-mixing component, allowing the 

conversion between photons and exciton state which can transfer with the transmitter 

ligand. Triplet excitons can additionally transfer between this transmitter state and the 

triplet state of the triplet modulator. This triplet modulator is a generalisation of the 

singlet fission or triplet-triplet annihilation materials, which performs one of these 

processes based on the Gibbs driving energy between the singlet exciton and two triplet 

excitons. Choice of materials dictates the direction photon modulation occurs. 

There has been progress towards solid state implementations of triplet-triplet 

annihilation, with substantial efficiencies being reached.100,101 However, these devices 

have been limited to bi-layer architectures and as a result suffer from relatively low 

absorption in the few mono-layer thicknesses of the QDs. In solid-state bilayer films the 

Dexter transfer dependence on the length of the aliphatic ligands surrounding the 

quantum dots was shown to have an upper limit.101 As illustrated by Figure 2.8a the 

transfer of the triplet exciton between organic and QD was consistent with an 

exponential dependence on the acceptor donor separation. However, the increased 

dielectric constant, for more tightly packed QDs with a shorter ligand, results in little 

gain in transfer rate for ligands shorter than a six-carbon chain. 

Singlet fission photon multiplier relies on lessons learnt here, to efficiently harvest 

triplet excitons from an organic singlet fission molecule to a QD. Triplet-triplet 

annihilation upconversion pulls on the developed knowledge base for the transfer from 

the QD to organic molecules. Efficient implementation of processes requires 
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understanding of the many technical breakthroughs described here. Details of the 

utilisation of these processes for spectral management are detailed further in Section 

2.4. 

2.3.4 Dynamics of Diffusion Mediated Transfer 

In this section we detail the theoretical framework used to describe the energy transfer 

at a spherical interface. In the results section of this dissertation this approximation is 

regularly used to describe the triplet transfer between an inorganic QD and surrounding 

organic molecules. 

2.3.4.1 Diffusion Limited Transfer 

Following the methodology of Collins and Kimdall, we describe the kinetic theory for 

reaction rates between two species.102 The kinetic theory of colloid coagulation as a 

diffusion controlled process using Fick’s law of diffusion was originally developed by 

Smoluchowski.103,104 This formalises the assumption that the reaction of two species sets 

up a concentration gradient of one species of particles surrounding the other and this 

concentration gradient results in the net flow rate of particles a described by Fick’s law 

of diffusion. Specifically, Fick’s law of diffusion in partial differential equation (PDE) form 

𝜕𝑐

𝜕𝑡
= 𝐷∇2𝑐 , 

(2.15) 

is solved for the concentration of the diffusing species 𝑐(𝑟, 𝑡), in spherical coordinates 

with the boundary condition on the surface of a sphere radius 𝑅, that 𝑐(𝑟 = 𝑅) = 0 for 

all 𝑡 ≥ 0. Along with the initial condition that a uniform concentration yields  

𝑐(𝑟, 0) = {
𝑐0 , 𝑟 > 𝑅
0 , 𝑟 ≤ 𝑅

 . 

(2.16) 

This sphere represents the effective distance at which the two species can react. 

Simultaneous diffusion of both species is accounted for by 𝐷  being the sum of the 

individual diffusion coefficients. Figure 2.9 illustrates the effect these constraints have 

on the resulting reactant concentration profile and resulting reaction flux. 
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Figure 2.9: Illustration of the concentration profile for a instantaneous reaction.  
The concentration of the diffusing reactant, surrounding the reaction site, is zero at the sphere’s 
boundary (𝑟 = 𝑅). 

 

The solution to this PDE and associated boundary condition is 

𝑐(𝑟, 𝑡) = 𝑐0 [1 −
𝑅

𝑟
𝑒𝑟𝑓𝑐 (

𝑟 − 𝑅

√4𝐷𝑡
)] . 

(2.17) 

Where the complementary error function is defined as 

𝑒𝑟𝑓𝑐(𝑥) =
2

√𝜋
∫ 𝑒−𝑧2

𝑑𝑧
∞

𝑧

 . 

(2.18) 

Of particular importance, the particle flux across the boundary at 𝑟 = 𝑅 is given by 

𝜙 = 4𝜋𝑅2𝐷 (
𝜕𝑐

𝜕𝑡
)

𝑟=𝑅
 . 

(2.19) 

Substitution of equation (2.17) for 𝑐(𝑟, 𝑡) into this expression yields 

𝜙 = 4𝜋𝑅𝐷𝑐0 (1 +
𝑅

√𝜋𝐷𝑡
) . 

(2.20) 

This expression defines the rate of loss of the diffusing species due to reaction with the 

other species. In many cases, the time-dependant term is small and is neglected, yielding  
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𝜙 ≈ 4𝜋𝑅𝐷𝑐0 . 

(2.21) 

Sveshnioff showed that this theory extends to the case of ordinary bimolecular reactions 

in connection to florescence quenching in liquid solutions.105 

2.3.4.2 Finite Reaction Rate 

Collins and Kimball modified this theory by assuming that the probability that particle A 

(first species) reacts with particle B (second species) is proportional to the probability 

that particle A is between 𝑟 = 𝑅 and 𝑟 = 𝑅 + Δ𝑅, where Δ𝑅 is infinitesimally small. The 

equivalent expression of the particle flux is 

𝜙 = 𝑘4𝜋𝑅2𝑐(𝑅) , 

(2.22) 

where k, the ‘reaction velocity’, determines the specific reaction rate.102 Figure 2.10 

illustrates the effect these constraints have on the resulting reactant concentration 

profile and resulting reaction flux. In particular, this finite reaction velocity leads to a 

finite concentration of the reactant at the reaction boundary. This is analogous to there 

being a finite probability for the reactant to ‘bounce’ of the reaction boundary without 

reacting.  

 

Figure 2.10: Illustration of the concentration profile for a kinetically limited reaction.  
The concentration of the diffusing reactant surrounding the reaction site, is non-zero at the 
spheres boundary (𝑟 = 𝑅). 

Combining equation (2.22) with the boundary condition described by equation (2.19) 

yields 
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𝑐(𝑅) =
𝐷

𝑘
(

𝜕𝑐

𝜕𝑟
)

𝑟=𝑅
 . 

(2.23) 

Letting 𝛾 =
𝐷

𝑘
 give 

𝑐(𝑅) = 𝛾 (
𝜕𝑐

𝜕𝑟
)

𝑟=𝑅
 

(2.24) 

The solution to this boundary condition and equation (2.15) is 

𝑐(𝑟)

𝑐0
= 1 −

𝑅 − 𝛽 

𝑟
[𝑒𝑟𝑓𝑐 (

𝑟 − 𝑅

√4𝐷𝑡
) + exp (

𝐷𝑡

𝛽2
+

𝑟 − 𝑅

𝛽
) 𝑒𝑟𝑓𝑐 (

√𝐷𝑡

𝛽
+

𝑟 − 𝑅

√4𝐷𝑡
)] , 

(2.25) 

with 
1

𝛽
=

1

𝛾
+

1

𝑅
. From equation (2.19), the flux across the boundary is 

𝜙 = 4𝜋𝐷𝑐0 [𝑅 − 𝛽 +
(𝑅 − 𝛽)2

𝛽
exp (

𝐷𝑡

𝛽2
) 𝑒𝑟𝑓𝑐 (

√𝐷𝑡

𝛽
)] 

(2.26) 

This has Taylor series expansion about 
1

𝑡
= 0 equal to 

𝜙 = 4𝜋𝐷𝑐0(𝑅 − 𝛽) [1 +
𝑅 − 𝛽

√𝜋𝐷𝑡
(1 −

𝛽2

2𝐷𝑡
+ ⋯ )] , 

(2.27) 

and so the flux to zeroth order in 1/√𝑡 is106 

𝜙 = 4𝜋𝐷𝑐0(𝑅 − 𝛽) = 4𝜋𝐷𝑅𝑐0 (
𝑅

𝑅 +
𝐷
𝑘

) . 

(2.28) 

This expression has two regimes of particular interest. In the small k limit the particle 

flux approaches 

𝜙 → 4𝜋𝑅2𝑘𝑐0. 

(2.29) 

In such cases the reaction is described as being purely ‘kinetic limited’. However, in the 

large k limit the flux becomes 
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𝜙 → 4𝜋𝐷𝑅𝑐0 , 

(2.30) 

and we regain the expression for the purely ‘diffusion limited’ reaction rate described 

earlier. In the general case the reaction velocity determines the transition between 

these two limiting cases. 

2.4 Advanced Spectral Management 

In this final introductory section, we detail the development of photovoltaic (PV) energy 

conversion systems and spectral management as a necessary method for improving 

conversion efficiencies. Single junction cells, such as polycrystalline silicon PVs, are the 

most widely deployed type of device.5 These are PVs in which a single ‘p-n junction’ is 

used to generate and separate electrical charges. The doped semiconductors in these 

PVs have a single absorption onset energy, associated with their electronic bandgap. The 

polycrystalline silicon PV is an iconic example of a single junction PV that exemplifies the 

advantages and disadvantages of the technology. The Shockley-Queisser limit sets a 

theoretical limit for the maximum power conversion efficiency possible in a single 

junction cell based on thermodynamic considerations. As illustrated by Figure 2.11, the 

main energy loss mechanisms in a Si-PV are either the incident photon being below the 

band gap of the material (and hence not absorbed), or an inability to extract the 

generated charges and thermalisation losses. This wavelength dependence illustrates 

that the single junction cells are very efficient in a narrow incident photon energy range 

above the material’s bandgap. However, when the entire, broad, solar spectrum is 

considered the overall efficiency is significantly lower. The Shockley-Queisser limit for a 

silicon solar cell with a band gap of ∼ 1.1 eV, is ~33%.107 Industrial progress towards 

reaching this efficiency has saturated at roughly 26.7%.108 Single junction PVs, such as 

these are referred to as ‘first generation’ PV. They are thick and made from expensive, 

high purity semiconductors.5  
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Figure 2.11: Solar spectrum with the key energy losses for a single junction Si-PV.  
Data taken from NREL resources,109 figure adapted from Semonin et al.110 

The ‘second generation’ PV are distinguished by being made from thin-film fabrication 

techniques. Such devices have ‘active’ layers which are in the 10s of nanometre - 10s of 

micrometre range, significantly thinner than first generation Si wafers of 100s of 

micrometres. Light management techniques are generally employed to ensure sufficient 

absorption within such small active layer thicknesses.10 Of the second generation 

technologies, gallium arsenide based devices have shown considerable promise, with 

power conversion efficiency of 29.1%.111 These single junction devices are the closest to 

reaching their respective Shockley-Queisser limit, ~32% in this case.10 

This leads us to the aim of improving power conversion efficiency via spectral 

management strategies. Here, we define spectral management as the optimisation of 

how optoelectronic devices interact with the entire solar spectrum. Such techniques are 

required to reach ‘third generation’ PV cells, which are defined as those which overcome 

the Shockley-Queisser limit for singlet junction cells. There are a variety of proposed 

means to achieve such devices.  

‘Multijunction’ or ‘Tandem cells’ are one such structure, where a collection of single 

junction PVs with semiconductors of bandgaps across the solar spectrum are stacked 

together. Each cell is electronically connected in serial or parallel to each. Under 

optimised conditions, the best tandem cells, based on a GaInAs/GaInP/ 

GaAs/AlGaInAs/AlGaInP, have reached 38.8 %.112 However, manufacturing costs of the 

complex structure are very high, limiting the possible commercial applications.  
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A recently developed, promising alternative is perovskite-silicon tandem. This structure 

promises significantly lower fabrication costs and has reached considerably high power 

conversion efficiency of 29.1 %, overtaking the value for single junction silicon cell.108 

Though this research direction is developing substantially, tandem cells suffer from 

suboptimal performance under lighting conditions different to that which they are 

optimised for (usually a spectrum such as AM1.5G). The voltage or current matching 

criteria imposed by the electrical connection of the constituent cells limits achievable 

power conversion efficiency under real world conditions.11 

Singlet-fission sensitised silicon PVs are a recent advancement that has significant 

potential as a means to break the Shockley-Queisser limit.113 This report demonstrated  

the utilisation of triplet excitons by harvesting in a silicon photovoltaic after generation 

by singlet fission in an organic material. Such a process has long been predicted as a 

means to increase power conversion efficiencies.7 However, these bi-layer, 

tetracene/silicon structures are limited by the use of elaborate interlayers. Such an 

approach, while promising, requires a change in cell design and thus has the added 

challenge of integration into existing PV manufacturing systems. Furthermore, the 

organic layers are thin, typically limited to <100 nm by the triplet diffusion length, 

resulting in <20 % photon absorption.113 This limits the thickness of the singlet fission 

sensitizer and the related efficiency gains. 

In this dissertation we focus on singlet fission photon multiplication and triplet-triplet 

annihilation upconversion as alternative methods to improve power conversion 

efficiency without significant altercation of the already well tuned Si-PV.  

2.4.1 The Singlet Fission Photon Multiplier 

The singlet fission photon multiplier (SF-PM) device offers a mechanism to break the 

Shockley-Queisser limit by overcoming the thermalisation losses inherent to all single 

junction photovoltaics. This is one of the most promising methods to harness the singlet 

fission process. The absorption of high-energy photons in a thin SF-PM layer on top of a 

Si-PV, results in a photoexcited singlet exciton which subsequently undergoes rapid and 

efficient singlet fission to form two triplet excitons (Figure 2.12a).11,49 This is followed by 

efficient harvesting of the triplet excitons by a homogeneous dispersion of quantum 

dots within the singlet fission material. After transfer to the QDs, the excitons then 

recombine radiatively. Thereby, for every high-energy photon absorbed by the SF-PM, a 

pair of low energy photons is emitted that can then be captured in conventional silicon 

photovoltaic. The low bandgap quantum dots can absorb photons across a wide range 
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of photon energies and so they are maintained at a low density within the SF-PM to 

minimise absorption. Other than this parasitic absorption by the QDs, mid-energy 

photos pass through SF-PM and are absorbed and by the Si-PV. The absorbed photons 

by the Si-PV are then converted to electricity.  

 

Figure 2.12: Schematic of SF-PM and TTA-UC films. 
a) Bulk SF-PM system, with illustration showing the operation separated into constituent steps. 
1) Absorption of high-energy photon in the SF host material. 2) Singlet fission process. 3) Triplet 
exciton transfer to the QDs distributed within the SF host. 4) Emission of low energy photons 
from QDs and (5) optical coupling where a significant fraction of the emitted photons are 
absorbed by the conventional Si-PV. 6) Mid energy photos pass through SF-PM and are absorbed 
by the Si-PV. b) Bulk TTA-UC system, with illustration showing the operation separated into 
constituent steps. 1) Low energy photon not absorbed by the Si-PV and are absorbed in the TTA 
host material. 2) Triplet exciton transfer from the QDs, distributed within the TTA host. 3) Triplet-
triplet annihilation in the TTA host. 4) Emission of mid energy photons from TTA material. 5) 
Optical coupling where a significant fraction of the emitted photons are absorbed by the 
conventional PV device. 6) Mid energy photos absorbed by the Si-PV as usual. SF-PM illustration 
adapted from the schematic proposed by Rao and Friend.9 

With these factors accounted for, the efficiency of a SF-PM as a function of the absorbed 

photon’s wavelength can be separated into its constituent parts81 

𝜂𝑆𝐹−𝑃𝑀(𝜆) = (𝛼𝑄𝐷(𝜆) + 𝛼𝑆𝐹(𝜆)𝜂𝑆𝐹𝜂𝑇𝐸𝑇)𝜂𝑄𝐷𝜂𝑂𝐶  . 

(2.31) 

Here, 𝜂𝑆𝐹 is the efficiency of the triplet generation in the per photon absorbed in the 

singlet fission material, ideally 200 %. 𝜂𝑇𝐸𝑇  is the fraction of generated triplets that 

transfer to the quantum dot. 𝜂𝑄𝐷 is the photoluminescent quantum efficiency of the 

quantum dots. 𝜂𝑂𝐶  is the optical coupling factor, the fraction of photons emitted by the 
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QD that are absorbed by the underlying PV cell. 𝛼𝑄𝐷(𝜆) and 𝛼𝑆𝐹(𝜆) are the fraction of 

the absorbed photons which are absorbed by the quantum dots and singlet fission 

material respectively. Equation (2.31) shows that for a SF downconverter to achieve high 

efficiencies each step in the down conversion process needs to be understood and 

optimised. An important factor in the operation of this device is the optical bandgap of 

the QD. The optical bandgap of the QD must be larger than the bandgap of silicon 

(Eg = 1.1 eV), such that its photoluminescence can be absorbed by the Si-PV.114 

In a recent report the potential benefits of the SF-PM were investigated and it was found 

that incorporation with the best Si-PV devices, currently with a power conversion 

efficiency of 26.7%, could be improved to 32.5%. This value refers to ‘optimistic’ system 

parameters and a power conversion efficiency of 29.0 % is more achievable. This 

calculation relates to what the authors refer to as a ‘realistic’ SF-PM, defined as follows; 

there is less than 5% parasitic absorption by the QDs, there is negligible self-absorption 

by the QDs, the singlet fission yield is 200 %, the product of 𝜂𝑇𝐸𝑇𝜂𝑄𝐷𝜂𝑂𝐶  is greater than 

85%, and the singlet fission process results in entropic gain of 100 meV. Additionally, the 

authors calculate the photon escape cone for QD emission as less than 10%, based on a 

singlet fission material with a refraction index of 1.7. This results in 𝜂𝑂𝐶  > 90 % and can 

be improved by dielectric nanostructures. As a result, the optical coupling factor in 

Equation (2.31) is often omitted. These calculations suggests that an efficient SF-PM 

device could result in as much as a 22% relative improvement of the underlying Si-PV. 

2.4.2 The Triplet-Triplet Annihilation Upconverter 

The triplet-triplet annihilation upconverter (TTA-UC) device offers a mechanism to break 

the Shockley-Queisser limit by overcoming the sub-bandgap absorption losses inherent 

to all single junction photovoltaics. As illustrated by Figure 2.12b, the absorption of mid 

to high energy photons by the conventional Si-PV continues as usual. However, low 

energy photons not absorbed by the silicon pass straight through and are absorbed by 

a homogeneous dispersion of quantum dots within the triplet annihilator material.  

Photoexcitation of the QD is followed by triplet exciton transfer to the organic material, 

where pairs of triplet excitons annihilate to form singlet excitons. The mid-energy 

photons from the organic’s fluorescence are then optically coupled into the Si-PV. With 

this arrangement, it is imperative that the QD bandgap is less than that of silicon (1.1 

eV). The organics’ fluorescence is ideally greater than this, so that silicon can absorb the 

emitted photons. With these factors accounted for, the efficiency of a TTA-UC per 

absorbed photon can be separated into its constituent parts,115 
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𝜂𝑇𝑇𝐴−𝑈𝐶 = 𝜂𝐼𝑆𝐶𝜂𝑇𝐸𝑇𝜂𝑇𝑇𝐴𝜂𝐹𝐿𝜂𝑂𝐶  . 

(2.32) 

Here, 𝜂𝐼𝑆𝐶  is the intersystem cross efficiency from the photoexcited singlet state to a 

triplet state. 𝜂𝑇𝐸𝑇 is the triplet transfer efficiency from inorganic QD to organic triplet 

annihilator. 𝜂𝑇𝑇𝐴 is the quantum efficiency of triplet-triplet annihilation to the singlet 

state in the organic. 𝜂𝐹𝐿  is the fluorescence quantum efficiency from the organic’s 

singlet state. 𝜂𝑂𝐶  is the optical coupling factor, the fraction of photons emitted by the 

QD that are absorbed by the underlying PV cell. The efficiency of 𝜂𝑇𝑇𝐴 is limited to 50 %, 

due to the requirement of two triplets to create one singlet exciton. The refractive index 

of the organic components of the TTA-UC, will be very similar to that of the SF-PM. 

Therefore, the optical coupling factor will be greater than 90 % and is often omitted.  

The TTA-UC system has many similar constraints as the SF-PM system. The aggregation 

of QDs within the organic host must be low. It is ideal if the system is of bulk form, so 

that it is as optically dense enough. The QD’s parasitic and self-absorption must be kept 

to a minimum as to not interfere with the of upconversion fluorescence. Finally, they 

share a need for readily achievable manufacturing conditions, which can be easily 

incorporated into existing Si-PV fabrication. The TTA-UC system has the additional 

constraint that the triplet-triplet annihilation efficiencies under solar fluence. If these 

conditions can be meet then there is the possibility of reaching the predicted 

thermodynamic limit of ~39% power conversion efficiency when coupled with Si-PV.115 

An 18% relative improvement is on par with that offered by the SF-PM device.  

Ultimately, these two systems could be combined, SF-PM on top and TTA-UP below a 

conventional Si-PV. Under the naive assumption that these relative improvements 

would be additive, a 40% relative improvement in power conversion efficiency could be 

achieved. This improvement would be technologically, economically and 

environmentally significant on a global scale. 

 



 

 

   

Methods 

In this chapter we detail the sample preparation methods, subsequent spectroscopic 

measurements and analysis techniques included within this dissertation. The organic 

material 6,11-bis-((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid, referred to as 

TET-CA, was synthesized by collaborators from the University of Kentucky under the 

supervision of Prof. John E Anthony. The singlet fission material 5,12-bis-

((triisopropylsilyl)ethynyl)tetracene, referred to as TIPS-Tc, was obtained from Ark 

Pharm. All other chemicals were purchased from Sigma-Aldrich and used as delivered. 

The synthesis of PbS QDs was carried out by Dr James Xiao and Dr Zhilong Zhang. PbS 

QD ligand exchange with either TET-CA or hexanoic acid was performed either by Dr 

Nathaniel J. L. K. Davis, Dr Victor Gray, Dr James Xiao, Dr Zhilong Zhang and the by the 

author himself. Solution samples were prepared by Dr Victor Gray, Dr Simon Dowland 

and the author himself. All film samples were prepared by Dr Simon Dowland. Electron 

microscopy (Chapter 5) was performed by Dr James Xiao. Certain UV-Vis absorption 

spectroscopy measurements were performed by Dr James Xiao and Dr Simon Dowland, 

as indicated in the text. Photoluminescence quantum efficiency measurements were 

performed either under the supervision of Dr Simon Dowland (Chapter 4), by Dr Simon 

Dowland (Chapter 5) or in collaboration with Dr Nathaniel J. L. K. Davis (Chapter 6). 

Certain transient absorption measurements were carried out in liaison with Dr Arya 

Thampi (Chapter 4) and Dr Victor Gray (Chapter 5). Certain time-correlated single 

photon counting measurements were performed in liaison with Dr Victor Gray (Chapter 

5). The transient photoluminescence mapping was performed with Dr Géraud Delport. 

The spectroscopic measurement of triplet sensitisation in solution was carried out by 

Peter Budden. Sample characterisation by X-ray and Neutron scattering measurements 

were obtained by Dr Daniel T. W. Toolan and Dr Michael P. Weir from the Department 

Chemistry and the Department of Physics and Astronomy, respectively, at The University 

of Sheffield. All other experiments were performed in the Optoelectronics Group, 

Cavendish Laboratory, University of Cambridge by the author.  
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3.1 Sample Preparation 

3.1.1 Quantum Dots 

The synthesis of PbS QDs by James Xiao and Zhilong Zhang was carried out following a 

previously reported method with minor modifications.116 Briefly, 0.45 g of PbO, 7 g of 

oleic acid and 10 g of 1-octadecene were degassed at 110 °C for 2 hours in a three-neck 

flask. The reaction flask was subsequently flushed with nitrogen and its temperature 

dropped to 95 °C.  

3.1.2 Ligand Exchange 

The 6,11-bis-((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid ligands, referred to 

as TET-CA, were synthesized by our collaborators from the University of Kentucky 

following previously described methods.98 The ligand exchange of the as-synthesised 

QDs with oleic acid ligands was performed in a nitrogen-filled glovebox. The PbS QD 

stock solution was diluted to ~20 mg mL-1 and a volume of 1 mL was used for the ligand 

exchange procedure. A volume of 0.2 mL of the TET-CA solution, at 10 mg mL-1 dissolved 

in tetrahydrofuran, was added to the PbS QD solution, and the mixture was stirred for 

at least 1 h. The PbS-TET-CA QDs were then extracted by adding acetone (4.8 mL) to the 

mixture followed by centrifugation. The supernatant was discarded and the precipitated 

QDs were re-dispersed in toluene (1 mL). The PbS-TET-CA QDs were further purified 

using a minimum of six repeated dispersion/precipitation/centrifugation cycles until the 

wash solution contained no TET-CA. The use of these QDs to produce the solutions and 

films studied in this dissertation is detailed as needed in each chapter respectively. 

3.2 Steady-State Spectroscopy 

3.2.1 UV-Vis Absorption 

The measurement of a sample’s absorption and photoluminescence require many of the 

same basic optical components. They both require a light source to act as an excitation 

beam, which can be either of a discrete wavelength or continuum wavelengths. 

Typically, a particular wavelength is then selected from this excitation source; for 

example, with a monochromator or a bandpass filter. This prepared beam is then 

directed to the sample. In an absorption measurement the transmitted beam, of 
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intensity 𝐼(𝜆), is directed towards a detector; for example, a charge-coupled device 

(CCD) or photomultiplier tube. With the use of a reference measurement 𝐼0(𝜆), without 

the sample in place, the percentage of incident photon which are absorbed by the 

sample, 𝑎(𝜆) = 1 − 𝐼(𝜆)/𝐼0(𝜆), referred to as the absorption of the sample, can be 

calculated. From the absorption of the sample, the absorbance can be calculated 

according to 

𝑎(𝜆) = 1 − 10−𝐴(𝜆) . 

(3.1) 

The attenuation coefficient is then given by absorbance per unit length of the material 

in question. In this dissertation the reported absorbance spectra were measured using 

a Shimadzu UV3600Plus spectrometer with attached integrating sphere.  

3.2.2 Photoluminescence 

To investigate the photoluminescence (PL), optics are used to collection the photons 

emitted by the sample after excitation. The collected light is filtered based on 

wavelength, typically with a monochromator or long-pass filters. These are 

predominantly to remove light from the excitation beam. The emitted light is then 

directed onto a photodetector. Two experimental setups were used to collect 

photoluminescence emission spectra in this dissertation: a free-space optics setup using 

an Andor Kymera 328i Spectrometer and a commercially available Edinburgh 

Instruments FLS 980 fluorometer.  

The free-space optics setup uses a bank of temperature and current controlled laser 

diodes, purchased from Thorlabs, able to generate stable 515, 532, 658, 750 and 920 nm 

laser beams. After attenuation to the desired intensity, the selected laser beam was 

focused onto the sample cuvettes. PL emitted from the sample was collected and 

focused into a Andor Kymera 328i Spectrometer and the spectra were recorded using 

either a Si-CCD detector (Andor iDus 420) for the visible region, or a InGaAs detector 

(Andor, Dus InGaAs 490) for the NIR region. This apparatus has the benefit of offering 

very fine adjustment and control of incident laser power and a high detector sensitivity. 

In comparison, the fluorometer setup has the advantage of measuring with fine 

increments both the excitation and emission wavelength dependence of the 

photoluminescence. In this dissertation photoluminescence excitation and emission 

spectra were obtained using a Edinburgh Instruments FLS 980 fluorometer. The 



46 Methods 

 

 

excitation and emission slit widths were both set to 2 nm bandwidth. The excitation 

beams were incident at 52 degrees relative to the normal direction of the sample. 

3.2.3 Photoluminescence Quantum Efficiency 

Photoluminescence quantum efficiency (PLQE) is the number of photons emitted from 

a molecule per photon absorbed. Unless specified otherwise, PLQE measurements 

reported in this dissertation were made following the procedure of de Mello et al.117 

Briefly, this method involves the comparison of the photocounts for the PL and 

excitation source under three measurement conditions, using  a detector connected by 

fibre optics to a ‘integrating sphere’. The first condition records the spectrally resolved 

photocounts for the excitation beam entering an empty integrating sphere. The 

remaining conditions require the measurement of the photocounts, using a sample 

inside the integrating sphere, with and without the excitation beam incident on the 

sample. Combination of these spectra allows the estimation of the PLQE for the sample. 

Again, photoexcitation was achieved with a variety of temperature and current 

controlled laser diodes. The attenuated beam of selected wavelength was aligned 

through a small hole onto samples suspended in a Spectralon-coated integrating sphere 

(Newport 819C-SL-5.3) modified with a custom baffle extension. Light from the 

experiment was collected using an optical fibre connected to a Andor Kymera 328i 

Spectrograph and spectra recorded using the same detectors as the photoluminescence 

spectra in the previous section. 

3.2.4 Magnetic Dependent Photoluminescence 

Magnetic field dependent PL measurements were performed using the free-space optics 

PL setup mentioned earlier, but placing the sample within the poles of an electromagnet 

Following a previously reported procedure, different magnetic field strengths were 

achieved by using a Keithley 2400 variable voltage source, connected to a current 

amplifier, to drive the electromagnet.118 The magnetic field between the poles (at the 

sample position) was calibrated to the applied voltage by a Gauss-meter. When 

measuring the PL in the near IR region, a RG1000 long pass filter (Schott) and a PL950 

long pass filter (Thorlabs) were used if appropriate for the particular sample. These were 

placed in front of the entrance to the spectrometer to remove laser scatter and higher 

order peaks from the grating. After averaging over multiple sweeps of the magnetic field 

and integration of the spectra, the percentage change relative to the spectrum under 
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zero applied field strength was calculated as follows. For each pixel (with corresponding 

wavelength) on the detector, the change in the PL, 

Δ𝑃𝐿(𝐵, 𝜆) = 𝑃𝐿 (𝐵, 𝜆) − 𝑃𝐿𝐵(0, 𝜆) , 

(3.2) 

was calculated as a function of the field strength. 𝑃𝐿𝐵(0, 𝜆)  is the measured PL 

spectrum at wavelength 𝜆 under zero applied magnetic field. The field strengths were 

sampled in a non-sequential order, reducing the effect of film degradation and any 

hysteresis in the sample’s magnetic field dependence. The fractional change in PL at 

each wavelength is given by 

𝛾(𝐵, 𝜆) =
Δ𝑃𝐿(𝐵, 𝜆)

𝑃𝐿𝐵(0, 𝜆)
=

𝑃𝐿 (𝐵, 𝜆) − 𝑃𝐿𝐵(0, 𝜆)

𝑃𝐿𝐵(0, 𝜆)
 . 

Here we have the spectral variation of the magnetic field dependence. This is then 

averaged over a specific wavelength range to determine a particular species’ magnetic 

field dependent PL. 

3.3 Transient Photoluminescence Spectroscopy 

3.3.1 Time-Correlated Single Photon Counting 

Large sections of this dissertation deal with investigation of the dynamics of excited 

states. Transient photoluminescence techniques offer valuable insights into the subset 

of excited states which are photoluminescent. Time-correlated single photon counting 

(TCSPC) was used during this work to measure the time dependence of 

photoluminescence. TCSPC systems work by measuring the time interval between the 

arrival of single photons and a trigger pulse from the laser exciting the sample. By 

sampling multiple detection events, a statistical distribution of the time between 

excitation and emission is built up. This is then interpretable as the time dependence of 

the PL from the material of interest. In this dissertation samples were excited with a 

pulsed supercontinuum laser (Fianum Whitelase SC-400-4, 6 ps pulse length) at a 

variable repetition rate, 0.2-1 MHz. The pump wavelength is set to either 535 or 650 nm 

(full-width at half-maximum 10 nm) with dielectric filters (Thorlabs). Pump scatter from 

the laser excitation within the photoluminescence collection path to the detector, was 

removed with an absorptive 1000 nm long-pass filter (Thorlabs). The infrared 
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photoluminescence is focused and detected by a single-photon avalanche photodiode 

based on InGaAs/InP (MPD-InGaAs-SPAD). 

3.3.2 TCSPC Microscopy 

Transient photoluminescence techniques readily lead themselves to combination with 

microscopy methods. Such methods allow the extraction of the excited state dynamics 

spatially over the sample. Providing a vales source of data for detailing spatial variations, 

defeats, or excited state diffusion, within samples. In Chapter 5, the confocal time-

resolved photoluminescence images of the samples were measured using a 

commercially available confocal microscope setup (PicoQuant, MicroTime 200). 

Samples were excited with a 405 nm pulsed laser diode (PDL 828-S“SEPIA II”, PicoQuant, 

pulsed width of ~100 ps). The excitation beam was focused directly onto the sample’s 

surface with an air objective with optical parameters 100x and 0.8 NA. The excitation 

intensity was set to 25 W.cm-2. The repetition rates were set to 2 MHz, leading to an 

excitation fluence of 50 μJ.cm-2. The photoluminescence signal was separated from the 

excitation light (405 nm) using a dichroic mirror (Z405RDC, Chroma), while a 550 ± 40 

nm bandpass filter was used to select the fluorescence signal from the TIPS-Tc. The 

fluorescence was then focused onto a photomultiplier detector assembly (PMA Hybrid 

from Picoquant, a time resolution of 100 ps) through a pinhole (50μm).  

3.3.3 Time-Gated Photoluminescence  

Lastly, a time-gated photoluminescence setup was used to collect time-resolved PL 

spectra. This apparatus utilises an intensified charge-coupled device (ICCD) to generate 

broadband, extremely sensitive, time-resolved PL spectra. Briefly, a ‘gated’ electric field 

selects specific time periods, relative to a ‘trigger’ linked to the excitation source, over 

which photo-generated electrons in the system are extracted to the detector. 

Subsequently a ‘micro channel plate’ is used to amplify the electrical signal and transfer 

it to a phosphor layer. The gated photon signal from the phosphor layer is then detected 

by a CCD.  

The excitation pulse is generated in a TOPAS optical amplifier, pumped with the output 

from a Spectra-Physics Solstice Ace Ti:Sapphire amplifier (1 kHz). The amplifier offers  

pulsed excitation across the visible and near IR region. The collected PL from the sample 

is focused into the slits of a Shamrock 303i Andor spectrometer coupled to a ICCD (iStar 

DH740 Andor). This apparatus has the significant advantage, over the previously 

mentioned setups, of being ‘intrinsically’ spectrally resolved and offering wide temporal 
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range from 2 ns (the measured temporal resolution) to milliseconds (limited by the 

repetition rate of the laser source). 

3.4 Transient Absorption Spectroscopy 

Transient Absorption (TA) spectroscopy is well established and incredibly useful 

technique for monitoring photoinduced reactions in materials and is the dominate 

experimental technique used in this dissertation. As is common in this research field, TA 

is actually a measurement of the transient transmission. The materials that are typically 

studied, such as conjugated organics, have relatively small changes in refractive index 

from photoexcitation. Therefore, such effects are neglected and the changes in the 

transmitted signal are attributed to changes in absorption. As illustrated by Figure 3.1, 

TA is a ‘two-pulse’, referred to as ‘pump-probe’, measurement which can illuminate the 

excited state dynamics within a material on femtosecond timescales. The pump is a 

temporal short laser pulse which generates photoexcitations within the material of 

study, at some reference 𝑡 = 𝑡0. At a predetermined time 𝑡 = 𝑡0 + 𝜏, the probe pulse 

interacts with the same sample region as the pump. This probe pulse is also a temporal 

short laser pulse; however, the probe is usually a broadband laser pulse, such that 

multiple wavelengths are probed at once. This broadband probe pulse is typically 

generated via non-linear optical processes such as ‘white light generation’ and ‘super 

continuum generation’. Typically, the pump and probe beams are set to intercept the 

sample at a relative polarisation described as the magic angle ( cos−1(1/√3 ) = 54.7°). 

At this relative polarisation angle, the measured transient transmission signal is 

independent of the samples dipole orientation.119 In some cases, a third ‘reference’ 

pulse is used to reduce noise caused by fluctuations of the probe pulse. 

The time difference between pump and probe 𝜏 is introduced by a mechanical delay, or 

electrically triggered for lower time resolution experiments. To measure the transient 

transmission the pump pulse is modulated either electrically or mechanically with a 

‘chopper’. This modulation of the pump allows the measurement of the transmission of 

the probe pulse in the unperturbed, no pump case (𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓) and in the perturbed, 

with pump case (𝑇𝑝𝑢𝑚𝑝 𝑜𝑛). 
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Figure 3.1: Schematic of the pump-probe apparatus used in this work. 

The TA signal is then calculated by the fractional differential transmission, 

Δ𝑇

𝑇
=

𝑇𝑝𝑢𝑚𝑝 𝑜𝑛 − 𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓

𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
 , 

(3.3) 

where 𝑇  is the transmitted intensity of the probe beam. Figure 3.2 illustrates the 

separation of the typical transient transmission signal for an organic material, into its 

constituent components. These include features such as the ‘Ground State Bleach’, 

‘Stimulated Emission’ and ‘Photoinduced Absorption’. The origin and nature of these 

features are as follows: 

- The Ground State Bleach (GSB) feature is a positive signal as measured by 

differential transmission, which roughly overlaps with the ground state 

absorption spectrum. This change in transmission is caused by the pump pulse 

exciting species from the ground state to an excited state. This is followed by the 

probe pulse experiencing a reduced absorption due to the decreased population 

of the ground state. The reduced absorption leads to an increased transmission 

and positive differential transmission. 

- The Stimulated Emission (SE) is also a positive signal as measured by differential 

transmission, which roughly overlaps with the steady state photoluminescence 

spectrum. Here, the probe photon perturbs the electric field of an excited state 

resulting in stimulated emission of a photon, which is indistinguishable from the 

probe pulse. The increased number of photons in the probe pulse leads to an 

increased differential transmission. 

- Photoinduced Absorption (PIA) is a negative signal as measured by differential 

transmission.  This feature results from the newly accessed absorptive transition 

that occurs from the excited states accessed by the pump pulse. This increase in 

absorption results in a decreased differential transmission. 
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Figure 3.2: Illustration of the typical transient absorption features and the associated transitions.  
The ground state bleach (blue) results from the depletion of the ground state by the pump pulse 
exciting a fraction of electronic states to some higher energy state. The reduced population of 
the ground state leads to a positive 𝛥𝑇/𝑇 signal. The stimulated emission (green) results from 
the emission from photons from the excited electronic population in 𝑆1 . This emission is 
stimulated by the probe pulse and results in a positive 𝛥𝑇/𝑇 signal. The photoinduced absorption 
(orange) results from the absorption of the probe pulse by the excited state population, in 𝑆1 for 
example, and leads to a negative 𝛥𝑇/𝑇 signal. Adapted from a figure by Dr Simon Gélinas. 

The measured TA signal strength for each spectral component is proportional to the 

population of the electronic states associated with each radiative transition. This list of 

TA features is not exhaustive, there are other processes that can lead to changes in 

differential transmission such as changes in refractive index, electroabsorption and 
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others. The transient transmission signals for inorganic QDs has the same components 

GSB, SE and PIA. However, in QDs these typically do not display transitions with strong 

vibrational character. 

The transient absorption spectra reported in this dissertation were recorded on two 

different experimental apparatus. Each apparatus allowed for investigation over a 

different time delay range, one over femtosecond timescales (200 fs - 2 ns) and one over 

nanosecond timescales (1 ns- 300 μs). 

3.4.1 Femtosecond Apparatus 

The femtosecond transient absorption (fsTA) experiments are performed using an Yb 

based amplifying system, Light Conversion PHAROS, with 400 µJ per pulse at 1030 nm 

at repetition rate of 38 kHz. The laser output is modified using a 4 mm YAG substrate to 

produce the probe beam from 520 to 950 nm. Using a narrow-band optical parametric 

oscillator system (ORPHEUS- LYRA, Light conversion) with 1030 nm seed, the pump 

beam is generated (full-width at half-maximum 250 fs). The probe pulse is delayed using 

a computer-controlled mechanical delay-stage (Newport) and the on-off pump pulses 

are generated by means of a mechanical chopper (Thorlabs) before incidence with the 

sample. The pump and probe beams are focused to sizes 250x250 µm and 80x80 µm 

respectively, at the sample position. The probe pulse transmitted through the sample is 

collected using a silicon line scan camera (AViiVA EM2/EM4) with a visible 

monochromator with 550 nm blazed grating.  

3.4.2 Nanosecond Apparatus 

For nanosecond transient absorption (ns-TA) measurements, a LEUKOS Disco 1 UV Low 

timing jitter supercontinuum laser (STM-1-UV) is used to generate the probe. This laser 

produces pulses with a temporal breadth below 1 ns from 200-2400 nm and has an 

electronically controlled delay relative to the pump. The pump is generated at the 

desired wavelength using a TOPAS optical amplifier pumped by 800 nm 100 fs pulses 

from the Spectra-Physics Solstice Ace Ti:Sapphire amplifier at 1 kHz. The probe is split 

by a 50% reflectance beam splitter to create a reference. The pump and probe beams 

are overlapped on the sample adjacent to the reference beam. This reference is used to 

account for any shot-to-shot variation in transmission. The probe and reference beams 

are then focused into an imaging spectrograph (Andor, Shamrock SR 303i) and detected 

using a pair of linear image sensors (Hamamatsu, G11608) driven and read out at the 

full laser repetition rate by a custom-built board from Stresing Entwicklungsburo. In all 
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measurements, every second pump shot is omitted using a mechanical chopper for 

short-time measurements. The average fractional differential transmission (∆T/T) of the 

probe is calculated for each time delay once 1000 shots have been collected.  

3.5 Numerical Methods 

In this section we detail the numerical methods used for decomposing the spectroscopy 

data collected in this work. A significant proportion of spectroscopic data can typically 

be mathematically characterised as two-dimensional functions, with wavelength as one 

of the independent variables. The remaining independent variable is often time. The 

measured signal strength at each time can be expressed as a linear combination of a set 

of linearly independent ‘spectral components’ which are functions of the wavelength. 

As demonstrated by Figure 3.3, each spectral component has an associated magnitude 

as each time point. For data with discrete wavelength and time points, this is 

mathematical equivalent to the matric multiplication 

𝐴𝑡×𝑤 = 𝐾𝑡×𝑖𝑆𝑖×𝑤. 

(3.4) 

𝑘𝑡,𝑖 is a matrix entry containing the amplitude at mth timepoint, for the ith spectrum  of 

𝑆 (Figure 3.3). The ith spectrum of 𝑆 is the ith row of 𝑆𝑖×𝑤. This does not explicitly account 

for effects that cause the shifting of spectral features as a function of the other 

independent variable, such as relaxation and electroabsorption. The elements of the 

product matrix 𝐴𝑡×𝑤  are typically the direct experimental observable, and it is the 

determination of the kinetics (𝐾) and spectra (𝑆) that is desired. Here, we refer to this 

process as decomposition. In this work we use two forms of decomposition, either 

spectral target analysis or global analysis. Spectral target analysis is achieved using linear 

regression and global analysis is achieved using a genetic algorithm. 
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Figure 3.3: Schematic of the matrix and spectral decomposition used in this work.  
a) Illustration of the matrix decomposition of the matrix A into its components matrices K and S. 
b) Illustration of the spectral decomposition of the TA measaurement into its spectral and kinetic 
components.Adapted from a figure by Dr Ture Hinrichsen. 

3.5.1 Spectral Target Analysis 

If the spectra present in the measurement are known, the proportion of each spectrum 

present at every time point can be calculated via linear regression in order to perform 

spectral target analysis. This usually requires a separate measurement to verify the 

individual spectra. In certain cases, it is useful to reframe this problem in the context of 

linear regression, which is equivalent to the previous decomposition with the inclusion 

of a spectrum representing a constant offset (which can we set to zero if desired). The 

linear relation is of the form 
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𝑌 = 𝑋𝛽 , 

(3.5) 

with, 

𝑌 = 𝐴𝑇; 𝛽 = [

𝛽01 𝛽02

𝛽11 𝛽12

⋯
⋯

𝛽0𝑚

𝛽1𝑚

⋮     ⋮ ⋱ ⋮
𝛽𝑖1 𝛽𝑖2 ⋯ 𝛽𝑖𝑚

] = [
𝜷𝟎

𝐾𝑇
] ;  𝑋 = [

1 𝑋11

1 𝑋21

⋯
⋯

𝑋1𝑖

𝑋2𝑖

⋮     ⋮ ⋱ ⋮
1 𝑋𝑛1 ⋯ 𝑋𝑛𝑖

] = [𝟏 𝑆𝑇] . 

(3.6) 

This system is solved using the Moore-Penrose pseudoinverse of the 𝑋 matrix,  

𝛽 = 𝑋+𝑌 , 

(3.7) 

which leads to a solution for 𝛽 by least squares fitting. From this, the strength of each 

spectra at each time point can be found. 

3.5.2 Genetic Algorithm 

In the case when not all the spectra present in a measurement are explicitly know, global 

analysis is used to determine the known spectral components. Global analysis of the 

spectral data is achieved using a genetic algorithm described previously.120,121 The 

numerical algorithm was originally developed and written by Dr Simon Gelinas.  

The genetic algorithm is an evolutionary algorithm used to simultaneously determine 

the present spectral components and their kinetics. A full description of this algorithm 

can be found elsewhere.120,121  Briefly, this algorithm initiates by producing a large 

‘population’ of candidate spectra. It then compares these spectra and kinetic amplitudes 

to the measured dataset, and quantifies their fitness by residual sum of squares with 

additional penalties for non-physical values. The ‘fittest’ spectra are then chosen using 

a tournament method, to ‘breed’ the next generation of candidates. The population of 

the next generation is computed using Gaussian-function masks of random parameters, 

with additional small fluctuations added to imitate random mutation. The algorithm 

returns the spectra and associated kinetics with the highest fitness when the top 

achieved fitness saturates with respect to additional generations 
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Solution Phase Singlet-Fission Photon-Multiplier 

A key goal of the singlet fission community is the development of a realistic singlet-

fission photon-multiplier (SF-PM) technology. This goal is motivated by bold claims, that 

such a process could increase the efficiency of the best Si cells from 26.7% to 32.5%, 

thus breaking the Shockley–Queisser limit. However, these predictions had remained 

untestable, without the demonstration of such an SF-PM process occurring in a bulk 

system. That changed with our recent demonstration of a novel solution-phase SF-PM 

consisting of a blend of a highly soluble singlet fission material, and lead sulphide (PbS) 

QDs covered in triplet transmitter ligands.122 Specifically, QDs covered in 6,11-bis-

((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid ligands, referred to as TET-CA, 

were dispersed in toluene solution with 5,12-bis-((triisopropylsilyl)ethynyl)tetracene 

referred to as TIPS-Tc.123 Here we detail the investigation of this model system TIPS-

Tc:PbS-TET-CA, which shows efficient harvesting of triplet exciton generated by singlet 

fission. 

We begin this chapter by introducing the materials and their basic properties. 

Subsequently, we use a range of steady-state measurements to quantify the 

performance of the TIPS-Tc:PbS-TET-CA system. We show that the system absorbs >95% 

of incident photons within the singlet fission material to generate singlet excitons. These 

excitons then undergo efficient singlet fission in the solution phase (135±5%) before 

quantitative harvesting of the triplet excitons (95±5%), via the TET-CA ligand, to a low 

concentration of QD acceptors, followed by the emission of IR photons. We find that in 

order to achieve efficient triplet harvesting it is critical to engineer the surface of the QD 

with the triplet transfer ligand TET-CA, analogous to recent work with QD-organic based 

up-conversion systems.96 In the next section we use time-resolved measurements, 

combined with analytical modelling, to study the dynamics and mechanism of the triplet 

harvesting process. Critically we find that bi-molecular decay of triplet excitons is a 

major loss pathway which can be controlled via tuning the concentration of QD 
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acceptors. This bi-molecular decay is linked to reduced performance of the SF-PM 

system under steady-state operation at high incident irradiance. Fortunately, we 

demonstrate that under solar-equivalent fluences it is possible to efficiently harvest 

triplet excitons in a bulk system with a low concentration of QDs, maintaining sufficiently 

low QD parasitic absorption for realistic coupling to a Si PV cell. Furthermore we 

established design rules for such processes.11 

In the last section, we investigate the limiting factors for the triplet transfer process. We 

find that triplet transfer from the TIPS-Tc to the PbS-TET-CA QDs is kinetically limited by 

the surface density of the TET-CA ligand. Of importance to future SF-PM design rules, 

we note that the current transfer mechanism is nearing its maximal rate and that further 

improvements will require strategies beyond that offered by a single monolayer of TET-

CA ligands.  

These results establish the solution-based SF-PM system as a simple and highly tuneable 

platform to understand the dynamics of triplet energy transfer (TET) process between 

organic semiconductors and QDs, one that can provide clear design rules for new 

materials. The wide applicability of these design rules is highlighted in the subsequent 

chapter which focuses on a solid-state implementation of an SF-PM system. 

 

Content in this chapter is adapted from the resulting publication “Engineering Molecular Ligand 
Shells on Quantum Dots for Quantitative Harvesting of Triplet Excitons Generated by Singlet 
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4.1 Background and Motivation 

The quest to increase the efficiency of solar energy harvesting has been a major scientific 

challenge since the invention of the photovoltaic cell (PV).124 Single junction cells made 

from semiconductors such as silicon and GaAs have been well optimised and attain very 

high efficiencies of 26.7% and 29.1% respectively.108,111 However, the efficiency of all 

single-junction cells is fundamentally capped by the Shockley-Queisser limit.107 There is 

thus a need to develop technologies that can overcome these fundamental limits to the 

efficiency of single-junction cells.  

Singlet fission is an exciton multiplication process occurring in a variety of organic 

semiconductor materials.54,125 Here, one photogenerated spin-0 singlet exciton is 

converted to two spin-1 triplet excitons via a spin-allowed mechanism.  Shortly after the 

discovery of the singlet exciton fission process (1968),42,126–128 it was proposed as a route 

to break the Shockley–Queisser limit (1979) by reducing the energy lost by 

thermalisation of photoexcited charge carriers with excess energy above the bandgap.7 

However, while there has been a larger effort in recent years to develop new singlet 

fission molecules and understand the fundamental photophysics of the process, there 

have only been a few studies of how to harvest the triplet excitons generated via fission 

to improve the efficiency of inorganic PV cells, such as Si cells.129–132 

One of the most promising methods to harness fission is to harvest the energy of the 

fission generated triplets via luminescence.49 In such a scheme, each high energy photon 

absorbed by the singlet fission materials would lead to the formation of two triplet 

excitons via fission which would then be converted to two low energy photons, to be 

absorbed by a conventional inorganic PV cells, thus doubling the photocurrent from the 

high energy part of the solar spectrum. This scheme, termed a singlet fission photon 

multiplier (SF-PM), has been described recently and its potential effect on cell 

efficiencies calculated.11 It was shown that it could increase the efficiency of the best Si 

PV cells available today from 26.7% to 32.5%, thus breaking through the Shockley–

Queisser limit for the silicon bandgap. The SF-PM is also technologically attractive as it 

does not require modification of the underlying inorganic PV, but rather can be coated 

on top of it.  

Since triplet excitons are dark states, due to their spin-forbidden return to the ground 

state, they are extremely poor photon emitters.54 Hence, a key breakthrough was the 

demonstration of the transfer of triplet excitons to inorganic quantum dots (QDs), where 
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the excitations become bright and can recombine to emit photons.12,94 This discovery 

also led to the study of the reverse process, the transfer of energy from QDs to the triplet 

state of organic semiconductors, for application in upconversion and triplet sensitisation 

to drive photochemical reactions.14,133 Numerous studies have focused on the role of 

the ligand on the QD in facilitating or hindering the transfer of excited states to the 

organic semiconductor.96,134,135 These ligands both passivate surface defects and provide 

the QDs with colloidal stability. The transfer dependence on the length of the ligands 

indicated a Dexter-like transfer mechanism, with shorter ligands providing more 

efficient transfer as the ligands serve as a tunnelling barrier.101,136 Until the 

developments detailed  here, there had been no equivalent studies looking at transfer 

of triplet exciton into QDs in bulk systems , the basis of the proposed SF-PM 

technologies. The two previous reports of triplet transfer to QDs considered bilayer 

systems containing layers of organic and QDs on top of each other. 12,94 The confined 

and bilayer nature of these systems meant that triplets formed via fission are always 

close to an interface with the QDs and hence have ample opportunity to tunnel across 

the ligands. However, such a scheme does not provide sufficient light absorption as to 

be of any practical use. In a useful SF-PM, the singlet fission material must be present in 

sufficient quantity to harvest most of the incident photons (>95%) and at the same time, 

the QDs must be present in a low concentration so as to minimise parasitic loss via 

absorption of solar photons by QDs. For a realistic SF-PM to operate as desired, it has 

been estimated the parasitic absorption must be <5%.11 Previously, no such bulk system 

had yet been demonstrated, and the dynamics of the triplet transfer process to the QDs 

in such a system remained unexplored. 

4.2 Sample Preparation 

The synthesis of PbS QDs with oleic acid ligands (OA) and subsequent ligand exchange 

with either TET-CA or hexanoic acid (HA) was carried out using an adaptation of 

previously reported methods.137 Solutions of PbS-OA or PbS-TET-CA QDs at varying 

concentrations (up to 100 mg mL-1) and TIPS-Tc (200 mg mL-1) were dispersed in toluene 

and dispensed into cuvettes under a nitrogen atmosphere. 

Cuvettes of three varying thicknesses were used during optical measurements. For 

experiments requiring a fixed and accurate path length, 1 mm pathlength Hellma 

absorption quartz cuvettes were used. However, these cuvette’s relatively long optical 
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pathlength results in solutions which are incredibly optically dense in the visible region 

and thus effectively no visible light can be transmitted. Even in situations where 

transmission is not important, the amount of material required is excessive.  

To reduce the path length, in-house made cuvettes were used when possible (Figure 

7.1). Cuvettes with roughly 100 µm path lengths were created by stacking a 100 µm thick 

polyvinyl chloride sheet, stencilled with a cavity, between two glass cover slides. Edges 

were sealed with a 2-part quick-dry epoxy (Araldite 2-part epoxy adhesive). The 

advantage of this particular sized cuvette is that the solution inside is of high enough 

optical density for reliable QD PLQE values to be achieved with excitation across the 

visible range.  However, to achieve an SF-PM with low parasitic QD absorption (560-

1200 nm), cuvettes with no PVC spacer were used during subsequent absorption 

measurements. These samples have a gap for solutions on the order of 10 µm, as 

determined from comparison of absorbance values with a TIPS-Tc reference solution. 

4.3 Steady-State Optical Characterisation 

We begin the characterisation of the solution-phase TIPS-Tc:PbS-TET-CA system by 

investigating its steady-state optical properties. Figure 4.1c shows the absorption and 

emission spectra of TIPS-Tc, TET-CA, PbS QDs with the native OA ligands (PbS-OA) and 

those modified with TET-CA via ligand exchange (PbS-TET-CA), dissolved in toluene. 

Attachment of the TET-CA ligand after multiple wash cycles in acetone is confirmed via 

UV-Vis absorption measurements, where the TET-CA absorbance peaks are visible on 

top of the PbS QD absorbance. The absorption of TIPS-Tc, TET-CA and PbS-TET-CA show 

clear vibrionic structure. The 0-0 vibrionic peak of TIPS-Tc at 535 nm gives an S1 energy 

of 2.32 eV, while the TET-CA 0-0 peak at 545 nm (2.28 eV) indicates a 40 meV redshift 

on the addition of the carboxylic acid functional group. The triplet energy of TIPS-Tc is 

expected to be 1.2 eV,123 meaning that singlet fission in TIPS-Tc is endothermic.  

The PbS QDs are tuned such that their bandgap, as measured from the excitonic 

absorption peak at ~ 1180 nm (~ 1.05 eV), is below the triplet energy of TIPS-Tc 

(~ 1.2 eV), making it energetically favourable to accept triplets from TIPS-Tc.12 The 

Stokes-shifted PbS QD photoluminescence peak is at ~ 1350 nm (~ 0.92 eV). TIPS-Tc is a 

well-studied singlet fission material, which has been shown to efficiently undergo fission 

in highly concentrated solutions (>200 mg/mL) with a fission yield of 120 ± 10%.66,123 
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Figure 4.1: Schematic of the solution phase SF-PM system.  
TIPS-Tc, TET-CA and PbS QDs act as the singlet fission material, transmitter, and emitter 
respectively in this hybrid photon multiplier system. (a, b) Schematics of the photon 
multiplication process. The TIPS-Tc molecules absorb high-energy visible photons, producing a 
photoexcited singlet state S1, which then interacts with a different ground-state molecule to 
undergo singlet fission, forming two excited triplet molecules. (a) The high-bandgap carboxylic 
acid inhibits the TIPS-Tc triplets from getting close enough to the PbS QDs for triplet energy 
transfer (TET) to occur. (b) The TET-CA molecules bound to the PbS QDs surface are populated 
via TET from the TIPS-Tc, bringing the triplets in close contact with the PbS QDs and thus 
mediating TET to the PbS QDs. (c) The absorbance (solid line) and emission (dashed line) spectra 
of Tips-Tc (blue/top), TET-CA (orange/top-mid), PbS-OA QDs (green/bottom-mid) and PbS-TET-
CA QDs (black/bottom). Reproduced with permission from the ACS publications.122 

The TET-CA ligand is designed to act as a triplet transmitter ligand, whose triplet energy 

is chosen to lie above the bandgap of the QDs and slightly below that of the TIPS-Tc 

fission material, due to the conjugation of the COOH group which slightly lowers the 

energy levels in comparison to TIPS-Tc. As illustrated in Figure 4.1a, transfer of a triplet 

between TIPS-Tc and the PbS-OA QD would have to occur over a large distance. The oleic 

acid ligands act as a tunnelling barrier, resulting in a large Dexter transfer distance and 

thus reducing the rate of transfer.12,94 In contrast, with the TET-CA ligand acting as a 

transmitter, the triplet exciton can first transfer to the ligand. After this initial triplet 

transfer, the Dexter transfer distance into the PbS QD has been significantly decreased 
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compared to transfer through either OA or HA.96 Additionally, while the triplet exciton 

is located on the transmitter ligand it is in close proximity to the QD for an extended 

period of time. The increased interaction time, relative to the collisional interactions 

between triplet excitons on the TIPS-Tc molecules and the QDs covered with aliphatic 

ligands, leads to a higher triplet transfer rate. 

Estimation of the number of ligands attached to the surface of a quantum dot is 

experimentally challenging and can be achieved with techniques such as DOSY NMR.138 

Here, when estimating the molar mass of PbS-OA, we include the mass of 130 oleic acid 

ligands attached to the surface of each QD.139 From TEM measurements done in 

previous work, we estimate a QD core diameter of 3.4 ± 0.3 nm.137 By modelling the QD 

as spherical with the same density as bulk PbS of 7.6 g/cm3, with 130 oleic acid ligands 

per QD, we calculate a molar mass of (13 ± 2) x 104 g/mol.140 We use this value when 

converting between grams and moles of PbS quantum dots. There are more 

sophisticated methods in the literature that take into account non-stoichiometric ratios 

of Pb and S. However, we leave the exploration of these methods to future work.141 

4.3.1 Molar Attenuation Coefficients 

In order to determine useful optical properties of the SF-PM system, it is necessary to 

measure the molar attenuation coefficients for the various components across the Vis-

NIR range. For example, knowledge of the molar attenuation coefficients allows 

calculation of the relative absorption of photons to each component of the SF-PM. The 

absorbance spectra were measured using 1mm pathlength cuvettes with dilute 

solutions of TIPS-Tc, PbS-OA and PbS-TET-CA (2 mg/mL) in toluene. Starting from the 

known mass concentrations, the absorbance spectra, and molar masses, we estimate 

the molar attenuation coefficient via the Beer-Lambert law in the form 

𝜖 =
𝐴 ∙ 𝑀

𝑙 ∙ 𝜌
 , 

(4.1) 

where 𝜖 is the molar attenuation coefficient, 𝐴 is the absorbance, 𝑙 is the path length, 

𝑀 is the molar mass and 𝜌 is the mass concentration. The obtained molar and mass 

attenuation spectra are shown in Figure 4.2 a and b. In particular, the molar attenuation 

coefficients at 515 nm for TIPS-Tc, PbS-OA and PbS-TET-CA were found to be 2.4 × 104, 

2.6 × 105, and 3.5 × 105 𝐿𝑚𝑜𝑙−1𝑐𝑚−1, respectively (Figure 4.2). Knowledge of these 

attenuation coefficients is necessary to calculate the exciton multiplication factors for 

the SF-PMs from photoluminescent quantum efficiency values (see Section 4.3.3).  
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From the molar attenuation coefficients of TIPS-Tc and the QDs, we calculate the 

fraction of absorbed photons for each component as a function of wavelength. The 

fraction of absorbed photons by the ith component, 𝛼𝑖(𝜆) , is related to the 

concentration of the individual components [𝑖] and molar attenuation coefficients 𝜖𝑖(𝜆) 

by 

𝛼𝑖(𝜆) =
𝜖𝑖(𝜆)[𝑖]

∑ 𝜖𝑗(𝜆)[𝑗]𝑗
 . 

(4.2) 

Figure 4.2b shows the fraction of photons absorbed by the TIPS-Tc molecules in a 

solution of TIPS-Tc (200 mg/mL) and PbS-TET-CA (100 mg/mL). By exciting at 

wavelengths shorter than 560 nm, we can predominately excite the TIPS-Tc, ever for this 

SF-PM with the highest concentration of PbS-TET-CA QDs in the range investigated. 

 

Figure 4.2: Comparison of SF-PM components attenuation coefficients.  
Molar (a) and mass (b) attenuation coefficients of TIPS-Tc, PbS-OA QDs and PbS-TET-CA QDs. 
c) Predicted fractional absorption of the TIPS-Tc (blue area) and PbS-TET-CA (orange area) in a 
solution of TIPS-Tc (200 mg/mL) and PbS-TET-CA (100 mg/mL). Reproduced with permission from 
the ACS publications.122 

The molar attenuation coefficient allows calculation of 𝛿𝑃, the light penetration depth 

by 
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𝛿𝑃 =
𝑀

𝜖𝜌ln (10)
 . 

(4.3) 

For TIPS-Tc (200 mg/mL) under 535 nm excitation, the measured molar attenuation 

coefficient is 𝜖 = 15200 𝐿 𝑚𝑜𝑙−1𝑐𝑚−1. Thus, for a 200 mg/mL concentration of pristine 

TIPS-Tc we calculate a penetration depth of 0.86 μm. SF-PM solutions on the order of a 

few microns thick are therefore necessary to absorb a sufficient fraction of the incident 

irradiance to be of use to real-world applications. We detailing the required dimensions 

in the following section. 

Following the addition of PbS-TET-CA QDs, this light penetration depth is expected to 

decrease due to an increased attenuation coefficient. The subsequent analysis relies on 

the effective excitation density calculated using this penetration depth. Changes in the 

penetration depth with QD concentration will result in differences in the effective 

excitation density. However, over the QD concentration range investigated in this work, 

we calculate a reduction in the penetration depth by at most 6% (Figure 7.2). Therefore, 

for the current investigation, we assume the corresponding effect on the excitation 

density to be negligible. 

4.3.2 Calculation of the QD Parasitic Absorption 

Absorption of light directly to QDs is considered parasitic as the exciton multiplication 

step is absent, resulting in sub-optimal performance of the underlying PV. This parasitic 

absorption has the largest effect at wavelengths below the bandgap of the singlet fission 

material, where the QDs have non-negligible absorption and are the exclusive absorbing 

material in the SF-PM (Figure 4.2). 

An upper limit for this parasitic absorption in a ‘realistic’ SF-PM implementation has 

been suggested to be 5%, with the condition that the SF-PM still be optically dense 

enough for the singlet fission material’s absorption to be 95%.11 Figure 4.3a shows the 

measured absorbance spectrum for a solution of TIPS-Tc (200 mg/mL) and PbS-TET-CA 

QDs (50 mg/mL) in an in-house made micro cuvette. A linear regression fit of this 

spectrum and the measured attenuation spectra reveals that the path length of the 

cuvette is 15 ± 2 μm. Hence we illustrate that it is possible to achieve pathlengths on the 

micron scale and that the absorbance in our SF-PM is two orders of magnitude higher in 

the singlet fission material (535 nm) than in the parasitic QD absorption range 

(>560 nm). As shown by the liquid crystal display community, there exist methods for 

producing solutions as thin as 2 μm; we leave it to future work to demonstrate a solution 
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SF-PM with such a low thickness.142,143 However, we calculate that a 2.5 µm thick SF-PM 

solution would absorb 95% of the light at the TIPS-Tc absorption peak while maintaining 

the QD parasitic absorption (>560 nm) less than 5% (Figure 4.3b). Thus, it fullfills the 

absorption criteria for a proposed “realistic” SF-PM.11 

 

Figure 4.3: Calculation of the parasitic QD absorption.  
a) Measured absorbance of a SF-PM solution (black curve) with 200 mg/mL of TIPS-Tc and 
50 mg/mL of PbS-TET-CA QDs. Due to the extremely high absorption at the TIPS-Tc absorption 
peak and the limited sensitivity of the measurement, the true value for the TIPS-Tc absorbance 
peak is not captured (red dashed line). The measured attenuation spectra of TIPS-Tc and PbS-
TET-CA, combined at the appropriate concentration, were fitted, by linear regression, to the valid 
region of the measured absorbance spectrum (orange curve). From the attenuation coefficient 
of the solution, we calculate the thickness of this “micro cuvette” as 15 ± 2 μm. b) Using the 
attenuation spectra for TIPS-Tc and PbS-TET-CA we calculate the attenuation spectrum for a 
2.5 μm thick, TIPS-Tc (200 mg/mL) and PbS-TET-CA (50 mg/mL), singlet fission photon multiplier 
solution. From this, we calculate the percentage absorption for this PM solution. The horizontal 
dashed red line indicated 5 % photon absorption. Reproduced with permission from the ACS 
publications.122 

4.3.3 Photoluminescence and Quantum Efficiency 

We perform a qualitative evaluation of the SF-PM system by measuring IR-detected 

photoluminescence excitation spectra. Figure 4.4 shows the photoluminescence (PL) 

excitation spectrum of a solution of PbS-OA QDs in toluene (50 mg/mL), along with the 

comparable excitation scans for blends of TIPS-Tc (200 mg/mL) and QDs with various 

ligands. To allow comparison, the spectra have been normalised to their value under 

700 nm excitation.12 The excitation spectrum of PbS-OA has a decreasing emission 
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intensity with longer wavelength, following the absorbance of the QDs across this 

region. At wavelengths longer than 600 nm, where only the QDs are absorbing, all 

solutions follow the same trend. However, at wavelengths shorter than 600 nm the 

concentrated TIPS-Tc, with orders of magnitude higher absorption, is absorbing most of 

the light (Figure 4.3) and so the IR PL from the solution is an indication of the amount of 

exciton transfer from TIPS-Tc to the QDs. Compared to PbS-OA on its own, the TIPS-

Tc:PbS-TET-CA solution shows an increase in the IR PL for wavelengths where the TIPS-

Tc is absorbing, with the PL excitation peaks matching with TIPS-Tc absorption peaks, 

indicating a high exciton transfer efficiency. In contrast, blends of TIPS-Tc and PbS QDs 

without the TET-CA ligand (either OA or HA ligands) show a significant drop in IR PL for 

excitation below 550 nm, with dips that match with the absorption peaks of TIPS-Tc. This 

drop in IR PL shows that for these solutions the energy transfer from TIPS-Tc to the QDs 

is inefficient.  

 

Figure 4.4: Detection of exciton transfer by photoluminescent excitation spectra.  
PbS QD PL excitation spectra for solutions of TIPS-Tc (200 mg/mL) and 1.05 eV PbS QDs (50 
mg/mL) with OA (green), HA (yellow) TET-CA (grey) ligands, along with PbS-OA QDs on their own 
(dashed). The excitation spectra are normalised to the value at 700 nm, where only the QD is 
absorbing. Reproduced with permission from the ACS publications.122 

For quantitative evaluation of the SF-PM system, we use IR PLQE measurements on a 

series of solutions with varying QD concentrations. Table 7.1 and Figure 4.5 detail the 

PLQE values for the PbS QD emission in the TIPS-Tc:QD solutions excited at either 

515 nm, which excites both TIPS-Tc and QD, or 658 nm, which selectively excites the 

QDs. For TIPS-Tc:PbS-TET-CA solutions the peak PLQE occurs at a QD concentration of 

50 mg/mL, with 18.2% IR PLQE (515 nm excitation), while the intrinsic PLQE of the QD 
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in the same solution was found to be 14.6% (658 nm excitation). The increased PLQE 

value when the TIPS-Tc is predominately excited, relative to excitation of only the QDs, 

indicates efficient exciton multiplication via the singlet fission process and triplet exciton 

transfer to the PbS-TET-CA QDs. 

The IR PLQE of a photon multiplier 𝜂𝑃𝑀(𝜆) for excitation at wavelength 𝜆, with singlet 

fission donor and emissive QD acceptor components, can be expressed as12 

𝜂𝑃𝑀(𝜆) = 𝜂𝑄𝐷

𝜇𝑄𝐷(𝜆) + 𝜂𝐸𝑀𝐹𝜇𝑇𝑐(𝜆)

𝜇𝑄𝐷(𝜆) + 𝜇𝑇𝑐(𝜆)
 , 

(4.4) 

where 𝜂𝑄𝐷 is the intrinsic PLQE of the QD, 𝜇𝑖 is the attenuation coefficient, base 10, of 

the ith component and 𝜂𝐸𝑀𝐹  is the exciton multiplication factor. The exciton 

multiplication factor characterises the total exciton transfer from the donor to acceptor. 

In principle, the excitons that are transferred can be of spin-singlet and spin-triplet 

nature. However, by the end of this chapter, we systematically show that triplet exciton 

transfer is the dominate process occurring in the TIPS-Tc:PbS-TET-CA solutions and there 

is negligible singlet exciton transfer. 

For comparison, the expected IR PLQE of the SF-PM solutions without exciton transfer 

is given by12 

𝜂𝑘𝑇𝑟=0
(𝜆) = 𝜂𝑄𝐷

𝜇𝑄𝐷(𝜆)

𝜇𝑄𝐷(𝜆) + 𝜇𝑇𝑐(𝜆)
  . 

(4.5) 

The measured molar attenuation coefficients and the intrinsic QDs PLQE are combined 

to calculate the IR PLQE for the “no transfer case” in the SF-PM and is compared to the 

measured values (Figure 4.5). The calculated IR PLQEs for the “no transfer case” 

illustrates the minimum amount of IR PL that should be observed in the solutions. 

Hence, values higher than this level, like those observed for the TIPS-Tc:PbS-TET-CA 

solutions, indicate exciton transfer from the TIPS-Tc to the PbS QDs. The TIPS-Tc:PbS-OA 

solutions show little deviation from this lower limit, supplying additional evidence that 

the OA ligand inhibits exciton transfer between the TIPS-Tc and the PbS QDs. 
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Figure 4.5: IR PLQE of values for TIPS-Tc:QD solutions.  
TIPS-Tc (200 mg/mL) with (a) PbS-OA and (b) PbS-TET-CA solutions, under 515 nm excitation. The 
horizontal grey dashed lines indicate the intrinsic IR PLQE of the QDs, measured under 658 nm 
excitation. The yellow lines indicate the expected PLQE for the solution due to photon absorption 
directly to the QDs (no exciton transfer). The IR PLQE with 515 nm excitation were measured 
under 5 mW/cm2 fluence. Reproduced with permission from the ACS publications.122 

Alternatively, the exciton multiplication factor 𝜂𝐸𝑀𝐹 can be  explicitly calculated from12 

𝜂𝐸𝑀𝐹(𝜆) =
1

𝜇𝑇𝑐(𝜆)
(

𝜂𝑃𝑀(𝜆)

𝜂𝑄𝐷
(𝜇𝑄𝐷(𝜆) + 𝜇𝑇𝑐(𝜆)) − 𝜇𝑄𝐷(𝜆)) . 

(4.6) 

𝜂𝐸𝑀𝐹 gives the number of excitons transferred to the PbS QDs per photon absorbed in 

the TIPS-Tc, in terms of the intrinsic QD IR PLQE (658 nm excitation), the SF-PM IR PLQE 

(excitation at 𝜆) and the attenuation coefficients of the TIPS-Tc and QDs. Using equation 

(4.6), the measured molar absorption coefficients and IR PLQE values when the SF-PM 

solutions were excited at 515 nm and 658 nm, we calculate the exciton multiplication 

factor, 𝜂𝐸𝑀𝐹, as shown in Figure 4.6. Here we have quantitative proof of singlet fission 

photon multiplication, as we observe values of exciton transfer above 100% for 

concentrations greater than ~10 mg/mL of PbS-TET-CA QDs. In this system, exciton 

multiplication greater than 100% indicate that efficient singlet fission and triplet transfer 

are the dominate processes leading the QD emission.   
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Figure 4.6: Quantification of the exciton multiplication factor.  
Exciton multiplication factor for transfer from TIPS-Tc to PbS-OA (green circles) and PbS-TET-CA 
(black squares) in solutions with varying concentrations together with TIPS-Tc (200 mg/mL), 
under 515 nm 5 mW/cm2 excitation. The horizontal grey dashed line indicates the point at which 
100% excitation transfer occurs. The values for 100 mg/mL QD concentration have been 
highlighted as outliers due to self-absorption losses. The triplet exciton transfer efficiency, 𝜂𝑇𝐸𝑇, 
calculated with the kinetic parameters derived from the nsTA (details in Section 4.5.2) is scaled 
by a singlet fission efficiency, 𝜂𝑆𝐹 = 1.35 ± 0.05, to match with the values obtained by PLQE 
measurements for PbS-TET-CA (grey, with 95% confidence bounds). Reproduced with permission 
from the ACS publications.122 

In Section 4.5, we develop a kinetic model to describe the transfer of triplet excitons 

from the TIPS-Tc to the PbS-TET-CA QDs. Without going into detail, we calculate the 

triplet transfer efficiency, 𝜂𝑇𝐸𝑇, as a function of the PbS-TET-CA QD concentration, at 

the laser fluence used in the IR PLQE measurements. Multiplication of this TET efficiency 

with a singlet fission yield of 𝜂𝑆𝐹 = 135 ± 5% gives reasonable agreement with the 

observed values for the exciton multiplication factor, 𝜂𝐸𝑀𝐹 = 𝜂𝑆𝐹𝜂𝑇𝐸𝑇,  obtained from 

the PLQE data (Figure 4.6, grey curve). This value for the singlet fission yield agrees with 

previous predictions obtained by measurement of triplet sensitised transient absorption 

spectra and is the default value used for the remainder of this investigation.123 

The measured exciton multiplication factor, 𝜂𝐸𝑀𝐹, for the PbS-OA system is low for all 

QD concentrations, indicating poor exciton transfer. Changing the QD ligand to HA does 

result in slightly increased IR PL when the TIPS-Tc is absorbing (Figure 4.4). This trend 

agrees with the HA ligand resulting in higher exciton transfer than the longer OA ligand 

due to HA having a shorter Dexter transfer distance.12,94,101 However, the TET-CA ligand 

greatly outperforms the shorter HA ligands.  
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The observed drop in the IR PLQE values for 100 mg/mL QD concentration is assigned to 

self-absorption losses because of the high QD concentrations, and is therefore 

highlighted as an outlier (Figure 4.6). The drop in IR PLQE aligns with a red shifting of the 

QD’s PL peak, a sign of self-absorption (Figure 7.3).144 

4.3.4 Magnetic Field Dependent PL 

We use magnetic field dependent PL measurements to confirm that the TIPS-Tc system 

is harvesting triplet excitons generated via singlet fission (Figure 4.7).12 With excitation 

at 515 nm, the TIPS-Tc singlet emission (550-750 nm) shows an increased intensity on 

application of high magnetic fields (>0.3 T), as expected for a material undergoing singlet 

fission (Figure 4.7). Conversely, the PbS-TET-CA QDs’ IR PL shows a corresponding 

decrease, indicating that the excited QD states are the result of triplets generated by 

singlet fission, transferred from the TIPS-Tc.12,118 Direct excitation of the PbS-TET-CA QD 

with 658 nm laser light results in no observed magnetic dependence (for fields less than 

0.5 T), similar to previous observations.12,118 

 

Figure 4.7: Magnetic dependent PL from TIPS-Tc:PbS-TET-CA solution.  
a) TIPS-Tc (orange curve) and PbS-TET-CA QD (blue curve), normalised PL emission spectra of a 
TIPS-Tc:PbS-TET-CA solution (100:50 mg/mL), under 515 nm excitation, at zero applied field. 
b) Percentage change in the QD and TIPS-Tc PL, for a solution of TIPS-Tc:PbS-TET-CA solution 
(200:100 mg/mL). QD (blue circles) and TIPS-Tc (orange squares) emission resulting from 
excitation with 515 nm laser light. Direct excitation of the QD, with 658 nm (grey circle). 
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4.4 Triplet Harvesting Dynamics 

In this section we delve into the dynamics of the triplet harvesting process occurring in 

the SF-PM solutions, beginning with the transient photoluminescence of the PbS QDs. 

Along with the increased steady-state PLQE, we measure higher levels of long-lived 

transient PL signal for TIPS-Tc:PbS-TET-CA solutions compared to TIPS-Tc:PbS-OA when 

excited at 530 nm, as shown in Figure 4.8. The longer-lived PL signal indicates that the 

triplet exciton transfer is occurring on timescales comparable to or slower than the 

decay of the excited QD states. Due to the long lifetime of the QDs compared to the 

fixed repetition rate (1 MHz) used to photoexcite the system, a significant population of 

excited TIPS-Tc and QD states remain present when the next pump laser pulse interacts 

with the system. The effect of this accumulation of excited state is most apparent by the 

high PL counts before time zero. These pre-time zero detector counts should not be 

confused with background detector counts due to ambient conditions and the electronic 

noise in the detector. Figure 4.8a shows the measured background counts for an 

equivalent detection period are indeed significantly lower than these pre-time zero 

values. To make this point as clear as possible we take the mean value of the background 

detector counts and remove it from the PL kinetics (Figure 4.8b). The pre-time zero PL 

counts remain clear.  

We use a bi-exponential decay in the presence of periodic excitation in the form  

𝑦(𝑡) = 𝐴𝑒−𝑡/𝜏1 + 𝐵𝑒−𝑡/𝜏2 +
𝐵

𝑒𝑇/𝜏2 − 1
  

(4.7) 

to fit the decay of the QD PL (see Appendix B for a detailed derivation). The short 𝜏1 time 

constant component is a parameterisation of the non-linear recombination occurring in 

the QD, due possibly to an Auger recombination, while the longer 𝜏2 time constant is 

the decay constant for excited QD states. Fitting to the IR transient PL is achieved by 

least-square fitting as shown in Figure 4.8b and the parameters shown in Table 4.1. 

When the SF-PM solutions are excited at 530 nm, where TIPS-Tc’s absorption is 

dominant, we extract a decay constant of 1.30±0.01 μs for the PbS-OA quantum dots, 

compared to 22.0 ±0.7 μs for the PbS-TET-CA QDs. The value for PbS-OA QDs is in 

agreement with previous reports for PbS-OA QDs alone in toluene; however, the PbS-

TET-CA value is significantly longer.134 The extended PL decay constant suggests the 

TIPS-Tc triplet excited states are being harvested by the PbS-TET-CAQDs (10 mg/mL) 

with a time constant of roughly 20 μs. 
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Figure 4.8: a) Transient near-infrared photoluminescence from TIPS-Tc:QD solutions.  
a) PL counts for 10 mg/mL PbS-OA NCs (green) and PbS-TET-CA QDs (grey) in toluene with 
100 mg/mL TIPS-Tc, under excitation with 530 nm 300 pJ/cm2, 1 MHz repetition rate pump pulse. 
The black curve is the counts collected from the ambient background for the same collection time 
without any sample present in the beam path. b) PL kinetics normalised to the maximum value 
after removal of a fixed constant representative of contributions to camera counts from ambient 
conditions. The laser pump timing has been aligned with t = 0 ns, and thus counts before this 
time are residual counts from all previous pump pulse. The fits to the transient kinetics (black) 
follow a parameterisation with a bi-exponential function, where the slower exponential decay is 
summed over all previous pump pulses, representing an exponential decay in a periodically 
driven system. Reproduced with permission from the ACS publications.122 

 

Sample 𝝉𝟏 (ns) 𝝉𝟐 (μs) 

PbS 40 ± 1 1.300 ± 0.005 

TIPS-Tc:PbS-TET-CA  10 ± 1 22 ± 0.7 

Table 4.1: Transient near-infrared photoluminescence fitting parameters. 
Fitting parameters for 10 mg/mL PbS-OA NCs and PbS-TET-CA QDs in toluene with 100 mg/mL 
TIPS-Tc, under excitation with 530 nm 300 pJ/cm2, 1 MHz repetition rate pump pulse. 
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4.4.1 Building a Kinetic Model 

With the knowledge that singlet fission photon multiplication is occurring in the SF-PM 

solutions of TIPS-Tc:PbS-TET-CA, we now seek a possible kinetic model to understand 

the dynamics of such a process. By taking the basic kinetic scheme for singlet fission and 

including a variety of interactions with a PbS-TET-CA QD we arrive at the kinetic scheme 

shown in Figure 4.9.123 These interactions include singlet exciton transfer (SET) from the 

TIPS-Tc (𝑘𝑆𝐸𝑇) and TET-CA (𝑘𝐿𝑆𝐸𝑇)  to the QD excitated state X1; triplet exciton transfer 

(TET) in either direction between TIPS-Tc and TET-CA (𝑘±𝑇𝐸𝑇1
), TET-CA and the PbS QD 

(𝑘±𝑇𝐸𝑇2
)  or directly between TIPS-Tc and the PbS QD (𝑘±𝑇𝐸𝑇). The decay channels 

include TIPS-Tc singlet radiative and non-radiative decay (𝑘𝑆𝑟
 and 𝑘𝑆𝑛𝑟

); PbS QD radiative 

and non-radiative decay (𝑘𝑋𝑟
 and 𝑘𝑋𝑛𝑟

) and TIPS-Tc excimer, TIPS-Tc triplet,  TET-CA 

triplet monomeric decay (𝑘𝐸 , 𝑘𝑇  and 𝑘𝐿𝑇 ). Critically we take care to include TIPS-Tc 

triplet bi-molecular decay via the 𝑘𝑇𝑇𝐴 rate. Many of these processes have been shown 

to occur previously.98,123 However, this is not an exhaustive list of the possible 

processes.66 

 

Figure 4.9: Kinetic scheme illustrating the relevant photophysical processes. 
This model includes an extensive list of the possible excited state processes that could occur in a 
solution of TIPS-Tc and PbS QD with TET-CA ligand. Reproduced with permission from the ACS 
publications.122 

Analysis of the above scheme leads to the following system of differential equations: 

𝑑𝑆1

𝑑𝑡
= −(𝑘𝑆𝑛𝑟

+ 𝑘𝑆𝑟
+ 𝑘𝑆𝐸𝑇)𝑆1 − 𝑘𝐸𝐹𝑆0𝑆1 + 𝑘𝐸𝑆𝐸 + 𝐼(𝜆)𝛼𝑇𝑐(𝜆) , 
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𝑑𝐸

𝑑𝑡
= 𝑘𝐸𝐹𝑆0𝑆1 + 𝑘𝑇𝐹𝑇1

2 − (𝑘𝐸,𝑟 + 𝑘𝐸,𝑛𝑟 + 𝑘𝐸𝑆 + 𝑘𝑆𝐹)𝐸 , 

𝑑𝑇1

𝑑𝑡
= 2𝑘𝑆𝐹𝐸 + 𝑘−𝑇𝐸𝑇1

𝐿𝑇1 + 𝑘−𝑇𝐸𝑇𝑋1 − (𝑘𝑇 + 𝑘𝑇𝐸𝑇1
+ 𝑘𝑇𝐸𝑇)𝑇1 − (𝑘𝑇𝑇𝐴 + 2𝑘𝑇𝐹)𝑇1

2 , 

𝑑𝐿𝑆1

𝑑𝑡
= −𝑘𝐿𝑆𝑆𝐿1 − 𝑘𝐿𝑆𝐸𝑇𝑆𝐿1 + 𝐼(𝜆)𝛼𝐿(𝜆) ,  

𝑑𝐿𝑇1

𝑑𝑡
= 𝑘𝑇𝐸𝑇1

𝑇1 + 𝑘−𝑇𝐸𝑇2
𝑋1 − (𝑘𝐿𝑇 + 𝑘−𝑇𝐸𝑇1

+ 𝑘𝑇𝐸𝑇2
)𝐿𝑇1 − 𝑘𝑇𝑇𝐿𝐴𝐿𝑇1

2 , 

𝑑𝑋1

𝑑𝑡
= −

𝑑𝑋0

𝑑𝑡
= 𝑘𝑆𝐸𝑇𝑆1 + 𝑘𝑇𝐸𝑇2

𝐿𝑇1 + 𝑘𝑇𝐸𝑇𝑇1 + 𝑘𝐿𝑆𝐸𝑇𝑆𝐿1

− (𝑘𝑋𝑛𝑟
+ 𝑘𝑋𝑟

+ 𝑘−𝑇𝐸𝑇2
+ 𝑘−𝑇𝐸𝑇)𝑋1 + 𝐼(𝜆)𝛼𝑄𝐷(𝜆) . 

(4.8) 

Where 𝑆0 , 𝑆1 , 𝐸 , 𝑇1 , 𝐿𝑆1 , 𝐿𝑇1 , 𝑋0  and 𝑋1  are respectively the density of the TIPS-Tc 

ground state, TIPS-Tc first excited singlet state, TIPS-Tc excimer state, TIPS-Tc triplet 

state, TET-CA first excited singlet state, TET-CA triplet state, PbS QD ground state and 

PbS QD excited state.  𝐼(𝜆)  is the density of photons absorbed by the sample as a 

function of the excitation wavelength 𝜆  and 𝛼𝑖  is the fraction absorbed by the ith 

component. 

In previous work, it has been shown that the TIPS-Tc singlet decays within 100 ps in 

concentrated solutions.66,123 SET from TIPS-Tc to the PbS QD can occur during this initial 

decay of the singlet or from singlets regenerated via triplet-triplet annihilation (TTA) in 

the TIPS-Tc. However, these two processes can be distinguished via their characteristic 

fluence dependence. SET from the initial photoexcited singlet exciton will occur at a 

constant efficiency determined by the branching ratio, 𝑘𝑆𝐸𝑇/(𝑘𝑆𝑛𝑟
+ 𝑘𝑆𝑟

+ 𝑘𝑆𝐸𝑇 +

𝑘𝐸𝐹𝑆0), at all fluences. However, SET from TTA generated singlets will happen after 

100 ps and will increase superlinearly with fluence, significant populations of excited 

singlet excitons only being regenerated at high fluences. Later in Section 4.4.2, we show 

that SET from the photon generated singlet is not efficient in this system (< 5%) and so 

the dominant process occurring at low incident fluences for the TIPS-Tc singlet is singlet 

fission. 

We simplify the above kinetic scheme by applying the following constraints on the triplet 

transfer and singlet fission processes. The QD bandgap has been chosen such that it is 

lower than the TIPS-Tc and TET-CA triplet energies, making TET from the TIPS-Tc and 
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TET-CA to the PbS QD energetically favourable over the reverse process. The singlet 

fission process is negligibly affected by the addition of the QDs, production of the singlet 

via TTA is excluded and SET from the TIPS-Tc singlet is inefficient. Exciton transfer is 

proceeding after singlet fission has occurred, meaning singlet fission can be treated as a 

unidirectional process that instantaneously produces triplets with a yield of 𝜂𝑆𝐹. Triplet 

transfer from the TIPS-Tc to the TET-CA ligand is slow compared to transfer from the 

TET-CA ligand to the PbS QD, meaning 𝑘𝑇𝐸𝑇2
 is not the rate-limiting step and so there is 

negligible population of the TET-CA triplet state during the transfer step. Any 

photogenerated singlet excitons on the TET-CA ligand are transferred with unity 

efficiency to the PbS QD. This unity efficiency for singlet transfer is justified by the 

effective equivalence of the measured IR PLQE values of the PbS-TET-CA QDs when 

excited at wavelengths where the TET-CA and QD absorb (515 nm) and where only the 

QD absorbs (658 nm), 14.2% and 14.6% respectively. In previous studies, singlet fission 

has been reported to occur on the surface of PbS QDs in the TET-CA ligands; we do not 

observe this with the QDs used in this work and assign the difference to a lower TET-CA 

surface coverage resulting in weaker TET-CA and TET-CA interactions.137 Finally, we 

consider the population of PbS QDs excited states as a weak perturbation of the QD 

ground state population and so treat 𝑋0 as a constant. Under these simplifications, the 

kinetic model, as shown by Figure 4.10, can be expressed as three separable efficiencies, 

𝜂𝑆𝐹, 𝜂𝑇𝐸𝑇 and 𝜂𝑄𝐷, described by the following system of equations: 

𝑑𝑇1

𝑑𝑡
= 𝜂𝑆𝐹𝐼(𝜆)𝛼𝑇𝑐(𝜆) − (𝑘𝑇 + 𝑘𝑇𝐸𝑇𝑋0)𝑇1 − 𝑘2𝑇1

2 , 

𝑑𝑋1

𝑑𝑡
= 𝑘𝑇𝐸𝑇𝑋0𝑇1 − (𝑘𝑋𝑛𝑟

+ 𝑘𝑋𝑟
)𝑋1 + 𝐼(𝜆)𝛼𝑄𝐷+𝐿(𝜆) . 

(4.9) 
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Figure 4.10: Kinetic scheme illustrating the simplified array of photophysical processes.  
The singlet fission and triplet transfer processes are assumed to be unidirectional. Reproduced 
with permission from the ACS publications.122 

In a related piece of work that we leave to the reader for further investigation, we loosen 

the unidirectional constraints on the kinetic model described here.97 This extra layer of 

complexity reveals insightful design rules regarding the exact energy offset that is 

required between the SF materials triplet energy, triplet transmitter triplet energy and 

the bandgap of the QD. However, the advanced analysis is consistent with the model 

described here for this particular system. 

4.4.2 Femtosecond Transient Absorption 

To evaluate the ultrafast excited-sate dynamics of TIPS-Tc in the presence of PbS QDs, 

femtosecond transient absorption spectra were measured (Figure 4.11 and Figure 4.12). 

In concentrated solutions of TIPS-Tc (200 mg/mL), with and without PbS-TET-CA 

(50 mg/mL), we observe a loss of the singlet and rise of triplet features within 100 ps 

after excitation.66,123 The TIPS-Tc singlet exciton is identified by the clear stimulated 

emission (SE), positive peak at ~570 nm and broad photoinduced absorption (PIA), from 

~600 nm to ~900 nm. These features decay over the course of 100 ps after photo 

exciton, concurrently with the growth of the TIPS-Tc triplet PIA (negative peak at 

~850 nm). 

We apply the genetic algorithm to deconvolve the femtosecond transient absorption 

map into kinetics and spectra for the TIPS-Tc singlet and triplet excitons (subplots c and 

d in Figures 4.14 and 4.15). For both the TIPS-Tc, with and without PbS-TET-CA QDs, the 

genetic algorithm successfully extracts kinetics that shows the decay of an initial species, 
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the singlet exciton, concurrent with the rise of a second species, the triplet exciton. The 

extracted spectra show features that agree with the SE and PIA of the singlet and triplet 

PIA signals assigned earlier. Because of the strong absorption of the QDs, the probe 

pulse is significantly weaker in the TIPS-Tc:PbS-TET-CA solution at shorter wavelengths. 

This results in worse probe statistics at wavelengths below 700 nm compared with 

spectra of TIPS-Tc on its own. As a result, the spectral features like the TIPS-Tc’s singlet 

stimulated emission (580 nm) and PIA (650 nm) appear weaker as they have been 

masked by experimental noise. However, the singlet and triplet features in the range of 

700-950 nm are still clear and allow for spectral deconvolution of the two species. 

Comparing the decay of the singlet exciton’s PIA at 860 nm, with and without the PbS 

QDs, reveals no significant difference in the fission kinetics (Figure 4.12b). Upon kinetic 

fitting with a mono-exponential decay (capturing the singlet decay) and constant offset 

(residual signal due to the triplet state), we find singlet decay constants in the range 70-

80 ps (Table 4.2). 

After the TIPS-Tc singlet exciton decays, the subsequent triplet spectrum with PIA peak 

at 850 nm is present at similar signal strengths as the pristine TIPS-Tc solution. This is 

observed from the genetic algorithm’s deconvolution and the raw TA signal at times 

after 200 ps in Figure 4.12b, indicating that singlet fission occurs with similar yields with 

the PbS-TET-CA QDs present. The insignificant change in singlet decay rate and similar 

intensities of the subsequent PIA spectrum, with and without the Pbs-TET-CA, indicates 

that there is no effect on the singlet fission process.  
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Figure 4.11: Identification of singlet fission in TIPS-Tc solutions. 
Picosecond transient absorption map (a) and spectra (b) of ~100 µm thick TIPS-Tc solution 
(200 mg/mL). The sample was excited with a 15 μJ/cm2 pulse centred at 535 nm. We decompose 
the fsTA map into two kinetics (c) and spectra (d) in a global analysis using the genetic algorithm. 
The kinetics were fitted with a bi-exponential function to give a guide to the eye. We assign the 
spectra to the singlet (initial state) and triplet (subsequent state).123 Reproduced with permission 
from the ACS publications.122 
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Figure 4.12: Identification of singlet fission in TIPS-Tc:PbS-TET-CA solutions.  
a) Picosecond transient absorption map of ~100 µm thick TIPS-Tc:PbS-TET-CA (200:50 mg/mL) 
solution excited with a 15 μJ/cm2 pulse centred at 535 nm. b) Comparison of the signal strength 
at 860 nm between TIPS-Tc and TIPS-Tc:PbS-TET-CA. The kinetic fitting is achieved using an 
exponential decay (capturing the singlet decay) with constant offset (residual signal due to the 
excimer state). We decompose the fsTA map into two kinetics (c) and spectra (d) using the 
genetic algorithm. The kinetics were fitted with a bi-exponential function to give a guide to the 
eye. We assign the spectra to the singlet (initial state) and triplet (subsequent state). Reproduced 
with permission from the ACS publications.122 
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Solution Time Constant (ps) 

TIPS-Tc 71 ± 4 

TIPS-Tc:PbS-TET-CA 78 ± 6 

Table 4.2: psTA fitted time constant for the decay of the TIPS-Tc singlet PIA.  
Decay rate obtained by fitting an exponential decay with offset to the fsTA kinetics at 860 nm. 
Samples excited with 535 nm, fs pulses at 15 μJ/cm2. 

4.4.2.1 Ruling out Singlet Exciton Transfer 

Due to the similarity of the TIPS-Tc singlet decay with and without the PbS QDs present, 

it appears that singlet exciton transfer to the QD does not compete with the singlet 

fission. Here, we attempt to quantify just how little (or if any) singlet exciton transfer is 

occurring. As shown in Section 4.4.1 the TIPS-Tc singlet decay rate for solutions of TIPS-

Tc 𝑘1, and TIPS-Tc:PbS-TET-CA 𝑘2, can be simplified to 

𝑘1 = 𝑘𝑆𝑟
+ 𝑘𝑆𝑛𝑟

+ 𝑘𝐸𝐹𝑆0 , 

(4.10) 

𝑘2 = 𝑘𝑆𝑟
+ 𝑘𝑆𝑛𝑟

+ 𝑘𝐸𝐹𝑆0 + 𝑘𝑆𝐸𝑇 . 

(4.11) 

From this set of equations, the efficiency of singlet exciton transfer can be expressed as 

𝜂𝑆𝐸𝑇 =
𝑘𝑆𝐸𝑇

𝑘𝑆𝑟
+ 𝑘𝑆𝑛𝑟

+ 𝑘𝐸𝐹𝑆0 + 𝑘𝑆𝐸𝑇
=

𝑘2 − 𝑘1

𝑘2
 , 

(4.12) 

with uncertainty given by Δ𝜂𝑆𝐸𝑇 = (
𝑘1

𝑘2
) (

Δ𝑘1

𝑘1
+

Δ𝑘1

𝑘1
). From the fitted fsTA TIPS-Tc singlet 

decay rates we find, 𝑘1 = 14.1 ± 0.8 𝑛𝑠−1 and 𝑘2 = 12.8 ± 1.0 𝑛𝑠−1.  Therefore, the 

efficiency of SET in a solution of TIPS-Tc (200 mg/mL) and PbS-TET-CA (50 mg/mL) is 

𝜂𝑆𝐸𝑇 =  −0.10 ± 0.15 . This indicates an upper bound on singlet exciton transfer 

efficiency from the initially excited TIPS-Tc singlet to the PbS-TET-CA QDs at 5%. 

The indication of a negligible single exciton transfer efficiency is corroborated by the 

observation that no spectral features could be assigned to changes in the population of 

excited QD states. PbS QD excited states result in broad PIA features in the 550-950 nm 

range.137 As we see no significant growth of these QD features in the first 2 ns after 
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photoexcitation, any excited state population in the QDs within this time period is a 

result of direct photoexcitation. In summary, the transfer that has been observed in 

steady-state experiments is not the result of singlet exciton transfer but, as the most 

reasonable alternative, triplet exciton transfer on timescales greater than 2 ns. 

4.4.3 Nanosecond Transient Absorption 

To investigate the full decay dynamics of the excited states in TIPS-Tc and PbS-TET-CA, 

nanosecond transient absorption (nsTA) spectra were measured. We begin our 

discussion of the solution-phase singlet fission multiplication dynamics by probing the 

components individually. First, we characterise the nanosecond dynamics of the singlet 

fission material TIPS-Tc. The TIPS-Tc system has been studied previously and the fission 

dynamics investigated, allowing identification of the nsTA spectral components with 

ease. We build upon this previous work by quantifying the triplet decay dynamics. 

4.4.3.1 TIPS-Tc Fluence Dependence 

After femtosecond pulse excitation at 535 nm, of solutions of concentrated pristine 

TIPS-Tc, we observe long-lived (>10 µs) triplet excitons as identified by the triplet PIA 

features (Figure 4.13a), which is consistent with previous literature.123 We identify the 

TIPS-Tc triplet excitons by the two photoinduced absorption (PIA) peaks at 840-850 and 

960-970 nm.66,123 Additionally, we identify a broad PIA feature across the probe range, 

identified as an excimer state, decaying within 10 ns.66,123 The decay of TIPS-Tc triplets 

display significant fluence dependence, indicating bi-molecular recombination as a 

significant decay channel for the excited triplet states (Figure 4.13b).  

To accurately identify the transfer of triplet excitons from the TIPS-Tc to the PbS-TET-CA 

QDs we seek a kinetic model to describe the triplet decay in TIPS-Tc alone. The decay of 

TIPS-Tc triplet density after generation by singlet fission can be expressed as57 

𝑑[𝑇]

𝑑𝑡
= −𝑘1[𝑇] − 𝑘2[𝑇]2 . 

(4.13) 

The strength of the measured TIPS-Tc triplet photo induced absorption at 840-850 nm 

is proportional to the total number of triplets present, 
∆𝑇

𝑇
∝ ∫ [𝑇] 𝑑𝑉

𝑉
. We assume a 

uniform triplet density in the volume of integration described by the area and 

penetration depth of the pump beam. This assumption leads to a linear relationship 
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between the measured triplet PIA strength and the TIPS-Tc triplet density, 
∆𝑇

𝑇
= 𝜒[𝑇]. 

Thus, we find 

𝑑(Δ𝑇/𝑇)

𝑑𝑡
= −𝑘1(Δ𝑇/𝑇) − 𝑘′2(Δ𝑇/𝑇) 2 , 

(4.14) 

where 𝑘2
′ = 𝑘2/𝜒 . We find 𝜒  by measurement of the pump beam area and power, 

singlet fission yield (135%), and absorbance of TIPS-Tc (giving the 535 nm laser 

penetration depth). The analytical solution to this differential equation is 

(
Δ𝑇

𝑇
) (𝑡) = (

Δ𝑇

𝑇
)

0

1 − 𝛽

exp(𝑘1𝑡) − 𝛽
 , 

(4.15) 

with 𝛽 = 𝛼/(𝑘1 + 𝛼) , and 𝛼 = 𝑘′2 (
Δ𝑇

𝑇
)

0
. Globally fitting this analytical function to 

multiple triplet decay kinetics at a range of fluences allows determination of the mono 

and bi-molecular decay rates (Figure 4.13 and Table 7.2). From the decay rates the 

fraction of triplets that decay mono-molecularly, 𝑓1, and bi-molecularly, 𝑓2, can be found 

using the following,57 

𝑓1 =
𝛽 − 1

𝛽
ln(1 − 𝛽) , 

(4.16) 

𝑓2 = 1 − 𝑓1 = 1 −
𝛽 − 1

𝛽
ln(1 − 𝛽) . 

(4.17) 

We find that at the pump fluences achievable in this nsTA experiment, the fraction of 

triplet decaying bi-molecularly is between 0.5 – 1, within uncertainty (Table 7.2). Most 

triplets are decaying bi-molecularly even at the lowest measurable fluences. 

Global fitting of multiple nsTA kinetics (at varying laser fluences) with equation (4.15), 

following previously reported methods for fitting triplet decay dynamics, allows 

extraction of monomolecular and bi-molecular triplet decay rates of 5.6 ± 5.1 (ms)-1 and 

(7.6 ± 0.3) x 10-23 cm3ns-1, respectively (Table 7.2).145  

The significant uncertainty on the mono-molecular decay rate indicates that we have 

not fully resolved the intrinsic decay of the triplet states. Given the uncertainty in the 

extracted values, comparison of the decay rate shows at most 40% of triplets decay 
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mono-molecularly at the lowest laser fluence used (21 μJ/cm2), the rest decaying via bi-

molecular channels. 

 

Figure 4.13: Triplet bi-molecular decay for TIPS-Tc in solution. 
a) Nanosecond transient absorption map of ~100 µm thick TIPS-Tc solution (200 mg/mL). The 
sample was excited with a 168 μJ/cm2 pulse centred at 535 nm. The normalised (b) and raw (c) 
nsTA signal strength at 840-850 nm for fluences from 25-200 μW (21-168 µJ/cm2). Kinetics were 
fitted globally with an analytical function for a bi-molecular decay process. Reproduced with 
permission from the ACS publications.122 

4.4.3.2 QD Transient Absorption 

Following the study of TIPS-Tc, we investigate the PbS-OA and PbS-TET-CA QD dynamics 

on their own. After excitation at 535 nm of either QD, we observe nsTA features with 

microsecond lifetimes (Figure 4.14). Characteristic of PbS QDs of the particular bandgap 

used in this work, we detect a positive signal at 950-1200 nm, which is assigned to a 

ground state bleach (GSB) from QD excited states.94 The excitonic excited state has 

photoinduced absorption features from 700-950 nm. 

The time constant extracted by global fitting for the decay of the PbS-TET-CA GSB is 

1900 ± 40 ns, in agreement with the IR TCSPC measurement for the IR 

photoluminescence lifetime of PbS-TET-CA. In comparison to the PbS-OA QDs, we 

observe an additional species upon excitation at 535 nm for the PbS-TET-CA QDs, 

identified by the time variation of the area normalised spectra. The time constant of 68 

± 5 ns is extracted for this additional PIA feature, when exciting PbS-TET-CA at 535 nm. 
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We assign this PIA present to excitations on the TET-CA ligand because of direct 

excitation from the pump pulse. 

 

Figure 4.14: nsTA of PbS-OA and PbS-TET-CA QDs in solution. 
a) Average nanosecond transient absorption spectra for ~100 micron thick PbS-OA and PbS-TET-
CA solutions (10 mg/mL). The samples were excited with a 42 μJ/cm2 pulse centred at 535 nm. 
b) Corresponding transient absorption kinetics across the probe range. The PbS-TET-CA kinetics 
were fitted with bi-exponential functions. Reproduced with permission from the ACS 
publications.122 

4.4.3.3 QD Concentration Dependence 

Having characterised the individual components, we sequentially investigated the 

transition from pure TIPS-Tc to a solution with a significantly high concentration of PbS-

TET-CA QDs. From this, we detail the effects of the PbS-TET-CA concentration on the 

triplet harvesting dynamics. As we have already shown that PbS-OA QDs do not allow 

triplet transfer from TIPS-Tc, we limit the scope of the current nsTA investigation into 
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the TIPS-Tc:PbS-OA solutions to a small number of benchmark measurements. For these 

TIPS-Tc:PbS QD solutions, after femtosecond pulse excitation at 535 nm, we observe 

initial nsTA spectra that contain both TIPS-Tc triplet and excited state QD features in the 

NIR probe region (750-1250 nm) (Figures 4.18 and 4.19). In the presence of either PbS-

OA or PbS-TET-CA at QD concentrations from 0 - 100 mg/mL, we observe no effect on 

the generation of triplets via singlet fission in TIPS-Tc, evident by the similar initial nsTA 

intensity of the triplet PIA features at 850 and 980 nm. Most notably, on the addition of 

more concentrated PbS QDs, a positive signal at 950-1200 nm (present from early times) 

increases in magnitude. We assign this feature to the combination of photoexcited and 

triplet transfer induced QD states leading to a GSB of the QD. The early time strength of 

this signal increases with QD concentration due to the increasing fraction of 535 nm 

pump photons absorbed by the QDs. 

For both QDs types, at early times the negative nsTA feature corresponding to the TIPS-

Tc excimer PIA overlaps with the GSB and PIA of the QDs (Figure 4.15a). The decay of 

this negative feature produces an apparent rise in the positive QD GSB signals which 

overlap in the 1140-1160 nm region (Figure 4.15b). This rise in signal is thus not 

associated with a change in QD population. At 10 ns after photoexcitation, the PbS-OA 

and PbS-TET-CA GSB signals are of similar intensities, indicating similar initial 

populations of excited QDs in both systems. We assign this initial TA signal to the fraction 

of photons that directly excite the QDs with the 535 nm pump pulse. After the initial 

direct excitation of the PbS-OA QDs, we observe a decay in the excited QD signal 

characterised by a 1.8 ± 0.1 μs decay constant. In comparison, the solution with PbS-

TET-CA QDs (100 mg/mL) shows a significantly longer 5.1 ± 0.2 μs decay constant for the 

QDs. It is longer than its intrinsic 1.90 ± 0.05 µs lifetime (Figure 4.14). The increase in 

time constant is consistent with delayed triplet transfer to the QDs and is thus consistent 

with the obtained TrPL data. Comparison of the transient absorption kinetics of the TIPS-

Tc triplet PIA at 840-850 nm, in solutions by itself, along with PbS-OA and PbS-TET-CA 

QDs, allows insights of the triplet harvesting dynamics. The key features to note are the 

reduced lifetime of the TIPS-Tc triplet due to quenching from the PbS-TET-CA QDs. 
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Figure 4.15: nsTA spectra and kinetics for TIPS-Tc:QD solutions. 
a) Average nanosecond transient absorption spectra for ~100 micron thick TIPS-Tc (200 mg/mL), 
PbS-OA (100 mg/mL) with TIPS-Tc (200 mg/mL) and PbS-TET-CA (100 mg/mL) with TIPS-Tc 
(200 mg/mL) solutions. The samples were excited with a 168 μJ/cm2 pulse centred at 535 nm. 
b) Normalised nsTA kinetics under 535 nm excitation (40 µJ/cm2), at the TIPS-Tc triplet PIA (840-
850 nm) and the PbS QD GSB (1140-1160 nm). The QD GSB signals have been fitted with a mono-
exponential decay. The PbS-OA and PbS-TET-CA QDs are found to decay with a 1.8 ± 0.1 and 5.1 
± 0.2 μs decay constant, respectively. The 1140-1160 nm kinetic for TIPS-Tc has been scaled by 
the same normalised factor as for TIPS-Tc:PbS-TET-CA . Reproduced with permission from the 
ACS publications.122 

4.4.3.4 Removal of Initial QD Population 

To clarify the transfer of the TIPS-Tc triplets to the PbS-TET-CA QDs, nsTA difference 

maps were calculated.146 In the following, we detail how the nsTA  difference maps for 

the TIPS-Tc:PbS-TET-CA blends were calculated.  
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The difference nsTA maps contain information about excited QDs resulting from 

transfer, without contribution from directly excited PbS-TET-CA QDs. For example, 

Figure 4.16b shows the averaged spectra for PbS-TET-CA (10 mg/mL) and PbS-TET-CA 

(100 mg/mL) with TIPS-Tc (200 mg/mL), over the time range 100-200 ns normalised to 

the QD’s GSB strength. Here it is clear that the difference between the two spectra can 

be assigned to the additional TIPS-Tc triplet PIA peaks at ~850 and ~960 nm in the TIPS-

Tc:PbS-TET-CA solution. This overlay illustrates that the spectra of the SF-PM solution 

can be decomposed into its individual components. Extending this to include the 

individual component’s kinetics allows the illumination of the differences resulting from 

triplet exciton transfer. 

Earlier we showed that there is no transfer to the QDs within the first 2 ns. Here we 

extend that range to claim that there is no significant difference in the QD dynamics 

within the first 100 ns with or without the TIPS-Tc present (Figure 4.16a). Therefore, the 

initial TA signals showing QD features before 100 ns are due to direct photoexcitation. 

We take the difference of the transient absorption maps for the TIPS-Tc:PbS_TET-CA 

mixtures relative to the PbS-TET-CA QDs on their own. We assume that any QD GSB that 

is present initially (but after the singlet PIA in the same region has decayed) is due to 

direct excitation from the 535 nm pump. Thus, their transient absorption map will be 

identical to that of PbS-TET-CA on its own under 535 nm excitation, and can therefore 

be removed from the transient absorption data of interest. To find this initial population 

of QDs that are directly excited we take the QD GSB kinetics averaged in the region 1120-

1160 nm for the QDs on their own and scale it such that the value in the time range 20-

40 ns agrees with the GSB signal in the mixtures (Figure 4.16a). This method assumes 

that no excitations are transferred before 20 ns. This can be justified since the triplet 

signatures do not decay significantly within 100 ns and so no significant amount of triplet 

excitons could have transferred before this time (Figure 4.16b). 

Figure 4.16c shows the obtained scaling factors, indicative of the relative initial QD 

excited state population, as a function of the PbS-TET-CA QD concentration. The 

proportion of incident photons in the pump beam (535 nm), absorbed by the QDs, 

increases with the QD concentration as it becomes the dominate absorbing species. It 

will then reach a saturation point where there is no more photons for the QDs to absorb. 

The observed trend in initial QD excited state population is consistent with the increased 

fractional absorption of QDs. 
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Figure 4.16: Removal of directly photoexcited QD populations. 
a) Nanosecond transient absorption kinetics at 1140-1160 nm for solutions of TIPS-Tc 
(200 mg/mL) and PbS-TET-CA at varying concentrations under 42 μJ/cm2 535 nm excitation 
(black curves). Subsequently, the 1140-1160 nm kinetic for PbS-TET-CA alone (10 mg/mL), under 
the same excitation, is scaled such that they overlap during the time period 20-40 ns. 
b) Corresponding nanosecond transient absorption spectra for PbS-TET-CA (10 mg/mL) and PbS-
TET-CA (100 mg/mL) with TIPS-Tc (200 mg/mL), averaged over 100-200 ns and normalised to the 
QD’s GSB strength. The difference between the two spectra matches the spectral features of the 
TIPS-Tc triplet spectrum, indicating that at this time the only species present are the excited QD 
state and the TIPS-Tc triplet state. c) The scaling factors used to overlay the initial PbS-TET-CA 
GSB signal with the signal present in the solution SF-PM samples. Reproduced with permission 
from the ACS publications.122 

The process of removing the nsTA components that correspond to the photoexcited QD 

states, clarifies the triplet harvesting dynamics. On inspection of the nsTA difference 

kinetics shown in Figure 4.17, the loss of the TIPS-Tc triplets correspond to a rise in the 

QD GSB. The strength of the QD GSB that grows in after 100 ns is seen to increase with 

the concentration of the QDs, consistent with a Stern-Volmer like transfer dynamics.  
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Figure 4.17: nsTA difference kinetics for TIPS-Tc:PbS-TET-CA solutions. 
nsTA difference kinetics at the PbS QD GSB, 1140-1160 nm (a) and TIPS-Tc triplet PIA 860-850 nm 
(b) (relative PbS-TET-CA QDs) for solutions of concentrated TIPS-Tc (200 mg/mL), with varying 
concentrations of PbS-TET-CA QDs (10-100 mg/mL), with a 535 nm pump at 42 μJ/cm2. 
Reproduced with permission from the ACS publications.122 

4.4.3.5 Triplet Exciton Transfer 

Quantifying the triplet transfer dynamics requires a means of extracting a triplet exciton 

population from the nsTA difference maps, a challenging process due to the multiple 

overlapping spectral features. Using linear regression, the kinetics of the TIPS-Tc triplet 

were isolated from the signatures of the other species, for the TIPS-Tc:PbSTET-CA 

solutions. Isolating the triplet dynamics requires reference spectra for the TIPS-Tc 

triplet, TIPS-Tc excimer and the PbS QD excited state. The TIPS-Tc triplet spectrum was 

taken as the nsTA spectrum at 1 μs after excitation of a solution of purely concentrated 

TIPS-Tc. This triplet spectrum was used as a reference in the genetic algorithm of the 

TIPS-Tc nsTA map and the fitted remaining spectral component assigned to the TIPS-Tc 

excimer spectrum. The spectrum for the PbS-TET-CA excited QD state was referenced as 

the spectrum measured 400 ns after photoexcitation of a solution of PbS-TET-CA under 

535 nm excitation. These reference spectra, shown in Figure 4.18a, are used to 

reconstruct the observed nsTA difference maps via linear regression, solving for the 

kinetics associated with these spectra. The kinetic for the TIPS-Tc triplet population 

show a clear lifetime quenching with increased QD concentration (Figure 4.18b). 

Subsequently, we use the following kinetic model to describe the transfer of triplets 

from the TIPS-Tc to the PbS-TET-CA QDs 
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𝑑𝑇1

𝑑𝑡
= −𝑘1𝑇1 − 𝑘2𝑇1

2 , 

(4.18) 

where T1 is the triplet density produced via singlet fission with an efficiency 𝜂𝑆𝐹. k1  and 

k2 are the mono-molecular and bi-molecular decay rate for TIPS-Tc triplets. We 

approximate the triplet bi-molecular decay rate as constant with respect to changes in 

the QD concentration. This relies on the QDs having little effect on the volume which 

the triplets occupy and the triplet diffusion constant. Using the bimolecular triplet decay 

rate obtained for pristine TIPS-Tc as a fixed input parameter, we fit equation (4.15), an 

analytical solution for the 2nd order rate equation (Figure 4.18b), and extract the mono-

molecular decay rate as a function of PbS-TET-CA QD concentration (Figure 4.18c). We 

find a reasonable agreement with a linear relationship between the triplet mono-

molecular decay rate and QD acceptor consistent with Stern-Volmer quenching. This 

suggests fitting of the following function  

𝑘1 = 𝑘𝑇 + 𝛾𝑇𝐸𝑇𝑋0 , 

(4.19) 

where X0 is the density of excited QD states, kT  is the intrinsic decay rate for TIPS-Tc 

triplet and 𝛾𝑇𝐸𝑇  is the bi-molecular triplet transfer rate to the PbS-TET-CA QDs. We 

assume that the concentration of QDs in the ground state is equivalent to the 

concentration of QDs in this case as we are in a low excitation regime. Applying this 

Stern-Volmer-like quenching model, we extract a bi-molecular triplet transfer rate of 

𝛾𝑇𝐸𝑇 = 0.0039 ± 0.0001 (mg/mL)-1µs-1 (5.1x108 ± 0.1x108 M-1s-1) and an intrinsic triplet 

lifetime of τT = 250 ± 180 μs.145  
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Figure 4.18: Parameterising triplet transfer in TIPS-Tc:PbS-TET-CA solutions.  
a) Normalised nanosecond transient absorption spectra used to deconvolve the TIPS-Tc with PbS-
TET-CA nanosecond transient absorbed difference maps. The PbS-TET-CA spectrum (blue) is its 
spectrum 100-200 ns after 535 nm excitation. The excimer (orange) and triplet (green) spectra 
were obtained using the genetic algorithm on nanosecond transient absorption of TIPS-Tc 
(200 mg/mL) under 535 nm pulsed excitation. b) Normalised TIPS-Tc triplet spectral component 
found from deconvolution via linear regression of the corresponding nsTA difference map, for a 
variety of PbS-TET-CA QD concentrations from 0 to 100 mg/mL, 42 μJ/cm2 excitation. Triplet 
decay kinetics were fitted globally with (4.15). The bi-molecular decay rate was fixed as the value 
obtained for TIPS-Tc on its own. c) The fitted mono-molecular TIPS-Tc triplet decay rate as a 
function of PbS-TET-CA QD concentration (black dots), with error bars representing 95% 
confidence bounds from the fitting of the triplet decay kinetics. Linear fit (green line).  
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From previous diffusivity measurements and estimates of the interaction distance and 

the molar mass of the QD, we predict a bi-molecular transfer rate of 

0.085 (mg/mL)−1 µs−1, which is higher than the 0.0039 ± 0.0001 (mg/mL)-1 µs-1 

(5.1x108 ± 0.1x108 M-1 s-1) obtained from the quenching of the triplet PIA. However, the 

data were well described by a Stern-Volmer-like quenching. This discrepancy of 

measured and estimated transfer rate indicates that not every collision between a 

triplet exciton on a TIPS-Tc molecule and the surface of the PbS-TET-CA QD results in a 

successful triplet transfer event. Possible explanations include non-uniform coverage of 

the TET-CA ligand over the surface of the PbS QD or residual OA ligands inducing steric 

hindrance. We expand on this in Section 4.6 by including a finite triplet transfer velocity 

from the TIPS-Tc triplet state to the PbS-TET-CA QDs. 

Figure 4.19 shows the key triplet decay parameters extracted from the fitting of the TIPS-

Tc triplet dynamics for the various individual TIPS-Tc:PbS-TET-CA solutions. For 

comparison, we show the predicted triplet decay parameters based on the extracted bi-

molecular triplet transfer rate of 0.0039 ± 0.0001 (mg/mL)-1µs-1. We observe a decrease 

in the proportion of TIPS-Tc triplets decaying via bi-molecular channels, 𝑓2, as the PbS-

TET-CA QD concentration increases. This corresponds to an increased proportion of 

triplets decaying via mono-molecular channels, 𝑓1 , due to higher rates of triplet 

quenching resultant from triplet transfer. 

The branching ratio 𝑘𝑇𝐸𝑇/(𝑘𝑇𝐸𝑇 + 𝑘𝑇) quantifies the triplet transfer efficiency in the 

low fluence regime where bi-molecular triplet decay is non-existent (Figure 4.19c). Here 

we see at concentrations as low as 10 mg/mL, there is greater than 90% triplet transfer 

(within uncertainty) to the PbS-TET-CA QDs. For the 50 mg/mL solution of PbS-TET-CA 

QDs we calculate a triplet exciton transfer efficiency of 𝜂𝑇𝐸𝑇 = 95 ± 5 %, approaching 

100% at higher QD concentration (Figure 4.19). 

However, even at the lowest fluence measured, triplet extraction in the transient 

measurements is reduced due to the bi-molecular decay of TIPS-Tc triplet excitons. At 

the finite fluence used for the transient absorption measurements of 42 μJ/cm2, the 

transfer efficiency must be corrected by the mono-molecular decay fraction, 𝑓1 (Figure 

4.19d). At this fluence, the lowest obtainable within experimental limitations, the 

transient triplet transfer efficiency is capped at ~80%. From the simulation of the 

expected transient triplet transfer efficiency using the extracted triplet kinetic 

parameters 𝑘𝑇, 𝛾𝑇𝐸𝑇 and 𝑘2, at lower measurement fluences we would expect to see 

the triplet transfer efficiency rise and approach the low fluence regime’s value. 
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Figure 4.19: Investigation of the nsTA fitting parameters for TIPS-Tc:PbS-TET-CA solutions.  
Fitting is achieved for the TIPS-Tc triplet PIA (840-850 nm) of TIPS-Tc (200 mg/mL) and varying 
concentrations of PbS-TET-CA QDs (0-100 mg/mL), excited at 535 nm with 42 μJ/cm2 (50 μW). 
(black circles) The fraction of TIPS-Tc triplet excitons that decay bi-molecularly (a), mono-
molecularly (b), mono-molecular branching ratio (c) and the fraction of triplet excitons that are 
quenched by transfer to the PbS-TET-CA QDs (d), as functions of PbS-TET-CA QD concentration. 
Error bars are calculated via propagation of uncertainties arising from the 95% confidence 
bounds for the fitted parameters. From the bi-molecular TIPS-Tc triplet and PbS-TET-CA QD 
transfer rate, 0.0039 ± 0.0001 (mg/mL)-1µs-1, we calculate the same parameters in a-d, as 
continuous functions of the QD concentration, for the pump power used in the nanosecond 
transient absorption experiment (50 µW) (red lines). Using the obtained triplet transfer and 
decay parameters we simulate the fraction of triplet excitons that are quenched by transfer to 
the PbS-TET-CA QDs as functions of PbS-TET-CA QD concentration, for pump powers 1, 5, 10, 25, 
200 μW (dark to light blue lines). Transient absorption signals at these lower pump powers are 
beyond our current experimentally reachable signal-to-noise. At simulated, low pump powers, 
the fraction of triplets transferred to the PbS-TET-CA QDs trends to 100%, for a QD concentration 
of 50 mg/mL. Reproduced with permission from the ACS publications.122 
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4.4.3.6 Simulation of Quantum Dot Dynamics 

From the obtained TIPS-Tc triplet transfer and decay parameters, along with the intrinsic 

PbS-TET-CA QD excited-state lifetime, we have all parameters for the differential 

equations that describe the triplet and QD time-dependent populations after singlet 

fission: 

𝑑𝑇1

𝑑𝑡
= −(𝑘𝑇 + 𝑘𝑇𝐸𝑇𝑋0)𝑇1 − 𝑘2𝑇1

2 , 

(4.20) 
𝑑𝑋1

𝑑𝑡
= 𝑘𝑇𝐸𝑇𝑋0𝑇1 − 𝑘𝑋𝑋1 . 

(4.21) 

The equation for the triplet population has an analytical solution as described earlier. 

The solution for 𝑇1(𝑡)  can be substituted into the differential equation for the QD 

population (4.21). There exists an analytical solution to the aforementioned differential 

equation in terms of hypergeometric functions. However, to avoid the complexities of 

dealing with these intricate functions, we solve for the time-dependent QD population 

using numerical techniques. To illustrate the effect of bi-molecular TIPS-Tc triplet decay 

we simulate the triplet and QD populations with and without bi-molecular decay (Figure 

4.20 a and b). Comparison of the simulated triplet dynamics illustrates how influential 

the bi-molecular decay of triplets is on the resulting kinetics. It begs the question, how 

effective is the measurement at detecting the triplet transfer? In particular, what is the 

reduction in sensitivity to the PbS QD excited state population due to the bi-molecular 

decay of triplet exciton under the current measurement conditions? To quantify this, we 

calculate the simulated QD excited state population due to transfer with and without 

triplet bi-molecular decay (Figure 4.20c). The subtle reduction in the QD excited state 

population because of triplet bi-molecular decay indicates that in this case there would 

be little to gain by arduously measuring the system at lower fluences. 



96 Solution Phase Singlet-Fission Photon-Multiplier 

 

 

 

Figure 4.20: Comparison of QD excited state population resulting from transfer. 
Simulation of the triplet (blue) and QD populations (orange) with and without bi-molecular decay 
(a and b) for the varying concentration of PbS-TET-CA QDs. Simulated populations are calculated 
using the experimentally obtained kinetic parameters and excitation of 535 nm 42 μJ/cm2. c) 
Comparison of the predicted QD population with (solid lines) and without (dashed lines) triplet 
bi-molecular decay. d) Predicted QD populations (with all parameters included) scaled to overlay 
with the measured nanosecond transient absorption difference kinetics at the PbS-TET-CA QD 
GSB (1140-1160 nm). Reproduced with permission from the ACS publications.122 

We measure the fluence dependence for the TIPS-Tc:PbS-TET-CA (200:100 mg/mL) 

system to confirm consistency of the obtained kinetic model. As expected, a higher 

pump fluence results in a higher QD population, along with a faster triplet decay due to 

increased bi-molecular decay (Figure 4.21 a and b). Simulated QD population dynamics 

for the 200 μW pump power relative to the lower 50 μW pump power is in reasonable 

agreement with the observed dot GSB dynamics (Figure 4.21c). However, the simulated 

triplet population for the 200 μW kinetic does not decay as rapidly as the measured TA 

kinetic, which could indicate that the TIPS-Tc triplet bi-molecular recombination rate is 

higher in samples with high QD loading compared to TIPS-Tc on its own. We leave this 

effect to future work for investigation. 
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Figure 4.21: Fluence dependence of triplet transfer dynamics in TIPS-Tc:PbS-TET-CA solutions. 
Difference kinetics for (a) the PbS-TET-CA QD GSB (1140-1160 nm) and (b) TIPS-Tc triplet PIA 
(840-850 nm) for TIPS-Tc (200 mg/mL) with PbS-TET-CA (100 mg/mL) excited at 42 (black) and 
168 (red) μJ/cm2. The corresponding simulated QD (c) and triplet (d) populations. Reproduced 
with permission from the ACS publications.122 

In summary, we observed triplet transfer dynamics where: 

- The loss of TIPS-Tc triplet excitons corresponds with a rise in PbS QD excited state 

population. This is consistent with transfer from the TIPS-Tc triplet exciton to the 

PbS-TET-CA QDs. 

- The strength of the QD GSB that grows in after 100 ns and the rate of TIPS-Tc 

triplet exciton mono-molecular decay is proportional with the concentration of 

the QDs, consistent with Stern-Volmer quenching. 

- Based on the extracted intrinsic PbS-TET-CA QD lifetime and triplet transfer rate, 

simulated dynamics for the decay of the triplet excitons and the excited state 

QDs are calculated. Figure 4.22 shows these kinetics are consistent with the TIPS-

Tc triplet difference PIA signal and the QD GSB signal (1140-1160 nm). 

- Agreement with the two species model described by equations (4.20) and (4.21) 

suggests that the transfer of triplet excitons from the TET-CA molecules into the 
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QD is not rate-limiting. However, this step should still be seen as critically 

important for the transfer process.  

Unexpectedly the nsTA data suggest that triplet exciton transfer in TIPS-Tc:PbS-TET-CA 

solutions is significantly hindered by bi-molecular decay of the TIPS-Tc triplets, 

presenting a concern for the versatility of this SF-PM to operate in real-world conditions 

under solar irradiance.  

 

Figure 4.22: Summary of pump-probe spectroscopy for TIPS-Tc:PbS-TET-CA solutions.  
nsTA difference map for a solution of TIPS-Tc (200mg/mL) and PbS-TET-CA QDs (100 mg/mL), 
under 535 nm 40 µJ/cm2 excitation. The PbS-TET-CA and TIPS-Tc triplet TA spectra used for 
decomposition by linear regression are shown (right inset). The strengths of TIPS-Tc triplet PIA 
signal (from linear regression) and the PbS-TET-CA QD GSB (1140-1160 nm) are shown with an 
overlaid simulation of the population (top inset). Reproduced with permission from the ACS 
publications.122 

4.5 Steady-State Operation 

Now that we have characterised the triplet harvesting dynamics in the TIPS-Tc:PbS-TET-

CA solutions, we return our focus to the steady-state operation of this SF-PM system. In 

particular, we investigate the effect that triplet bimolecular decay in the SF material has 
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on performance under “real world” conditions. With the knowledge that the triplet 

exciton transfer efficiency is fluence dependent, we begin this section by calculating the 

fraction of the AM1.5G spectrum that TIPS-Tc can absorb. AM1.5G is a commonly used 

solar reference spectrum for the testing and certification of PV cells;it is a reasonable 

standard for the expected “real world” conditions that a SF-PM will face. 

In the absence of using a solar simulation lamp, we take the publicly available spectral 

data and calculate the equivalent photon flux (Figure 4.23b).109 We assume that an ideal 

SF-PM will absorb all photons with energy above the SF materials bandgap and none 

below. By integration of AM1.5G spectrum from 280 nm to 560 nm we find the TIPS-Tc 

solar-equivalent photon flux is 3.67 × 1020  photons s-1m-2. Under 532 nm laser 

excitation this equates to a fluence of 13700 μW/cm2.  

 

Figure 4.23: Calculation of the available spectral irradiance and photon flux for TIPS-Tc. 
The light available for absorption includes wavelengths from the far UV (280 nm) to the 
absorption tail of TIPS-Tc (560 nm). a) The spectral irradiance of the AM1.5g solar spectrum, with 
the available solar flux calculated by the integration from the range 280 – 560 nm. b) The solar 
photon flux, with the available photon flux calculated by the integration from the range 280 – 
560 nm. Reproduced with permission from the ACS publications.122 

4.5.1 Steady State Modelling 

To understand the implications learnt about the effect triplet bi-molecular decay has on 

the transient behaviour of triplet harvesting, the kinetic model developed so far is 

extended to the steady-state. Starting from the differential equation for the triplet 

population 
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𝑑𝑇

𝑑𝑡
= −(𝑘𝑇 + 𝑘𝑇𝐸𝑇)𝑇 − 𝑘2𝑇2 + 𝐺 , 

(4.22) 

where G is the rate of triplet generation from singlets undergoing singlet fission, we seek 

an expression for the triplet exciton transfer efficiency 𝜂𝑇𝐸𝑇. After rearrangement under 

steady-state conditions, one arrives at the polynomial 

𝑘2𝑇2 + (𝑘𝑇 + 𝑘𝑇𝐸𝑇)𝑇 − 𝐺 = 0 . 

(4.23) 

Solving for positive values of the triplet exciton density, T, leads to 

𝑇 =  −
𝑘𝑇 + 𝑘𝑇𝐸𝑇

2𝑘2
+ √(

𝑘𝑇 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝐺

𝑘2
 . 

(4.24) 

The triplet transfer efficiency is given by 𝜂𝑇𝐸𝑇 =
𝑘𝑇𝐸𝑇𝑇

𝐺
 and so substituting the above 

expression for T gives our desired triplet exciton transfer efficiency 

𝜂𝑇𝐸𝑇 =
𝑘𝑇𝐸𝑇

𝐺
(√(

𝑘𝑇 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝐺

𝑘2
−

𝑘𝑇 + 𝑘𝑇𝐸𝑇

2𝑘2
) . 

(4.25) 

Under steady-state conditions, the rate of IR PL emission from the solution SF-PM can 

be expressed as 𝑃𝐿𝑄𝐷 = 𝜙𝐺𝜂𝑇𝐸𝑇𝜂𝑄𝐷. Where 𝜙 represents the PL collection factor and 

𝜂𝑄𝐷 is the QD photoluminescence quantum efficiency. 

4.5.2 Predicted Steady State Efficiency 

With the expression (4.25) and the kinetic parameters found from the nsTA analysis, it 

is possible to predict the TET efficiency for any PbS-TET-CA QD concentration and 

incident fluence (Figure 4.24). This highlights three key relationships. First, that as the 

incident fluence increases the TET efficiency significantly drops, approaching zero at 

high enough fluences. The fluence at which the TET efficiency drops is heavily dependent 

on the QD concentration. Secondly, that the TET efficiency for the SF-PM solutions with 

50 and 100 mg/mL of PbS-TET-CA QDs is effectively maintained up till excitation fluences 

equal to our benchmark, TIPS-Tc’s solar-equivalent fluence. Lastly, we observe that the 

TET efficiency versus QD concentration relationship is very dependent on the fluence 

used during the measurements. High fluences effectively push the required QD 
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concentration for efficient triplet transfer to higher values. The effect of the bi-

molecular triplet decay is particularly relevant for the steady-state determination of the 

SF-PM PLQE values as measured earlier in Section 4.3.3. 

The kinetic parameters obtained by nsTA allows calculation of the triplet transfer 

efficiency, 𝜂𝑇𝐸𝑇, at the laser fluence used in the IR PLQE measurements. Multiplication 

of this TET efficiency with a singlet fission yield of 𝜂𝑆𝐹 = (135 ± 5) % gives the exciton 

multiplication factor, 𝜂𝐸𝑀𝐹 = 𝜂𝑆𝐹𝜂𝑇𝐸𝑇 , for the system in the case of purely triplet 

transfer to the QDs. These exciton multiplication factors are consistent with the values 

measured by the PLQE method.  

 

Figure 4.24: Steady-state dependence on fluence and QD concentration for TIPS-Tc solutions. 
Simulated triplet transfer efficiencies using the equations for the triplet transfer efficiency for 
various PbS-TET-CA QD concentrations (a) and incident fluences (b). The vertical dashed black 
line indicates the laser fluence used in the IR PLQE measurements (5 mW/cm2), while the red 
dashed line indicates the equivalent solar fluences (13.7 mW/cm2). c) Simulated exciton 
multiplication factor, based on a singlet fission efficiency of 𝜂𝑆𝐹 = 1.35 ± 0.05, at the photon 
flux used for the IR PLQE measurements, using the extracted triplet transfer and decay rates 
(orange curve). The shaded region represents the uncertainty in the triplet transfer efficiency 
based on the propagation of uncertainties form the triplet decay rates. Exciton multiplication 
factors from the measured PLQE values (black squares), for solutions with varying QD 
concentrations together with TIPS-Tc (200 mg/mL), under 515 nm 500 μW/cm2 excitation. The 
values for 100 mg/mL QD concentration have been highlighted as outliers due to self-absorption 
losses. The horizontal grey dashed line indicates the point at which 135% exciton multiplication 
factor occurs. Reproduced with permission from the ACS publications.122 

At this point, we look to understand triplet harvesting in the extreme fluence regimes 

and investigate the appropriate metrics to quantify SF-PM performance. The expression 
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(4.25) for the triplet transfer efficiency, can be approximated in the regimes of low and 

high triplet generation rate as follows. In the low fluence regime, where 𝐺 ≪
(𝑘𝑇+𝑘𝑇𝐸𝑇)2

𝑘2
, 

the IR PL from triplet transfer tends to the function 

𝑃𝐿𝑄𝐷 = 𝜙𝜂𝑄𝐷

𝑘𝑇𝐸𝑇

𝑘𝑇 + 𝑘𝑇𝐸𝑇
𝐺 . 

(4.26) 

Here the QD PL rate is linear with the triplet generation rate. At high incident fluences, 

corresponding to triplet generation rates 𝐺 ≫
(𝑘𝑇+𝑘𝑇𝐸𝑇)2

𝑘2
, the IR PL trends to 

𝑃𝐿𝑄𝐷 = 𝜙𝜂𝑄𝐷𝑘𝑇𝐸𝑇√
𝐺

𝑘2
 . 

(4.27) 

Thus, at sufficiently high triplet generation rates, we expect a transition to a square root 

dependence of the QD PL rate with the triplet generation rate. The intersection of these 

two regimes represents the threshold triplet generation rate and corresponds to the 

incident photon flux. Above this limit, triplet exciton transfer and triplet monomolecular 

decay are no longer competitive with triplet bi-molecular decay. This threshold triplet 

generation rate, is given by 

𝐺𝑇ℎ =
(𝑘𝑇 + 𝑘𝑇𝐸𝑇)2

𝑘2
 . 

(4.28) 

The threshold photon absorption rate in the TIPS-Tc is given by 𝐼𝑇ℎ = 𝐺𝑇ℎ/𝜂𝑠𝑓. At the 

threshold generation rate 𝐺𝑇ℎ, the triplet transfer efficiency is given by 

𝜂𝑇𝐸𝑇 = (√
5

4
−

1

2
) ×

𝑘𝑇𝐸𝑇

𝑘𝑇 + 𝑘𝑇𝐸𝑇
= 0.618 × 𝜂𝑇𝐸𝑇,0 , 

(4.29) 

where 𝜂𝑇𝐸𝑇,0 is the triplet transfer efficiency in the low 𝐺 regime. Although 𝐺𝑇ℎ is useful 

for indicating when bi-molecular processes are competitive with mono-molecular triplet 

decay process, it is a less useful criterion for solution SF-PM design. For example, a more 

valuable criterion might be the generation rate at which the triplet transfer efficiency is 

𝜂𝑇𝐸𝑇 = 𝛼 × 𝜂𝑇𝐸𝑇,0, where 𝛼 is a percentage out of 100%. In this case, the generation 
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rate at which the triplet transfer efficiency drops to the fraction 𝛼 of the low fluence 

limit, termed the 𝛼 threshold generation rate, is given by 

𝐺𝛼 = (
1 − 𝛼

𝛼2
) ×

(𝑘𝑇 + 𝑘𝑇𝐸𝑇)2

𝑘2
= (

1 − 𝛼

𝛼2
) × 𝐺𝑇ℎ . 

(4.30) 

However, this criterion does not guarantee the high performance of the SF-PM. Ideally 

what is required is a criterion at which the triplet exciton transfer efficiency is a given 

value 𝛽. In this case, the generation rate at which the triplet transfer efficiency drops to 

the fraction 𝛽, termed the 𝛽 generation rate, is given by 

𝐺𝛽 =
𝑘𝑇𝐸𝑇

2

𝑘2β
(1 − 𝛽

𝑘𝑇 + 𝑘𝑇𝐸𝑇

𝑘𝑇𝐸𝑇
) . 

(4.31) 

One last key point that is necessary to consider when simulating the SF-PM efficiency 

for any concentration of QDs is to ensure that the triplet generation rate is calculated 

from the incident fluence while taking into account the photons absorbed directly to the 

QDs, as discussed in Section 4.3.1. 

Finally, with all the necessary components in our theoretical toolbox, it is possible to 

simulate the SF-PM performance across the range of investigated PbS-TET-CA QD 

concentrations and a variety of incident fluences. Triplet transfer efficiencies under 

steady-state conditions are calculated via the parameters extracted from the transient 

measurements for the bi-molecular decay of the TIPS-Tc triplets, under 535 nm 

excitation (Figure 4.25 a and b). The product of triplet transfer efficiency and incident 

power flux (532 nm) is proportional to the QD PL rate. As described earlier, there is a 

transition from linear to a square root dependence on incident power flux and the 

asymptotes of the two regimes intercept at the threshold generation rate. 

In Figure 4.25b we highlight the various SF-PM criteria developed here. The area below 

each curve depicts where the SF-PM performance is above the related limit. As 

expected, the 𝐺𝛽  threshold is significantly more conservative than the other criteria. 

This is necessary to ensure sufficient performance of the SF-PM. 
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Figure 4.25: Simulated steady-state SF-PM response for TIPS-Tc:PbS-TET-CA solutions. 
a) Simulated steady IR PL (which is proportional to 𝜂𝑇𝐸𝑇 × (𝑝𝑜𝑤𝑒𝑟 𝑓𝑙𝑢𝑥)) for solution of TIPS-Tc 
(200 mg/mL) and PbS-TET-CA (1-100 mg/mL). The low and high triplet generation density, 
asymptotic forms for the triplet transfer efficiency (with slope 1 and 0.5) were overlaid for the 
case of 1 mg/mL of PbS-TET-CA. b) Predicted threshold intensities, 𝐺𝑇ℎ , 𝐺𝛼  and 𝐺𝑏𝑒𝑡𝑎 , as 
function of the PbS-TET-CA concentration (𝛼 = 𝛽 = 0.95). The equivalent solar flux available for 
absorption by TIPS-Tc under the AM1.5g spectrum (red horizontal dashed line). c) Simulation of 
the solution phase SF-PM efficiency normalised by the PbS-TET-CA QD intrinsic PLQE, under 
532 nm excitation. Including the drop in PLQE due to photons absorbed directly to the PbS-TET-
CA QD. Two contours of interest are highlighted; the region in which the PM efficiency is larger 
than the QD PL efficiency ƞQD (black) and when PM efficiency is 95% of the upper limit for PM 
efficiency given by the singlet fission yield (purple line). The equivalent solar flux available for 
absorption by TIPS-Tc under the AM1.5G spectrum (red horizontal dashed line). Reproduced with 
permission from the ACS publications.122 

Figure 4.25c shows simulations of the normalised photon multiplication efficiency, 

𝜂𝑃𝑀/𝜂𝑄𝐷, across a range of power flux and PbS-TET-CA QD concentrations. Critically, the 

fraction of incident photons on the SF-PM that are absorbed directly by the PbS-TET-CA 

QDs has been included in this calculation. The result is that we can calculate the PLQE of 

the entire SF-PM, not just the triplet transfer efficiency. The results reveal that the 

intrinsic QD PLQE can be exceeded for a wide range of configurations, as illustrated by 

the area bound by the dark grey curve in Figure 4.25c. However, if we aim for a higher 

performance value of  𝜂𝑃𝑀/𝜂𝑄𝐷 equal to 0.95ƞSF (corresponding to 95% of the initial 

singlet fission efficiency) this significantly reduces the useful parameter space, as shown 

by the purple highlighted contour. With inclusion of the required operating irradiance, 

the practical parameter space is further reduced, illustrated by the horizontal dotted red 

line corresponds to TIPS-Tc’s solar-equivalent fluence. A minimum concentration of 30-
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40 mg/mL of QDs is predicted to efficiently harvest the bulk of the triplets generated at 

solar fluence for this system. As we have shown, this is limited by the bimolecular triplet 

recombination of TIPS-Tc. 

4.5.3 Steady State IR PL 

To evaluate the effect of bi-molecular triplet decay on the photon multiplication 

efficiency of TIPS-Tc:PbS-TET-CA blends, steady-state PL spectra were measured and the 

spectrally integrated QD PL calculated at a range of laser fluences, as shown in Figure 

4.26a. Under 532 nm excitation, we predominately measure the PL from the PbS-TET-

CA QDs that arises after the fission and triplet transfer process.  

By fitting of power-law functions of the form 𝑦 = 𝐴𝑥𝑛, we observe at lower excitation 

densities the QD PL increases linearly with the flux. It then passes through a threshold 

triplet generation density, 𝐺𝑇ℎ, after which the QD PL goes as the square root of the 

excitation density. This is consistent with the predictions of our kinetic modelling. The 

modelling predicted that the intercept of fits to these two regimes, termed the threshold 

triplet generation rate per unit volume, 𝐺𝑇ℎ, is given by 

𝐺𝑇ℎ =
(𝑘𝑇 + 𝑘𝑇𝐸𝑇𝑋0)2

𝑘2
 . 

(4.32) 

The expression predicts that the threshold will increase with QD concentration. Such 

concentration dependence is corroborated by the observation that the SF-PM solution 

with 2 mg/mL of PbS-TET-CA QDs has a threshold power flux within the power flux range 

investigated here. Conversely, the solution with higher QD concentration appears to not 

transition even at the highest power flux achieved. The measured PL counts for an SF-

PM with TIPS-Tc and 2 mg/mL of PbS-TET-CA QDs shows a change from linear to square-

root dependence at a threshold intensity of 2.9 ± 1.0 mW/cm2, consistent with the value 

of 2.0 ± 1.2 mW/cm2 expected from equation (4.32) and the nsTA kinetic parameters.  

In contrast, the solution with the higher concentration of QDs (100 mg/mL) shows little 

deviation from linearity over the range of intensities studied, indicating an insignificant 

effect from the bi-molecular decay of triplets over the power flux range used here.  

We use PL counts divided by incident laser power as a measure of relative PLQE. For the 

solutions with TIPS-Tc (200 mg/mL) and 2 mg/mL of PbS-TET-CA QDs, PL/Power drops 

off at a rate, with respect to the power flux, close to the predicted (Figure 4.26b). We 

scale the observed PL counts by a factor of 1.7, to show the consistency between the 
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model and the observed relative PLQE trends. As the PL spectra measured are not 

absolute measurements, this use of a scaling factor can be justified by slight changes in 

the optical alignment of the apparatus during sample changes. 

 

Figure 4.26: IR emission dependence on incident power flux for TIPS-Tc:PbS-TET-CA solutions. 
a) Total IR PL counts from PbS-TET-CA QDs for solutions of low (2 mg/mL, blue circles) and high 
(100 mg/mL, black squares) QD concentration with TIPS-Tc (200 mg/mL) for varying 532 nm 
excitation flux. The PL counts were fit with power-law relations to laser flux, either across the 
entire flux range (100 mg/mL) or separated into two fits (2 mg/mL), for low and high photon flux. 
The intercept of the fits to the low and high flux regimes gives as 2.9 ± 1.0 mW/cm2 as the 
threshold power flux (blue vertical dashed line). b) IR PL normalised by the incident power flux, 
giving the relative PL yield, as a function of the incident power flux (solid black squares and 
hollow blue circles). Simulated triplet transfer efficiencies using the equations for the triplet 
transfer efficiency for 2 mg/mL (blue line) and 100 mg/mL (black line) PbS-TET-CA QD 
concentrations. The IR PL normalised by the incident power flux, for the TIPS-Tc:PbS-TET-CA 
solution with 2 mg/mL QDs, is scaled by 1.7 to illustrate the consistency with the simulated 
transfer efficiency. The vertical dashed black line indicates the laser fluence used in the IR PLQE 
measurements (5 mW/cm2), while the red dashed line indicates the equivalent solar fluences 
(13.7 mW/cm2). Reproduced with permission from the ACS publications.122 

The relative PLQE for the solution with 100 mg/mL of PbS-TET-CA QDs is unchanged 

below the TIPS-Tc solar-equivalent fluence (the photon flux available for absorption by 

TIPS-Tc under the AM1.5G spectrum). As a result, we can indeed demonstrate efficient 

singlet fission photon multiplication under “real world” conditions. However, the 

relative PLQE does start to decrease at lower incident laser powers than expected. The 

drop in PL for 100 mg/mL of dots at high power flux is larger than expected from the bi-

molecular decay rate of the TIPS-Tc triplets. This decrease in PLQE could be an indication 
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of photobleaching of the TIPS-Tc, non-radiative decay in the QD or increased triplet bi-

molecular decay of TIPS-Tc triplet in the presents of the PbS-TET-CA QDs. 

4.6 Diffusion vs Kinetically Limited Transfer 

In Section 2.3.4 we introduced the theoretical framework to describe the dynamics of 

reactions that are purely diffusion-limited and those with a finite rate of reaction. Here 

we investigate the dynamics of the triplet transfer in solution phase from TIPS-Tc to the 

PbS-TET-CA QDs in relation to these two regimes. This leads to an investigation of how 

the properties of the TET-CA ligand shell influence the triplet transfer and what the 

implications are for improved triplet transfer. 

4.6.1  Difference Between Purely Diffusion Limited and Observed Rates 

The bi-molecular triplet transfer rate for a purely diffusion-limited reaction is given by 

𝛾𝑇𝐸𝑇 = 4𝜋𝑅𝑇𝐸𝑇𝐷, where 𝑅𝑇𝐸𝑇 is the effective distance of interaction between the TIPS-

Tc triplet and the PbS-TET-CA QD ground state, and 𝐷 = 𝐷𝑄𝐷 + 𝐷𝑆𝐹  is the sum of the 

diffusion coefficient for the QD and the TIPS-Tc triplet state. This leads to  

𝑑[𝑇]

𝑑𝑡
∝ −𝛾𝑇𝐸𝑇[𝑋0][𝑇] = −4𝜋𝑅𝑇𝐸𝑇𝐷[𝑋0][𝑇] . 

(4.33) 

We assume the interaction radius to be short-range and well approximated by the sum 

of the TIPS-Tc (~0.6 nm) and PbS-TET-CA QDs (~3 nm) radius. From Graham’s law of 

diffusion, we estimate that the diffusion coefficient of TIPS-Tc molecules is at least 10 

times larger than for PbS QDs, based on their relative molar masses.147 Thus, for the 

purpose of estimating the rate of triplet transfer we use the approximation of no 

significant QD diffusion. Previously reported diffusion-ordered nuclear magnetic 

spectroscopy measurements  suggest the molecular diffusion coefficient of TIPS-Tc in 

concentrated solution (200 mg/mL) is 5 × 10−10 m2 s-1 in toluene.123 We take this value 

as a lower bound for the triplet diffusion coefficient, neglecting any increase in triplet 

diffusion that intermolecular triplet transfer may introduce. Under these conditions, we 

estimate a diffusion-limited triplet transfer rate of (11 ± 2)x109 M-1 s-1.123  

The nsTA measured triplet decay constant is very well described by a linear fit to the 

concentration of the PbS-TET-CA QDs, suggesting a bi-molecular triplet transfer rate of 
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5.1x108 ± 0.1x108 M-1 s-1 (Figure 4.18c). However, the predicted diffusion-limited rate is 

roughly 20 times higher than this value. That the observed rate is lower than the 

diffusion-limited rate suggests the process is kinetically limited. Possible reasons for this 

include the following: a rate-determining step limiting the reaction, such as Dexter 

transfer between the TIPS-Tc triplet and the TET-CA triplet; a low Gibbs free energy to 

drive the transfer; non-uniform coverage of the TET-CA ligand over the surface of the 

PbS-TET-CA QDs; and steric hindrance from residual OA ligands attached to the QD.148 

4.6.2  Ligand Density Dependence 

A series of QDs with varying amounts of TET-CA ligand were studied to gain an extended 

understanding of the effect the TET-CA ligand has on the transfer of triplet excitons from 

the TIPS-Tc. The series of PbS-TET-CA QDs were synthesised and the ligand density 

characterised by Dr Victor Gray and Dr Zhilong Zhang. PLQE measurements of the SF-PM 

solutions of TIPS-Tc with these PbS-TET-CA QDs were done by Dr Simon Dowland. Here 

we show the conversion of these PLQE measurements to calculations of the triplet 

exciton transfer rate, its dependence on the TET-CA ligand coverage, and outcomes for 

increasing the triplet transfer rate. 

From PLQE measurements at 515 and 658 nm excitation, we calculate the exciton 

multiplication factor using the function 

𝜂𝐸𝑀𝐹(𝜆) =
1

𝜇𝑇𝑐(𝜆)
(

𝜂𝑃𝑀(𝜆)

𝜂𝑄𝐷
(𝜇𝑄𝐷(𝜆) + 𝜇𝑇𝑐(𝜆)) − 𝜇𝑄𝐷(𝜆)) , 

(4.34) 

and the methods described in Section 4.3.3. The singlet fission yield for TIPS-Tc is taken 

to be 135 %, for calculation of the triplet transfer efficiency, 𝜂𝑇𝐸𝑇 = 𝜂𝐸𝑀𝐹/𝜂𝑆𝐹 . 

Rearrangement of equation (4.25) leads to an expression for 𝑘𝑇𝐸𝑇 given by 

𝑘𝑇𝐸𝑇 =
1

2
(

𝜂𝑇𝐸𝑇𝑘𝑇

1 − 𝜂𝑇𝐸𝑇
+ √(

𝜂𝑇𝐸𝑇𝑘𝑇

1 − 𝜂𝑇𝐸𝑇
)

2

+
4𝐺𝑘2𝜂𝑇𝐸𝑇

2

1 − 𝜂𝑇𝐸𝑇
) . 

(4.35) 

We calculate 𝑘𝑇𝐸𝑇 based on a triplet generation rate corresponding to 1.25 mW/cm2 

excitation, 515 nm wavelength and the kinetic parameters determined previously by 

nsTA measurements, for each of the SF-PMs with PbS-TET-CA QDs with varying TET-CA 

ligand coverages and QD concentrations (Figure 4.27a). By individually fitting linear 
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functions with respect to the QD concentration for each TET-CA ligand density, we 

calculate the bi-molecular triplet transfer rate as a function of the TET-CA ligand 

coverage (Figure 4.27b). We observed a proportional relationship between the triplet 

transfer rate and TET-CA ligand coverage. 

 

Figure 4.27: Ligand density dependence of the triplet transfer for TIPS-Tc:PbS-TET-CA solutions. 
a) Triplet transfer rate from TIPS-Tc (200 mg/mL) to PbS-TET-CA QDs with varying TET-CA ligand 
coverages (symbols). The triplet transfer rate is calculated using a triplet intrinsic decay rate of 
4.4 ms-1 and bi-molecular decay rate 7.6x10-23 cm3ns-1 and incident excitation of 1.25 mW/cm2. 
Individual linear fits for each ligand density (solid lines and 95% confidence bounds shaded 
areas). b) Bi-molecular triplet transfer rate based on linear fitting of the triplet transfer rate as a 
function of the QD concentration. c) Triplet transfer velocity from TIP-Tc to PbS-TET-CA calculated 
using a triplet diffusion coefficient of 5 x 10-10 m2 s-1 and a triplet transfer radius of 3.6 nm. Linear 
fitting gives a slope of 𝑘𝑙𝑖𝑔 = 3.9 ± 0.1 ligand-1nm3µs-1. 

As discussed in Section 2.3.4 the bi-molecular triplet transfer rate for a diffusion 

mediated reaction with finite reaction rate is given by 

𝛾𝑇𝐸𝑇 = 4𝜋𝑅𝑇𝐸𝑇𝐷 (
𝑅𝑇𝐸𝑇

𝑅𝑇𝐸𝑇 +
𝐷
𝑘

) , 

(4.36) 

where 𝑘 is the finite triplet transfer “velocity”. This 𝑘 value represents the affinity of the 

triplet exciton to transfer from the TIPS-Tc to the PbS-TET-CA QD. Rearranging of 

equation (4.36) allows calculation of the triplet transfer velocity, 𝑘, as a function of the 

TET-CA ligand density (Figure 4.27c). The calculated triplet transfer velocities are 

consistent with a linear relationship to the TET-CA ligand density, 𝜎𝑙𝑖𝑔, given by 
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𝑘 = 𝑘𝑙𝑖𝑔𝜎𝑙𝑖𝑔 , 

(4.37) 

with 𝑘𝑙𝑖𝑔  = 3.9 ± 0.1 ligand-1nm3µs-1 or equivalently 𝑘𝑙𝑖𝑔  = (2.4 ± 0.1)x108 M-1s-1. Using 

equations (4.25), (4.36) and (4.37), Figure 4.28 shows the consistency of this value for 

𝑘𝑙𝑖𝑔  to predict the observed triplet transfer rates and efficiencies. In this way we 

highlight the consistency of the model and its power to predict the triplet transfer 

dynamics across a range of varying PbS-TET-CA QD parameters. 

 

Figure 4.28: Parameterisation of the ligand-dependent triplet transfer rate.  
a) Triplet transfer rate from TIPS-Tc (200 mg/mL) to PbS-TET-CA QDs with varying TET-CA ligand 
coverages (symbols). The triplet transfer rate is calculated using a triplet intrinsic decay rate of 
4.4 ms-1 and bi-molecular decay rate 7.6x10-23 cm3ns-1 and incident excitation of 1.25 mW/cm2. 
b) Corresponding triplet transfer efficiencies (symbols). The error on each measurement is the 
same and highlighted on a lone data point for increased clarity. The solid lines show the 
calculated triplet transfer rate and efficiency using a single model with 𝑘𝑙𝑖𝑔 = 3.9 ± 0.1 ligand-

1nm3µs-1. 

For a PbS-TET-CA QD concentration of [𝑋0], the concentration of TET-CA ligands is 

[𝑙𝑖𝑔] = 4𝜋𝑅𝑐𝑜𝑟𝑒
2 𝜎𝑙𝑖𝑔[𝑋0] , 

(4.38) 

where 𝑅𝑐𝑜𝑟𝑒  is the radius of the QDs PbS core. As we are in the significantly kinetic 

limited regime, (4.36) is well approximated by 

𝛾𝑇𝐸𝑇 = 4𝜋𝑅𝑇𝐸𝑇
2 𝑘 , 

(4.39) 

with triplet transfer rate, 𝑘𝑇𝐸𝑇 = 𝛾𝑇𝐸𝑇[𝑋0]. Substituting x and y leads to 
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𝑘𝑇𝐸𝑇 = 𝛾𝑙𝑖𝑔[𝑙𝑖𝑔] = (
𝑅𝑇𝐸𝑇

𝑅𝑐𝑜𝑟𝑒
)

2

𝑘𝑙𝑖𝑔[𝑙𝑖𝑔] . 

(4.40) 

With 𝑅𝑇𝐸𝑇 = 3.6 nm and 𝑅𝑐𝑜𝑟𝑒 = 1.6 nm, we find a bi-molecular triplet transfer rate, per 

TET-CA ligand on the surface of the QD, of 𝛾𝑙𝑖𝑔 = (1.2 ± 0.1)x107 M-1s-1. This value for the 

bi-molecular triplet transfer rate from TIPS-Tc triplet to TET-CA ligand triplet is not 

unreasonable. It is an order of magnitude slower than recent reports of triplet exciton 

transfer from an intramolecular singlet fission dimer, with TIPS-Tc based monomer units, 

to chloranil in solution phase.149 However, the significant steric hindrance imposed by 

the ligand shell geometry could be the cause of the slower transfer rate. Equation (4.40) 

suggests the triplet transfer is limited by the bulk concentration of the TET-CA ligand. 

The anisotropic placement within the bulk, on the surface of the QDs, is irrelevant due 

to the diffusion of triplet significantly outcompeting the transfer step. This formulation 

of the triplet transfer rate includes a geometric factor,  (𝑅𝑇𝐸𝑇 𝑅𝑐𝑜𝑟𝑒⁄ )2 , due to the 

spherical nature of the TET-CA ligands. 

4.6.3 Optimised Triplet Transfer 

Given the dependence on the TET-CA ligands, what is the upper limit of the possible 

triplet transfer rates? Based on a TET-CA ligand with dimensions perpendicular to the 

tetracene backbone of ~1.6x0.4 nm2, we estimate a cross-sectional area per ligand of 

~0.64 nm2. Assuming maximal packing over the surface of the QD, this means a 

maximum surface density of ~1.56 ligands/nm2. This ligand density is only slightly above 

what we have already synthesised, indicating we have nearly reached the maximum 

concentration of TET-CA ligands and corresponding triplet transfer rate. With a 

maximum ligand density of ~1.56 ligands/nm2, we predict a maximum triplet transfer 

velocity of (6.2 ± 0.2)x10-3 m/s and correspond bi-molecular triplet transfer rate of 

(5.8 ± 0.2)x108 M-1s-1. Figure 4.29 shows the predicted triplet transfer rate from TIPS-Tc 

to PbS-TET-CA QDs as a function of the triplet transfer velocity to the QDs. As the triplet 

transfer velocity increases, 𝛾𝑇𝐸𝑇 increases until it reaches the diffusion-limited regime 

where it saturates. For ideal SF-PM operation, it is necessary to have efficient triplet 

transfer to facilitate a high triplet transfer rate per QD. Therefore, the ideal triplet 

transfer velocity would be high enough such that diffusion-limited transfer is occurring. 

For example, values of 𝑘 greater than 1 m/s would be needed. The observed triplet 

transfer velocities of the QDs with varying TET-CA ligand densities and the estimated 
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upper limit for a fully packed monolayer of TET-CA are significantly lower than this 

“ideal” regime. 

 

Figure 4.29: The transition from kinetically limited triplet exciton transfer to diffusion-limited. 
The bi-molecular triplet transfer rate from TIP-Tc to PbS-TET-CA as a function of the triplet 
transfer velocity (blue curve), calculated using a triplet diffusion coefficient of 5 x 10-10 m2 s-1 and 
a triplet transfer radius of 3.6 nm. Observed triplet transfer rates and velocities by measurement 
of SF-PM PLQE values (black squares). Vertical dashed yellow line shows the triplet transfer 
velocity predicted for QD with a fully packed monolayer of TET-CA ligands and its corresponding 
bi-molecular triplet transfer rate (yellow circle). Horizontal dashed grey line shows the diffusion-
limited triplet transfer rate. 

Our investigation suggests two routes to increase the triplet transfer rate. On inspection 

of equation (4.40), it appears that increasing the size of the PbS-TET-CA QD will yield 

increases in the triplet transfer proportional to the square of its radius. One possible 

future research route to achieve this effect could be to employ triplet ligands that are 

based on TIPS-Tc dimers, trimers or polymers. With similar electronic properties and 

significantly longer dimensions, these molecules could increase the rate of triplet 

transfer from the TIPS-Tc.150 The second route would focus on increases to the intrinsic 

triplet transfer rate per ligand, 𝑘𝑙𝑖𝑔, resulting in overall high triplet transfer rates and 

efficiencies. To achieve this, future work is needed to understand the nature of the TIPS-

Tc to PbS-TET-CA transfer, such as investigation of the role Gibbs free energy plays in 

the process.151  
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4.7 Conclusion and Outlook 

 

Figure 4.30: Overview of singlet fission, triplet transfer and QD excited state decay dynamics. 
The nsTA kinetics shown are for a TIPS-Tc:PbS-TET-CA solution (200 mg/mL:100 mg/mL). The 
kinetics in the first 2 ns show the singlet fission process for a TIPS-Tc solution (200 mg/mL).  

We have demonstrated a solution-based bulk SF-PM system that meets many of the 

“realistic” requirements. In particular, the requirements pertaining to parasitic 

absorption, efficient triplet transfer and operation at solar irradiance, have been 

fulfilled. We calculate that it is possible to achieve an efficient SF-PM material, in which 

>95% of incident photons are absorbed by the singlet fission material, TIPS-Tc. At 

energies below the absorption of TIPS-Tc less than 5% of photons are absorbed by the 

PbS QDs. The development of such materials could involve advanced solution processing 

techniques adapted from LCD manufacturing. After absorption, efficient singlet fission 

occurs in the solution phase before quantitative harvesting of the triplet excitons via a 

low concentration of PbS QDs (≤ 50 mg/mL)), followed by the emission of IR photons. 

We have shown that in order to obtain efficient harvesting of the fission generated 

triplets it is necessary to engineer the surface ligands on the PbS QDs. TET-CA ligands 

are shown to be much more efficient than either OA or HA. Several surprising results are 

uncovered; for instance, while the transfer of the TIPS-Tc triplets to the PbS-TET-CA QD 

is the rate-limiting step, it occurs more slowly than would be expected for a purely 
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diffusion-limited process. On analysis of the triplet transfer dynamics, we find that the 

process is kinetically limited and that the rate of transfer is proportional to the number 

of TET-CA ligands per QD. The mixed nature of the QD ligand coverage (consisting of 

both of the TET-CA and OA) leads to the need for multiple collisions before the transfer 

is achieved to the TET-CA ligand. Triplet transfer to the PbS-TET-CA QDs is likely affected 

by the steric hindrance caused by the ligand shell and the intrinsic bi-molecular triplet 

transfer between TIPS-Tc and the TET-CA. We show that the improvements to triplet 

transfer offered by the TET-CA ligand are approaching the estimated maximum rate 

facilitated by a fully packed monolayer of TET-CA ligands. At this value the transfer is 

nevertheless kinetically limited and we discuss strategies to advance to a diffusion-

limited rate. We also find that bi-molecular recombination of triplets is the major loss 

channel and limits the photon multiplication performance at high fluences. However, it 

is possible to arrange a sufficiently high concentration of QDs (30-50 mg/mL) such that 

95% of the triplets present can be harvested at solar-equivalent fluence. These results 

thus establish that it is possible to have a photon multiplication scheme that can 

function at solar fluence and shows the potential of singlet fission photon multiplication 

as a means to break the Shockley–Queisser limit.  

Currently, the limiting performance factors are the photoluminescence energy and 

quantum efficiency of the PbS-TET-CA quantum dots and the TIPS-Tc singlet fission yield. 

PbS QDs with high emission energy are needed for optical coupling to a Si PV. This, in 

turn, requires a higher triplet energy in the singlet fission material and triplet transmitter 

ligand. In a further project, we have shown that 200-300 meV is necessary to guarantee 

triplet transfer from the singlet fission material to the PbS QDs.97 Consequently, a singlet 

fission material with triplet energy of at least 1.4-1.5 eV is required. As illustrated by 

Figure 4.31, material design with the aim of singlet fission yield approaching 200% will 

lead to significant improvements to the photon multiplication performance. An 

increased singlet fission yield will be necessary as with the current TIPS-Tc singlet fission 

yield of 135%, a QD with PLQE larger than 80% would be required in order to achieve an 

overall photon multiplication yield greater than 100%. 
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Figure 4.31: Simulations of the normalised efficiency for a TIPS-Tc:PbS-TET-CA solution. 
a) triplet kinetics and singlet fission yield (135%) as experientially observed, under 535 nm 
excitation. Prediction of the SF-PM efficiency for singlet fission yield of 200%, with the triplet 
kinetics as measured (b) and for triplet transfer at the expected diffusion-limited rate (c). Points 
at which the normalised photon multiplication efficiency are unity (black dashed line) and 190% 
(purple dashed line). d) Simulated photon multiplication normalised efficiency at effective solar 
fluence (13.7 mW/cm2). 

Future improvements to the photon multiplication scheme should focus on increasing 

the transfer rate, resulting in a larger parameter space where triplets are effectively 

extracted with the need for a lower concentration of QDs (Figure 4.31). A reduction in 

the rate of bi-molecular recombination of triplets would also be highly desirable, for 

instance by tuning the electronic structure such that TTA events lead solely to the 

reformation of the singlet state, which could then be recycled. Lessons can be learnt 

from the photon upconversion field, where TTA yields for singlet generation can 

approach 100%.145 The solution-based SF-PM system we have established here serves 

as a convenient and highly tuneable platform to understand the fundamental 

photophysics of the triplet transfer process from organic semiconductors to QDs, test 

materials combination, energetics, and surface chemistries, in order to guide the future 

development of solid-state SF-PM systems. 

Ultimately, the SF-PM requires a solid-state implementation, which will involve careful 

control of nano-morphology, as well as energetics and surface chemistry of the QDs, as 

discussed in the following chapter.  





 

 

  

Solid State Singlet-Fission Photon-Multiplier 

While the solution phase SF-PM system established in the previous chapter serves as a 

model system for understanding the triplet transfer process from organic 

semiconductors to inorganic QDs, the ultimate challenge for the singlet fission 

community is the development of a solid-state SF-PM system. That being said, the design 

rules elucidated by the solution-phase TIPS-Tc:PbS-TET-CA system does light the route 

to a solid-state implementation. Here we detail the development of a solid-state bulk 

organic semiconductor/quantum dot blend that efficiently harvests triplets generated 

by singlet fission. 

To begin this chapter, we introduce the solid-state TIPS-Tc:PbS-TET-CA blend and its 

operation as an SF-PM. Morphological insights of the TET-CA ligands effect are 

highlighted. Under optimised morphologies the SF-PM’s exciton multiplication factor is 

found to be ~190%, indicating highly efficient singlet fission followed by triplet transfer. 

After this overview we detail the optimisation of the SF process by morphological 

control, rule out any significant singlet exciton transfer and a singlet trapping process as 

a loss pathway in the singlet fission material. From here we dive into the characterisation 

of the triplet harvesting dynamics and mechanism of transfer to the PbS QDs. Of note 

we show that the triplet transfer rate is predominately controlled by the density of QDs, 

identify visible transient photoluminescence microscopy as a means to spatially map 

triplet transfer and observe sequential triplet transfer from the singlet fission host to 

the triplet transmitter ligand to the PbS QD. With the dynamics characterised, the final 

section investigates the consequences for the SF-PM’s steady-state operation.  

The results presented in this chapter demonstrate the many photophysical and 

morphological challenges towards achieving a solid-state singlet fission photon 

multiplier can be overcome by careful systems design. 
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5.1 Introduction 

Similar to the previous chapter, this chapter investigates the development of a singlet 

fission photon multiplier (SF-PM) as a means of harnessing the singlet fission process’ 

potential in surprising the Shockley-Queisser limit. However, the key step forward 

developed here is the implementation of an SF-PM in a bulk solid-state blend, as 

illustrated in Figure 5.1. The SF-PM is designed to be an optically active layer lying on 

top of a conventional Si-PV, similar to that illustrated in Figure 5.1a. One key advantage 

of the SF-PM scheme over alternative means of utilising singlet fission is that no 

electrical contact between the PV cell and the singlet fission material is required. Thus, 

lowering the possibility of any unwanted altercations of the PV’s electrical properties 

and corresponding efficiencies. Instead, the optical coupling of the singlet fission photon 

multiplier with the PV cell is utilised to offer power conversion efficiency gains. 

A key design constrain for the SF-PM is that it must be an easily fabricated and durable 

structure, that can match the operational lifetime of the underlying PV cell. These 

requirements point towards a solid-state implementation, in thin-film form. Such a 

system can leverage the domain knowledge of thin-film fabrication from the organic 

field-effect transistor, organic light-emitting diode and organic photovoltaic research 

communities, which have similar structural requirements. With this in mind a solid-state 

SF-PM is sought, given that the following constraints can be meet; 

- The SF-PM is made of a bulk composite material, with unconstrained thin-film 

thickness, such that sufficient high energy photon can be absorbed. 

- The SF-PM morphology can be controlled such that the QD emitters are well 

dispersed within SF host, with minimal QD aggregation. 

- The SF host is able to produce viable triplet excitons with yields approaching 

200 %. 

- Triplet transfer is possible such that the dispersion of QD emitters are able to 

efficiently harvest the triplet excitons, followed by IR photon emission. 

The development of such a solid-state SF-PM presents many morphological and 

photophysical challenges. Creating a bulk composite of an organic semiconductor and 

inorganic QDs generally presents a significant morphological challenge. The mismatch in 

size, shape and surface energies of the two components, often results in aggregation or 

phase separation.80,152–154 Subsequently, aggregation of the QDs is linked to a 

detrimental effect on the QD photophysical properties.155–158 As synthesised PbS QDs, 
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with aliphatic ligands such as oleic acid (OA) are problematic, not only as the OA ligand 

has been shown to inhibit triplet transfer,12,13,101 additionally they are suspected as the 

main cause of the QD aggregation due to an incompatibility with the SF host. It is 

therefore motivated to use a ligand with chemically matched properties to the SF host 

and that can facilitate triplet transfer. Taking inspiration from the solution phase SF-PM 

system, the use of PbS QDs functionalised with the triplet transmitter ligand 6,11-

bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid (TET-CA) is of interest.  

 

Figure 5.1: Schematic illustration of a bulk SF-PM material integrated with a Si PV device.  
a) The triplet acceptor PbS quantum dots are evenly dispersed within an optically dense, TIPS-Tc, 
singlet fission host. b) Energy diagram describing the processes involved in photon multiplication 
based on singlet fission. First, a high-energy photon is absorbed, followed by rapid singlet-fission 
in TIPS-Tc generating two triplet excitons (T1,1). The triplet excitons are transferred via a TIPS-Tc 
carboxylic acid (TET-CA) ligand to PbS quantum dots which emit a photon when returning to the 
ground state. Illustration reproduced with permission from Dr Victor Gray. 

Here we demonstrate a quantum dot surface engineering approach allowing 

morphological control of the QD dispersion within an SF host. This approach overcomes 

a long-standing materials challenge in the mixing of organic semiconductors with 

inorganic quantum dots.79,86,159–163 Similar to the previous chapter, as singlet fission 

material we take 5,12-bis((triisopropylsilyl)ethynyl)tetracene (TIPS-Tc) for its high 

solubility, and solution-processability, with known singlet fission yield of 130-180% in 

polycrystalline films.164 QDs with exciton peak absorption at 1.08 eV, were used as the 

IR-emitting acceptor. Ligand exchanged of as synthesised PbS QDs with OA ligands (PbS-

OA), with the TET-CA ligand, is used to create triplet transmitter functionalised QDs (PbS-

TET-CA). Bulk photon multiplier films were fabricated by blade coating solutions of TIPS-

Tc with either PbS-OA or PbS-TET-CA QDs from toluene, at varying mass ratios of the 

components. With the TIPS-Tc:PbS-TET-CA scheme, similar to the solution phase system 
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in the previous chapter, a downhill energy cascade from SF-host triplet to QD excited 

state is arranged (Figure 5.1b). 

5.2 Morphology Characterisation 

Collaborators from Sheffield have investigated the ligand exchange from PbS-OA to PbS-

TET-CA using small-angle X-ray and neutron scattering measurements (SAXS and SANS); 

along with grazing incident small-angle X-ray scattering to characterise the QD 

dispersion within TIPS-Tc:QD films and studied the TIPS-Tc crystalline domains by 

polarised optical microscopy (Figure 5.2).  

Of particular note small X-ray and neutron scattering measurements on solutions of PbS-

OA and PbS-TET-CA QDs allowed determination of a ~1.6 nm core radius, while fitting of 

the neutron scattering data allowed determination of the TET-CA ligand density on the 

surface of the PbS QDs (Figure 5.2a). They concluded that ligand exchange is successful 

and results in a TET-CA ligand density of 1.3± 0.1 ligands/nm2. However, the fitting is 

consistent with the presence of residual OA ligands attached to the PbS QDs, indicating 

a mixed ligand envelope is achieved.  

Subsequent characterisation of the QD dispersion, in TIPS-Tc:QD films, was achieved by 

them with grazing incident small-angle X-ray scattering (Figure 5.2b-d). X-ray scattering 

from the TIPS-Tc:QD films show clear structure factors between 0.05 and 0.35 Å-1, 

representing colloidal crystallisation of aggregated quantum dots. The significant size of 

this peak in the TIPS-Tc and unmodified PbS-OA QDs blends indicated the presence of 

highly aggregate QD structures. The higher scattering density due to structures larger 

the QD (𝑞 < 0.05 Å-1) for the TIPS-Tc:PbS-TET-CA blends indicates a highly disordered 

dispersion of the PbS-TET-CA QDs within the SF host. The collaborators performed fitting 

using a colloidal crystal model, of key features in the 1D radially integrated scattering. 

These fits indicated that the PbS-OA QDs form highly ordered aggregate structures 

within the SF host material. In contrast, the blends with the TIPS-Tc based ligand showed 

much weaker colloidal ordering and significantly enhanced contact between the QDs 

and the SF host. These results are consistent with TEM images obtained for both films 

and schematic structures are illustrated in Figure 5.2 g and h. 
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Figure 5.2: Ligand dependence of the PbS QD dispersion within the singlet fission host.  
a) SANS data from before and after ligand exchange, PbS-OA (orange open circles) and PbS-TET-
CA (blue closed squares), following subtraction of appropriate backgrounds, with associated fits 
(black curves). Insets: schematic illustration of the population of ligands shifting from all OA (PbS-
OA) to a mixture of OA and TET-CA (PbS-TET-CA). Two-dimensional grazing incidence X-ray 
scattering data for TIPS-Tc:PbS-OA (b) and TIPS-Tc:PbS-TET-CA films (c), inserts showing POM 

images (500 m scale bar), with one dimensional radially integrated data shown (d), with TIPS-
Tc:PbS-OA (orange open circles), TIPS-Tc:PbS-TET-CA (blue closed squares) and associated fits to 
an FCC colloidal crystal model (black curves). TEM (50 nm scale bar) for TIPS-Tc:PbS-OA (e) 
showing large aggregates (dark regions) within the SF host (lighter regions) and PbS-TET-CA (f) 
showing a significantly more homogenous QD dispersion within the TIPS-Tc host. Illustration 
(5 nm scale bar) of the bulk SF-PM structures for the highly ordered parking of the PbS-OA 
quantum dots (g) and the highly disordered dispersion of PbS-TET-CA QD (h) within the TIPS-Tc. 
Scattering and POM measurements, and  TEM imagery were performed by collaborators from 
the University of Sheffield and Dr James Xiao respectively and reproduced with permission. 
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Finally, Polarisation optical microscopy images obtained by the University of Sheffield 

collaborators, showed reduced TIPS-Tc crystalline domain sized and increased 

nucleation density for the TIPS-Tc:PbS-TET-CA blends relative to the OA covered QDs 

(inserts in Figure 5.2 b and c). Suggesting that the PbS-TET-CA QDs are involved in the 

TIPS-Tc crystallisation process. 

In summary, PbS QDs functionalised with the TET-CA ligand were observed to achieve 

highly disordered structures within the singlet fission host material. Favourable 

interaction by π-π stacking between the TET-CA ligand and the bulk TIPS-Tc host material 

is likely the mechanism for the improved dispersibility of the PbS-TET-CA QDs. In 

comparison, the aliphatic OA ligand, which is more unfavourable than the highly 

conjugated TIPS-Tc, results in phase separation. The dispersibility of the PbS-TET-CA QDs 

makes it possible to move beyond bilayer architectures and open up the possibility of 

harvesting triplet excitons in a bulk system. 

5.3 Initial Optical Characterisation 

We begin the photophysical investigation of the TIPS-Tc:PbS-TET-CA films, made under 

optimised fabrication methods, with the characterisation of their steady-state optical 

properties. The films presented in this section were fabricated using a vacuum solvent 

removal method and aged for 1 week prior to their optical characterisation (details in 

the following section). The absorption and photoluminescence of TIPS-Tc:PbS-OA and 

TIPS-Tc:PbS-TET-CA films are shown in Figure 5.3. All films studied here have an 

absorbance greater than 1.5 (>95 % absorption) at the TIPS-Tc absorption peak (545 

nm), with low PbS quantum dot absorption across the visible region (Figure 5.3a). Thus, 

meeting the optical thickness requirements for the solid-state SF-PM system. 

The TET-CA ligand not only produces good quantum dot dispersibility within the 

crystalline TIPS-Tc host material but is expected to lead to efficient triplet transfer. To 

evaluate the photon multiplication performance in the films, we measure the PLQE 

when exciting the SF host material TIPS-Tc (at 515 nm) and compare to direct excitation 

of the PbS-TET-CA quantum dots (at 658 nm). PLQE measurements were performed at 

low fluence to minimise any bimolecular decay losses. As seen in Figure 5.3b, the PLQE 

of the TIPS-Tc:PbS-TET-CA film increases from (15.4 ± 1.0) % (658 nm, quantum dot only) 

to (24.5 ± 1.0) % under photoexcitation of the SF host (515 nm, quantum dot + SF host). 
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This enhancement of (59 ± 12) % suggests efficient SF followed by triplet transfer to the 

emissive quantum dots.  

 

Figure 5.3: Absorbance and IR PL due to triplet harvesting in a TIPS-Tc:PbS-TET-CA film. 
a) Absorbance (blue curve) and normalised IR PL (orange curve) of a TIPS-Tc:PbS-TET-CA thin film. 
For comparison the absorbance of PbS-TET-CA quantum dots in toluene (black curve), the 
difference highlighting the TIPS-Tc absorption (blue area). b) The measured absolute IR PLQE 
under 515 nm and 658 nm excitation for TIPS-Tc:PbS-TET-CA  (blue closed squares) and TIPS-
Tc:PbS-OA (orange open circles) thin films. Based on these PLQE measurements, the light blue 
curve shows the expected IR PLQE wavelength dependence for the TIPS-Tc:PbS-TET-CA thin film, 
in the low-fluence regime. The light orange curve shows the expected IR PLQE wavelength 
dependence for the TIPS-Tc:PbS-OA thin film, with absolutely no triplet transfer to the PbS-OA 
quantum dots. Horizontal dashed lines show the SF-PM performance relative to 100% (grey) and 
200% (black) of the intrinsic quantum dot PLQE in the TIPS-Tc:PbS-TET-CA thin film. Films are at 
TIPS-Tc:QD  mass ratio of 2:1 and were vacuum treated and aged for 1 week. Absorption spectra 
were measured by Dr Simon Dowland. 

We quantify the efficiency of the SF-PM system, by calculation of the exciton 

multiplication factor 𝜂𝐸𝑀𝐹  in the low fluence regime, where the SF-PM normalised 

efficiency is given by 

𝜂𝑃𝑀(𝜆)

𝜂𝑄𝐷
= 𝛼𝑄𝐷(𝜆) + 𝛼𝑇(𝜆)𝜂𝐸𝑀𝐹  . 

(5.1) 

We take the measured values of 𝜂𝑄𝐷 = (15.4 ± 1.0) % (excitation at 658 nm, QD only) 

and 𝜂𝑃𝑀(𝜆 = 515 𝑛𝑚)  = (24.5 ± 1.0) % (excitation at 515 nm, QD + SF host) and 

combining with the relative absorption in the PbS-TET-CA quantum dots and the SF host 

(approximated by values measured in the solution phase), an exciton multiplication 

factor of 𝜂𝐸𝑀𝐹 = (186 ± 18) % is extracted. In the case of triplet transfer, 𝜂𝐸𝑀𝐹 is given 
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by the product of the triplet transfer efficiency 𝜂𝑇𝐸𝑇 and the singlet fission yield 𝜂𝑆𝐹. 

From the 𝜂𝐸𝑀𝐹  value, we calculate 𝜂𝑃𝑀(𝜆) , the expected IR PLQE wavelength 

dependence across the full excitation window, in the low-fluence limit (Figure 5.3b).  

In contrast to the PbS-TET-CA:TIPS-Tc films, films of PbS-OA:TIPS-Tc show a drop in PLQE 

when the SF host is excited, from (17.2 ± 1) % (658 nm, quantum dot only) to (3.8 ± 1) % 

(515 nm, quantum dot + SF host) (Figure 5.3b). The measured PLQE value at 515 nm is 

consistent with the expected IR PLQE wavelength dependence for a film with no triplet 

transfer from the TIPS-Tc to the PbS-OA quantum dots. 

5.3.1 Magnetic Field Dependent PL 

 

Figure 5.4: Magnetic dependent PL Identification of triplet transfer in a TIPS-Tc:PbS-TET-CA film.  
a) TIPS-Tc singlet (orange curve) and PbS-TET-CA QD (blue curve), normalised PL emission spectra 
of a TIPS-Tc:PbS-TET-CA film (100:50 mg/mL), under 532 nm excitation, at zero applied field. 
b) Percentage change in the QD (blue and grey circles) and TIPS-Tc (orange squares) PL, for a 
TIPS-Tc:PbS-TET-CA film. The QD emission resulting from triplet transfer from TIPS-Tc after 
excitation with 532 nm laser light (blue circles) drops on the application of a high magnetic field 
(>0.3 T). Whereas, PL from the TIPS-Tc increases with large applied magnetic fields (orange 
squares). Direct excitation of the QD, with 658 nm laser light, results in no effect with an applied 
magnetic field (grey squares). Films were vacuum treated and aged for 1 week. 

To further verify that the PLQE enhancement originates from SF and triplet transfer we 

perform magnetic-field-dependent PL measurements (Figure 5.4). Direct excitation of 

the PbS-TET-CA QD with 658 nm laser light results in no observed magnetic dependence 

(for fields less than 0.5 T), similar to previous observations. 11, 12, 14 We observe an initial 

decrease in TIPS-Tc PL at low magnetic fields (<150mT) followed by an increase at higher 
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magnetic fields. Such behaviour is typical for SF materials.9,122 In contrast, the PbS-TET-

CA QD IR PL shows the opposite trend, indicating that the excited QD states are the 

result of triplets generated by singlet fission, transferred from the TIPS-Tc.81,118,122 

In summary, we have demonstrated TIPS-Tc:PbS-TET-CA blends with significant 

absorption contrast between the SF host and the PbS QDs, which show a considerable 

exciton multiplication factor approaching 200 %. Additionally, we provide sufficient 

evidence that this exciton multiplication factor is likely the result of singlet fission and 

triplet transfer. Thus, we have shown that it is possible to construct an efficient singlet 

fission photon multiplication in a bulk solid-state system. For the remainder of this 

chapter, we develop an understanding of intricacies of this system. 

5.4 Optimisation of the SF Host Morphology 

With the knowledge that a solid-state SF-PM can be demonstrated we next take a step 

backwards and detail the necessary optimisation of the singlet fission process that was 

undertaken. We show that optimisation of the SF host morphology is critical to achieving 

adequate singlet fission yields. The process of finding a singlet fission viable material can 

be as easy as taking a highly soluble small organic semiconductor molecule with 

appropriate excited singlet and triplet state energies, for exergonic singlet fission to be 

possible, and mixing it in solution at a sufficient concentration. Within these conditions 

the diffusion assisted collision of an excited singlet state molecule and a ground state 

molecule, allow for sampling of a large parameter space of chromophore coupling 

geometries.55,123 A singlet fission favouring geometry is commonly found and singlet 

fission can occur. Taking the same molecule in polycrystalline or single crystal form does 

not guarantee that singlet fission will occur. In a solid-state systems singlet fission can 

be hampered as crystallisation can limit accessible chromophore coupling geometries, 

cause aggregation assisted energy level shifting.165–168 Polycrystalline morphology can 

affect singlet fission yields and rates, or introduce excited state traps.123,169–171  

In TIPS-Tc alone there is an ongoing debate as to the exact nature and utility of some of 

the observed photoexcited states in the singlet fission process. In particular, the 

observed excimer like state, that appear ~100 ps after photoexcitation of TIPS-Tc in 

solution and thin-film phase, with associated broad red-shifted emission (relative to the 

singlet emission). The excimer like state has been pointed to as either a necessary 

intermediate state in the singlet fission process or a loss channel from the singlet state. 
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58,66,123 Another key observation was the identification of vibronically coherent ultrafast 

triplet pair state formation in TIPS-Tc films.58 The coupling of electronic and vibration 

degrees of freedom result in triplet pair formation on a < 500 fs timescale, with 

corresponding partial loss of singlet population. The remainder of the singlet population 

decays on a slower 10s of picoseconds timescale with the corresponding rise of the 

triplet pair signatures.  

5.4.1 Singlet Fission Dynamics 

We start our investigation of the TIPS-Tc:QD films with measurement of picosecond and 

nanosecond transient absorption (psTA and nsTA) spectra. From these measurements, 

we identify any effects the PbS-TET-CA QDs have on the singlet fission process in the 

TIPS-Tc SF host. Figure 5.5a shows the measured psTA spectra of pristine TIPS-Tc after 

photoexcitation at 535 nm. Similar to previous reports we observed the loss of the 

singlet exciton over the first ~20 ps, as identified by the loss of the TIPS-Tc stimulated 

emission (SE) peak at ~580 nm.58 A corresponding growth of the photoinduced 

absorption (PIA) peak at ~860 nm is assigned to the generation of triplet excitons. 

Decomposition of the dynamics into two components, for the pristine TIPS-Tc and TIPS-

Tc:PbS-TET-CA psTA spectra, is achieved with the genetic algorithm. The decomposed 

kinetics are consistent with a sequential reaction from an initially photoexcited singlet 

state to a subsequent state over a ~20 ps timescale (Figure 5.5c). 

Comparison of the initial dominate spectral component, assigned to the singlet exciton, 

shows little difference with the addition of the PbS-TET-CA QDs. To make clear 

differences in the subsequent dominate spectral component, normalisation to the 

maximum signal strength of the decomposed singlet component is calculated (Figure 

5.5b). With this normalisation we witness that, on the addition of the PbS-TET-CA QDs 

to the SF host, the second spectral component has an increased triplet PIA strength at 

860 nm and a reduction in the broad PIA background across the probe range. These 

spectral differences indicate that there exist a third species with associated spectral 

features and the decomposed second spectral component is the sum of two distinct 

excited states with varying populations. The pristine TIPS-Tc film appears to have a 

higher proportion of the state associated with a broad PIA, which we will refer to as a 

singlet trap state. An assignment we will justify in the following discussion. The presence 

of the PbS-TET-CA QDs increased the proportion of the second decomposed spectra with 

a signal from the sharp triplet PIA at 860 nm. The increased triplet proportion is 

additionally correlated with an increased initial population of the triplet and trap mixed 
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spectra spectral component at early times (200 fs). A possible indication of an increased 

proportion of the singlet fission process occurring via the vibronically coherent ultrafast 

channel mentioned earlier. 

 

Figure 5.5: Influence of PbS-TET-CA QDs on the TIPS-Tc SF host singlet fission dynamics.  
Non-aged films, without vacuum solvent removal. a) psTA spectra of a TIPS-Tc film after 535 nm 
excitation. Decomposition into two components is achieved by the genetic algorithm, into 
spectra (b) and kinetics (c) of psTA maps. Films of TIPS-Tc and TIPS-Tc:PbS-TET-CA (200:100) were 
excited at 535 nm with 15 uJ/cm-2. The components are assigned to the spin-singlet character of 
the multiexciton state (blue curves) and the combination of spectra due to the triplet excitons 
and a trap state (yellow curves). 

The singlet trap features being larger in the pristine TIPS-Tc film, is significant evidence 

that the singlet trap state is not induced by the PbS QDs. The trap state is likely part of 

the polycrystalline TIPS-Tc system. We have observed no reduction of the TIPS-Tc singlet 

fission yield due to the presence of the PbS-TET-CA QDs. To the contrary, the QDs appear 

to be increasing the triplet yield.  

5.4.2 Separation of Triplet and Trap Dynamics 

Now we shift our focus to the nsTA spectra to distinguish the kinetics and spectra of the 

triplet excitons and the singlet trap state. Figure 5.6 shows the nsTA spectra for films of 

pristine TIPS-Tc and TIPS-Tc:PbS-TET-CA blends. For both films under photoexcitation of 

the SF host (535 nm), there were strong triplet exciton PIAs observed at ~860 and ~970 

nm.58 The blend film additionally shows a positive signal at 1000-1250 nm assigned to 

the PbS QD ground state bleach (GSB) and a negative PIA signal from 750 to 1000 nm, 

due to a QD excited state population. The initial strength of this excited QD state is 
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assigned to direct excitation by the pump beam. These spectral features are consistent 

with the observed spectra of the TIPS-Tc:PbS-TET-CA films, under selective 

photoexcitation of the PbS QDs at 600 nm.  

 

Figure 5.6: Identification of excited states by nsTA spectra of TIPS-Tc:PbS-TET-CA films.  
Non-aged films, without vacuum solvent removal. nsTA spectra (a) and kinetics (b), averaged 
over the indicated ranges, for TIPS-Tc:PbS-TET-CA films with 0 and 200 mg/mL of PbS-TET-CA 
QDs, top and middle respectively, excited at 535 nm with (a) 200 µJ/cm2 and (b) 20 µJ/cm2. The 
bottom panel shows the nsTA data for the TIPS-Tc:PbS-TET-CA film with 200 mg/mL of PbS-TET-
CA QDs, excited at 600 nm with 12 µJ/cm2. 

Most obvious in the pristine TIPS-Tc films, there is a broad PIA across the probe range, 

present at early times. This PIA, consistent with the psTA features of the singlet trap 
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state, decay within 100 ns. The resultant spectrum consists of predominantly the sharp 

triplet exciton PIA peaks. To distinguish the dynamics of the various species we utilise 

the genetic algorithm to decompose the spectra into three components (Figure 5.7). To 

aid the algorithm with the decomposition we use the following fixed reference spectra; 

the triplet exciton spectrum is extracted from the nsTA spectra of the TIPS-Tc film under 

535 nm excitation, averaged over the 100-200 ns range and the QD excited state spectra 

taken as the average spectrum between 2-100 ns time range after 600 nm exciton of the 

TIPS-Tc:PbS-TET-CA film. The final spectrum, assigned to the singlet trap state is 

determined via the genetic algorithms decomposition of the pristine TIPS-Tc nsTA 

spectrum with the use of the triplet reference spectrum. The decomposed trap 

spectrum matches the description earlier of a broad PIA across the probe range. 

For the pristine TIPS-Tc films (0 mg/mL of PbS-TET-CA QDs in the precursor solution) the 

decomposed kinetics show the decay of the initial triplet population, present at 1 ns 

after photoexcitation, decaying over a 10s of microseconds time period. The trap 

kinetics decay within 100 ns, over which time there is no corresponding rise in the triplet 

kinetics. Whereas, the decomposed kinetics of the TIPS-Tc:PbS-TET-CA film (200:200 

mg/mL precursor solution) show no population of the trap state for all probe times, 

while still having a significant triplet population. These observations are consistent with 

the trap state not being an intermediate to the triplet state. Of note for discussion in the 

subsequent section on triplet harvesting, the decomposed triplet kinetics show a 

reduced lifetime in the TIPS-Tc:PbS-TET-CA films, as a result of triplet transfer to the PbS-

TET-CA QDs. As the trap and triplet populations appear to decay independently of each 

other, it is reasonable to compare the initial magnitude of these populations to 

understand the predetermining processes, as illustrated by Figure 5.7c. As the QD mass 

fraction in the SF host is increased we observe a significant increase in the nsTA spectra 

assigned to the initial triplet population. The triplet population is inversely proportional 

to the initial trap population. An inverse correlation such as this, along with the 

observation that the trap decay does not result in an increase of the triplet exciton state, 

is strong evidence that the trap state is a loss channel competing with the generation of 

triplets. As discussed earlier, there have been many reports of film morphology affecting 

the singlet fission process. The polarisation optical microscopy observations of increased 

TIPS-Tc nucleation with the addition of PbS-TET-CA QDs illustrates the significant effect 

the PbS-TET-CA QDs can have on the SF host morphology (inserts Figure 5.2 b and c). 

Therefore, the SF host’s triplet yield dependence on the QD mass fraction in the blend 

films is likely the result of a morphological change in the SF host caused by the PbS-TET-

CA QDs. 
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Figure 5.7: Decomposition of nsTA maps for TIPS-Tc:PbS-TET-CA films.  
Non-aged films, without vacuum solvent removal. a) Decomposition into three components, PbS-
TET-CA  QD excited state (blue), TIPS-Tc triplet (orange) and TIPS-Tc trap states (green), is 
achieved by the genetic algorithm. b) Decomposed kinetics for the QD excited state, triplet and 
trap states for films made from 200 mg/mL of TIPS-Tc with 0 and 200 mg/mL of PbS-TET-CA QDs, 
top and bottom respectively. c) Initial nsTA signal strength, 1 ns after photoexcitation, of the QD 
excited state, triplet and trap states as a function of the PbS-TET-CA QD mass fraction. Films were 
excited at 535 nm with 20 µJ/cm2. 

To gain further insight, transient photoluminescent (trPL) spectroscopy was employed 

to investigate the emissive properties of the photoexcited species and triplet dynamics. 

Figure 5.8a shows the obtained visible PL spectra after selective photoexcitation at 400 

nm of TIPS-Tc in films of TIPS-Tc and TIPS-Tc:PbS-TET-CA. We observe considerable 

differences in spectral features between the two films. the blend film has a PL emission 

spectrum with peaks at ~550, 580 and 630 nm that are consistent with the vibrionic 

structure of the TIPS-Tc singlet emission.58 Whereas, the pristine TIPS-Tc emission is 

significantly red-shifted in comparison, with a peak at ~650 nm. This red-shifted 

emission is consistent with emission from an excimer like state, as has previously been 

noted 55,58,66,123 In the following we will show evidence that this excimer like state and 

the singlet trap are the same and from now we use the two names interchangeably. 

Again, we use the genetic algorithm to decompose the spectra into their respective 

components. Decomposition of the trPL spectra into two components, yield spectra that 

are assigned to the singlet and excimer emission, respectively (Figure 5.8b). To highlight 

the relative strength of the emission from the two components and allow easy 

comparison between the films, we normalise the components relative to the maximum 

signal from the decomposed singlet kinetics (Figure 5.8c). From the decomposition of 
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the pristine TIPS-Tc film’s PL spectra, we observe kinetics in which there is a rapid loss 

of the singlet emission within the first 2 ns after photoexcitation. Given the ~2 ns time 

resolution of the trPL measurement, this singlet decay is consistent with the <100 ps 

decay observed via psTA for the same film. Subsequently, the excimer like emission 

decay with a ~10 ns decay constant. After 100 ns there is a resurgence of both the singlet 

excimer emission with much longer ~100 µs lifetimes. Decomposed trPL kinetics for the 

TIPS-Tc:PbS-TET-CA films show similar initial decays for the singlet and excimer emission. 

However, the relative levels of the excimer emission were significantly lower in this film. 

Additionally, the delayed trPL components were significantly weaker.  

 

Figure 5.8: Identification of excimer state by visible transient PL from TIPS-Tc:PbS-TET-CA films. 
Non-aged films, without vacuum solvent removal. a) Transient PL spectra for films with 0 and 
200 mg/mL of PbS-TET-CA QDs, top and bottom respectively. Samples were excited at 400 nm 
with 1000 uW (1.6 mJ/cm2). b) Decomposition into two components, TIPS-Tc singlet and TIPS-Tc 
trap emission, is achieved by the genetic algorithm. c) Decomposed kinetics for the singlet and 
trap emission for films with 0 and 200 mg/mL of PbS-TET-CA QDs, top and bottom respectively. 

To identify the cause of the delayed, long-lived singlet and excimer PL, fluence 

dependent trPL measurements were obtained and decomposed in the same way (Figure 

5.9a). Here we observe that the strength of both the delayed singlet and excimer 

emission increase in strength, relative to the initial decay components, with increased 

excitation fluence. Previous studies of singlet fission materials have identified similar 

behaving long-lived PL signals and assigned the cause to non-geminate triplet-triplet 

annihilation (TTA) regenerating the singlet exciton.47,48,172 From our nsTA studies, the 

dominate excited state species in the SF host at times > 100 ns after photoexcitation is 
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the triplet exciton. Any increase in the pump fluence should result in an increased triplet 

density after the singlet fission process has occurred. Consequently, the increase in 

triplet density will lead to an increased proportion of TTA occurring across the lifetime 

of the triplet, leading to an increased delayed excited singlet density and resultant 

singlet emission. These predictions are consistent with our observed singlet fluence 

dependence. 

 

Figure 5.9: Triplet-triplet annihilation and evidence of non-sequential singlet fission.  
Non-aged films, without vacuum solvent removal. a) Singlet and trap population from the 
decomposition of the transient PL from a TIPS-Tc film under varying fluences from 50-1000 uW 
(80-1600 µJ/cm2) at 400 nm excitation. b) The ratio of the PL signal strength from the trap state 
to total PL strength as a function of time after photoexcitation with 1000 uW (1.6 mJ/cm2) at 400 
nm. films used were made from solutions at 200 mg/mL TIPS-Tc and PbS-TET-CA QD 
concentrations as shown. c) The ratio of the PL signal strength from the trap state to total PL 
strength as a function of PbS-TET-CA QD mass fraction at 2 ns after photoexcitation with 50 uW 
(80 µJ/cm2) at 400 nm. 

Interestingly the increased fluence also increases the strength of the delayed excimer 

emission, suggesting that TTA can result in the generation of the excimer state. Figure 

5.9b highlights the relative ratio of the excimer emission to the total emission, for TIP-

Tc:PbS-TET-CA films with a variety of QD mass fractions. We observe PL that is singlet 

dominated at early times (< 5 ns), excimer dominated at intermediate times (10-50 ns) 

and shifting to higher levels of singlet emission at later times (>100 nm). Behaviour such 

as this, in concentrated TIPS-Tc solutions, has been analysed previously with the 

conclusion that it is the result of TTA directly to the singlet followed by singlet decay to 

the excimer state.66 In that report, the authors were able to rule out TTA directly to the 

excimer state as a dominate kinetic pathway. Based on the similar trend in excimer to 
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total PL ratio observed here, we suggest that the same is true for the solid-state TIPS-Tc 

system. 

At increased QD mass fractions, we see similar singlet and excimer dynamics, however, 

the fraction of the PL due to excimer emission is significantly lower (Figure 5.9b). Based 

on the above arguments for TTA directly to the singlet state as the dominant channel, 

the decreased excimer ratios in the delayed component is consistent with a lower 

fraction of the singlet exciton decaying to the excimer state. The initial proportion of 

excimer traps as a function of QD mass fraction is highlighted in figure Figure 5.9c, 

strongly suggesting that the inclusion of QDs reduces the excimer formation in the films. 

Furthermore, the similar kinetics of the initial excimer trPL decay, regeneration of 

excimer states via TTA to the singlet and the dependence of the excimer population on 

the QD mass fraction are all consistent with the singlet trap and the excimer state being 

one and the same. 

5.4.3 Fabrication Control of SF Host Morphology 

We have shown that the addition of PbS-TET-CA QDs to the TIPS-Tc SF host cause 

increased triplet yields, likely due to the formation of a TIPS-Tc morphology that favours 

singlet fission over the production of the singlet trap state. We now seek a method to 

force a similar morphological change, and associated high triplet yields, independent to 

the PbS-TET-CA QDs. We measure psTA spectra of TIPS-Tc:PbS-TET-CA films prepared 

under a variety of fabrication conditions, to identify the optimal method. Taking 

inspiration from the increased TIPS-Tc nucleation density at high QD mass fractions, we 

investigate the use of post blade-coating solvent removal. The removal of residual 

solvent from the SF host soon after blade-coating is expected to halt crystal growth and 

result in smaller crystal domains, similar to the effect of increased nucleation density. 

The solvent removal is achieved by placing the freshly blade coated films in a vacuum 

chamber for an extended period of time, at ~10 mbar of pressure. Alternatively ageing 

the films for a period of 1 week is investigated as a means to control the SF-PM 

morphology. 

Figure 5.10a shows the psTA spectra for a TIPS-Tc:PbS-TET-CA (100:20) film that was 

subjected to vacuum solvent removal and 1 week of ageing. Similar to our early psTA 

measurements of TIPS-Tc:PbS-TET-CA films we observe a <100 ps loss of the singlet 

exciton, as identified by the SE at ~580 nm. However, the subsequent triplet PIA at 860 

nm appears significantly larger than the previous measurements. 
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Figure 5.10: Morphological effects on triplet yield resulting from singlet fission.  
a) psTA spectra of a TIPS-Tc:PbS-TET-CA (100:20 mg/mL) film subjected to vacuum solvent 
removal and 1 week of ageing. b,c) psTA spectra after the singlet fission process has occurred 
(100 ps)  for TIPS-Tc:PbS-TET-CA (100:20 mg/mL) films produced under a variety of conditions. 
The black line from 800-900 nm shows the interpolated background PIA signal assigned to the 
singlet trap state and the downwards pointing arrow illustrates the magnitude taken for the 
triplet PIA peak. figure b shows the raw psTA spectra, while spectra in c have been normalised to 
the triplet PIA peak. All samples we excited at 535 nm with 15 uJ/cm-2. d,e) psTA signal strengths 
at 100 ps after photoexcitation, determined by owe peak fitting method, for the TIPS-Tc singlet 
trap state and the TIPS-Tc triplet state as a function of the processing methods. Corresponding 
SF-PM performance as quantified by calculation of the exciton multiplication factors measured 
by the PLQE values. 
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Comparison of the psTA spectra obtained for films prepared under the various methods 

results in significantly adjusted strengths of the triplet peak and the broad singlet trap 

PIA from ~600 – 950 nm (Figure 5.10b). To clarify this effect the psTA spectra, after 

singlet decay, have been normalised to the triplet PIA peak value and shown in Figure 

5.10c. Here it is clear that there are vastly differing ratios of the triplet PIA and trap PIA 

across the investigate film fabrication methods. The vacuum treated and aged film 

shows the highest ratio of triplet PIA to trap PIA, indicating it as the optimal fabrication 

method. 

Without significant decay of the trap or triplet state over the 2ns time window available 

in the psTA measurement, there is too little time evolution between the two species to 

perform a reasonable decomposition. In place, we turn to a simple peak fitting method 

to quantify the strength of the two PIAs. We quantify the trap PIA signal strength by 

taking the mean values of the psTA spectra at two wavelength ranges on either side of 

the triplet PIA peak (790-800 and 910-920 nm). By interpolation at 860nm, via a straight 

line fit between these two values, we define the strength of the trap PIA as a background 

to the triplet PIA peak at 860 nm. The strength of the triplet PIA signal is then taken as 

the value at the triplet PIA peak at 860 nm minus this trap background signal. Figure 5.5d 

illustrates the relevant points for the day-old film prepared without vacuum solvent 

removal. 

The extracted triplet and trap PIA strengths are shown in Figure 5.10d, for the various 

film fabrication methods. The triplet PIA strength shows a strong inverse proportionality 

with the trap strength (Figure 5.10e). Rather than inferring triplet yields from an 

assigned PIA peak, IR PLQE measurements of the same films were performed as it allows 

for a comparison of triplet yields as measured by the exciton multiplication factors. We 

find that the trends observed for the triplet and trap populations by psTA are consistent 

with those for the 𝜂𝐸𝑀𝐹 values. In particular the 𝜂𝐸𝑀𝐹 values are inverse proportional 

with observed trap PIA signal strength. We do expect some variation between the PLQE 

and psTA values, as the sample ageing is observed to influence triplet yield and the two 

measurements were done as close as possible to each other but not simultaneously.  

5.4.4 Dynamics of Singlet Trapping 

In the following, we will show that the trap state does indeed behave the same as a 

singlet exciton trap, acting as a loss channel competing with the singlet fission process. 

Figure 5.11a shows the mean psTA kinetics between 580-590 nm (normalised between 
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the minimum and maximum values) for TIPS-Tc:PbS-TET-CA films with differing 

fabrication methods. We see a clear trend between the fabrication method and the 

decay of the singlet states SE. The SE decay for the film with the highest triplet PIA 

strength (subjected to vacuum solvent removal and 1 week of ageing), shows an 

ultrafast (<1 ps) decay of a portion of the SE, in agreement with the ultrafast component 

of the singlet fission process identify in previous works. To quantify the decay of the 

singlet SE peak we fit the psTA kinetics with a multi-exponential of the form  

𝑦 = ∑ 𝑎𝑖𝑒−𝑘𝑖×𝑡

3

𝑖=1

 . 

(5.2) 

Here the first component captures a proportion of the singlet population that undergoes 

vibronically coherent ultrafast triplet formation. The second decay rate captures the 

decay of the remaining excitations with spin-singlet character. The third component 

captures the subsequent trap and triplet population that occurs. 

  

Figure 5.11: TIPS-Tc singlet trapping dynamics in TIPS-Tc:PbS-TET-CA films.  
a) Normalised psTA kinetics of the TIPS-Tc SE peak (~580 nm) in films of TIPS-Tc:PbS-TET-CA 
(100:20 mg/mL) (solid data points), excited at 535 nm with 15 uJ/cm-2. Kinetics fit with a 
multiexponential function (solid lines). b) The ratio of the trap to triplet psTA signal strengths, at 
100 ps after photoexcitation, as a function of the spin-singlet character decay rate 𝑘2  (black 
squares). Linear fit to the trap to triplet ratio as a function of 𝑘2 (blue line), giving a singlet fission 
rate of 𝑘𝑆𝐹 = 0.05 ± 0.02 ps-1, from the x-axis intercept. 

 



138 Solid State Singlet-Fission Photon-Multiplier 

 

 

Figure 5.11b shows the ratio of the psTA trap PIA strength to the triplet PIA strength as 

a function of the fitted rate for the slow component of the singlet decay. We observe 

that a high singlet decay rate is associated with a higher trap to triplet ratio. To gain an 

understanding of this trend we build a kinetic model of the singlet fission process. The 

model is of a simple kinetic dynamics nature and does not include any of the quantum 

mechanics that are needed to fully understand the vibrionic coupling that results in the 

ultrafast component of singlet loss. We start with the assumption that the vibronically 

coherent ultrafast component of singlet loss exists and that the fraction, 𝜂𝑉𝑖𝑏, of the 

photoexcited singlet states that form triplets through this vibronically coherent process 

do so within the first picosecond. The remaining (1 − 𝜂𝑉𝑖𝑏)  proportion of the 

photoexcited TIPS-Tc singlet states, 𝑆1, decay dynamics are described by 

𝑑𝑆1

𝑑𝑡
= −(𝑘𝑆 + 𝑘𝑆𝐹 + 𝑘𝑇𝑟𝑎𝑝)𝑆1 , 

(5.3) 

where 𝑘𝑆 , 𝑘𝑆𝐹  and 𝑘𝑇𝑟𝑎𝑝  are the intrinsic singlet decay rate, the rate for the slow 

component of the singlet fission process and the singlet trapping rate, respectively. The 

reported singlet decay rate for TIPS-Tc in dilute solutions is on the order of 10 ns.56 Thus, 

in comparison to the ~10 ps lifetime of the singlet SE observed here, the intrinsic singlet 

decay rate is insignificant and so is ignored for the remaining of the calculation. The total 

decay rate of 𝑆1  is simplified to 𝑘2 =  𝑘𝑆𝐹 + 𝑘𝑇𝑟𝑎𝑝 . The fraction of 𝑆1that undergoes 

singlet fission is given by 

𝜂𝑆𝐹 =
𝑘𝑆𝐹

𝑘𝑆𝐹 + 𝑘𝑇𝑟𝑎𝑝
=

𝑘𝑆𝐹

𝑘2
 . 

(5.4) 

The fraction that is trapped is given by 𝜂𝑇𝑟𝑎𝑝 = 1 − 𝜂𝑆𝐹. The observed signal strengths 

of the triplet PIA and trap PIA at 100 ps, after the decay of the singlet, are proportional 

to these fractions, respectively. Finally, within this kinetic model of morphology 

dependent singlet trapping, the ratio of the trap to triplet psTA PIA signal strengths is 

given by 
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(5.5) 

Finally fitting of a linear function of this form, to the extracted trap to triplet ratio as a 

function of 𝑘2, yields a rate for the slow component of the singlet fission process of 

𝑘𝑆𝐹  = 0.05 ± 0.02 ps-1. This singlet fission rate is consistent with previous reports of 

~10 ps time-constant for the slow component of singlet fission in TIPS-Tc films. Based on 

this singlet fission rate and the measured rates for 𝑘2, the predicted singlet trapping 

efficiency varies from (30 ± 30) % to (80 ± 10) %, across the investigate film fabrication 

methods. A singlet trapping efficiency of (80 ± 10) % represents a significant loss channel 

in competition with the singlet fission process and should be considered a key 

performance metric for the optimisation of the solid-state SF-PM system. For the film 

with the lowest singlet trapping rate, we predict a singlet fission efficiency of 

(70 ± 30) %, resulting in a triplet yield of (140 ± 60) %. Which is consistent with the 

exciton multiplication factor of (154 ± 13) %, assuming efficient triplet transfer. These 

trapping efficiencies represent quantum efficiencies for the slow component of singlet 

fission, i.e. the probability of singlet trapping given it didn’t undergo ultrafast singlet 

fission. Based on a fractional amplitude of the singlet decay that undergoes ultrafast 

singlet fission, for the film with the lowest singlet trapping rate, we calculate that this 

ultrafast route to singlet fission is observed to convert up to ~34% of the initial 

photoexcited singlet population (𝜂𝑉𝑖𝑏 = 0.34). Meaning that the fraction of photoexcited 

singlet states that undergo singlet trapping for this particular film would be reduced to 

(1 − 𝜂𝑉𝑖𝑏)𝜂𝑇𝑟𝑎𝑝 = (20 ± 20) %. As such, the ultrafast component of singlet fission could 

offer a means to overcome the singlet trapping loss channel. If a higher fraction of the 

photoexcited singlet can be engineered to decay via the ultrafast channel, triplet 

generation could be engineered to out-compete the singlet trapping. 

The findings presented above is of interest to the field of singlet fission. Generally, faster 

spin-singlet character decay rates have been interpreted as more efficient singlet 

fission.167 Here we present one situation in opposition to the generalized interpretation 

as we observe that a longer-lived spin-singlet character is associated with lower trapping 

and a higher singlet fission yield. 

To summarise, singlet fission is not reduced by the presence of the PbS-TET-CA QDs. To 

the contrary, the TET-CA functionalised QDs leads to an observable increase of the 

triplet signals relative to the spectral signatures of a competing species.  The additional 
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specie is shown to behave in a manner compatible with that of a singlet trap state. The 

decay of the singlet trap state does not result in appreciable increases in the triplet 

population and the dynamics match that of the excimer like emissive state. The 

regeneration of this trap state at time periods long after photoexcitation (>100 ns) 

indicates that triplet-triplet annihilation to the singlet exciton followed by decay to the 

singlet trap is the dominant kinetic pathway, further evidencing that it is not an 

intermediate state between singlet and triplet states. We find an inverse correlation 

between the singlet fission triplet yield, as measure by both nsTA and PLQE experiments, 

and the observed trap population. Finally, we show direct evidence that the increased 

singlet decay rate due to trapping to this excimer like state occurs in competition to the 

singlet fission process. Alternative to having the PbS-TET-CA QD mass fraction control 

the abundance of the trap state within the films, we identify post blade-coating solvent 

removal and sample ageing as fabrication methods which result in the reduction of trap 

states and concomitant enhancement of the singlet fission yields. 

We identify enhancement of the vibronically coherent, ultrafast, component of the 

singlet fission process as a possible means to reduce the singlet trapping efficiency. In 

agreement with our steady-state magnetic dependent PL results, which identify triplet 

exciton transfer as the dominant pathway resulting in QD excited state emission, we 

observe no significant singlet quenching that could be assigned to singlet exciton 

transfer to the QDs. 

5.5 Triplet Harvesting Dynamics 

Armed with the insights gained so far into the singlet fission process occurring in our 

solid-state SF-PM films we descend further down the rabbit hole, to investigate the 

dynamics of the triplet harvesting process. We perform a nsTA fluence series to confirm 

bimolecular decay of the TIPS-Tc triplet (Figure 5.12). Excitation of a film of TIPS-Tc with 

535 nm incident pump shows a faster decay of the TIPS-Tc triplet signal (PIA at 970 nm) 

at higher fluences. This nonlinear effect with respect to the triplet population is 

consistent with the presence of a bi-molecular triplet decay channel. Due to the limited 

wavelength resolution of the nsTA experiment, we were unable to discern the subtle 

shifts in the triplet PIA peak position that have previously been associated with the 

thermally activated separation of the correlated triplet pair state and the individual free 

triplets.58,123,173 Thus, when addressing the triplet population, at any time after loss of 
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the singlet exciton due to singlet fission, we are referring to both correlated and free 

triplet together. However, the observed excitation dependence of the triplet PIA decay 

indicates that the triplet excitons we observe on >100 ns timescale are free triplets, not 

in the correlated triplet-triplet pair state.164 With this fluence dependence in mind, the 

subsequent nsTA measurements to investigate the harvesting of the triplet population 

are conducted at sufficiently low fluences. 

 

Figure 5.12: Triplet bi-molecular decay in nsTA of a TIPS-Tc film under 535 nm excitation.  
a) nsTA map under 100 µW excitation. Normalised (b) and raw (c) nsTA kinetics at probed at 
970 nm under fluences 20, 40, 80 and 200 μJ/cm2. The solid lines are a guide to the eye to 
illustrate the non-linear behaviour of the triplet population dynamics. 

5.5.1 Microsecond Triplet Transfer 

Figure 5.13a shows the measured nsTA maps of TIPS-Tc, TIPS-Tc:PbS-TET-CA and TIPS-

Tc:PbS-OA films, under excitation predominately of the SF host (515nm). We observe 

the TIPS-Tc triplet PIAs at ~860 and ~970 nm. The use of 515 nm excitation, a wavelength 

between two of the vibrionic absorption peaks of TIPS-Tc, may at first seem illogical. 

However, this choice was in fact extensively considered. Due to the already noted triplet 

bi-molecular decay, extraction of monomeric triplet decays with 535nm excitation 

proved experimentally challenging, within the achievable signal-to-noise constraints. 

Excitation at a wavelength still within the TIPS-Tc absorption spectrum, but off the 

absorption peak with its corresponding short pump penetration depth, allows excitation 

of similar total triplet populations with significantly lower excitation densities. Leading 

to lower proportions of bi-molecular decay and sufficiently monomeric triplet decays for 

extraction of the intrinsic triplet lifetime. These triplet PIA features are significantly 

quenched in the PbS-TET-CA:TIPS-Tc films (Figure 5.13b). The quenching can be caused 
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by processes such as the introduction of triplet trap states or the presence of triplet 

exciton transfer to the QDs. To confirm the later, we shift to an interrogation of the QD 

excited state population. 

Due to the overlap of the TIPS-Tc and PbS QD absorption, excitation with 515 nm pump 

leads to substantial excitation of the QDs directly. The nsTA spectra reflect the effect of 

the direct excitation as observed by the positive nsTA feature assigned to QD GSB at 

~1150 nm, for times greater than 1 ns after photoexcitation (Figure 5.14). In this same 

wavelength region there is spectral overlap with the singlet trap PIA, as observed by the 

negative nsTA signal in a pristine TIPS-Tc film. The negative singlet PIA signal is 

sufficiently decayed after 50 ns, such that it does not interfere with normalisation of the 

QD GSB strength at this time point. Upon normalisation an extension of the QD GSB 

under excitation of the SF host, relative to selective excitation of the QD (600 nm). 

Taking the difference, between the nsTA kinetic under 515 nm excitation and a bi-

exponential fit to the same kinetic under 600 nm excitation, highlights the population of 

additional QD excited states, [𝑄𝐷1] . Here we see an additional QD excited state 

population that rises over the cause of ~1 µs, followed by a ~10 µs decay. These 

timescales are consistent with the additional QD excited state population being the 

result of triplet exciton transfer from the TIPS-Tc triplet state, [𝑇1,1]. In the low triplet 

excitation density regime, appropriate for the current experimental conditions, the TIPS-

Tc triplet population, [𝑇1,1], can be described by 

𝑑[𝑇1,1] 

𝑑𝑡
= −(𝑘1 + 𝑘𝑇𝐸𝑇)[𝑇1,1] . 

(5.6) 

Here 𝑘1 is the intrinsic triplet decay rate and 𝑘𝑇𝐸𝑇 is the triplet transfer rate to the PbS-

TET-CA QDs. We have imposed the assumption that there is negligible triplet trapping 

introduced by the QD disturbing the SF host. With the evidence of significant triplet 

transfer by inspection of the exciton multiplication factors found in Section 5.3, this 

assumption is reasonably substantiated.  
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Figure 5.13: Time-resolved triplet harvesting in TIPS-Tc:PbS-TET-CA films.  
a) Nanosecond transient absorption maps for films of TIPS-Tc, either pristine, with PbS-TET-CA 
or PbS-OA QDs, excited at 515 nm with ~15 μJ/cm2. The TIPS-Tc triplet PIA peaks at 850 and 970 
nm are clear in all cases. However, the triplet lifetime varies between the films, the TIPS-Tc:PbS-
TET-CA film having the shortest lifetime. Predominately due to direct photoexcitation, in the SF-
PM systems the QD GSB is observed at 1100-1250 nm from early times (<2 ns). In the TIPS-Tc:PbS-
OA there is clear red-shifting of the QD GSB within the first 10 ns after photoexcitation. 
b) Normalised nsTA kinetics at the TIPS-Tc triplet PIA (965-980 nm) for films of TIPS-Tc, either 
pristine (light grey curve), with PbS-OA (light orange curve) or with PbS-TET-CA quantum dots 
(light blue curve), excited at 515 nm with ~15 μJ/cm2, with mono-exponential fits (darker curves). 
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Fitting of the triplet PIA kinetics at ~970 nm with mono-exponential decays allows the 

extraction of the triplet intrinsic decay rate and the triplet transfer rate (Table 5.1). For 

the PbS-TET-CA:TIPS-Tc films we extraction a triplet transfer rate of 0.34 ± 0.03 µs-1. 

Comparison with the intrinsic triplet decay rate of (1.05 ± 0.10) x 10-2 µs-1, we estimate 

a triplet transfer efficiency of 𝜂𝑇𝐸𝑇 = (97 ± 11) %, suggesting that the PbS-TET-CA QDs 

are able to efficiently harvest the majority of the singlet fission generated triplet 

excitons. The first such demonstration in an organic semiconductor and inorganic QD, 

bulk solid-state system. Based on an exciton multiplication factor of 𝜂𝐸𝑀𝐹 = (186 ± 18) 

%, for the same TIPS-Tc:PbS-TET-CA film, obtained by IR PLQE measurements, we can 

predict the singlet fission efficiency occurring within the SF host. Using the expression 

𝜂𝐸𝑀𝐹 =  𝜂𝑆𝐹𝜂𝑇𝐸𝑇 and the triplet transfer efficiency found here, we calculate a singlet 

fission yield of 𝜂𝑆𝐹  = (192 ± 28) %. The estimated singlet fission yield is in agreement 

with the upper bound of previously reported values. The predicted yield, in agreement 

with a value approaching 200 % yield in the solid state, is testament to the morphological 

control of the singlet fission process that we developed in Section 5.4. Along with the 

ability of a significantly more direct method of triplet yield estimation, based on triplet 

extraction efficiencies rather than the usual spectroscopic determination by triplet 

attenuation estimates. Being able to determine the singlet fission yield in a more direct 

manner also respects a significant step forward for the singlet fission community.55,58,173 

In comparison, significantly less quenching of the TIPS-Tc triplet is observed with films 

containing the PbS-OA QDs. The extracted triplet transfer rate of (2.8 ± 1.6) x 10-3 µs-1, 

is significantly slower than for the PbS-TET-CA QDs. Due to propagation of the large 

percentage uncertainty in this rate, the calculate triplet transfer efficiency of (20 ± 15) % 

has a large uncertainty range. Though, it is most definitely a low efficiency, in agreement 

with the observation of negligible triplet transfer as measured by IR PLQE results of the 

same film (Section 5.3). These observations are compatible with previous results for 

triplet exciton transfer in bilayers of organic semiconductors and PbS-OA QDs.81,101,118 

Later in Section 5.6 we use transient IR photoluminescence measurements, which have 

significantly improved signal to noise for the QD transient population, to gain further 

insight into the transfer of triplet exciton to the PbS QDs and the possibility of 

intermediate states.  



Triplet Harvesting Dynamics 145 

 

 

 

Figure 5.14: Identification of triplet transfer to QD excited states in TIPS-Tc:PbS-TET-CA films.  
a) nsTA kinetics at the QD GSB, averaged across the range 1140-1190 nm, for a TIPS-Tc:PbS-TET-
CA film (200:200 mg/mL precursor solution), under 515 nm, 20 µJ/cm2 (green circles) and 600 
nm, 12 µJ/cm2 (blue squares) excitation. Kinetics have been normalised to the value at 50 ns after 
photoexcitation. The QD GSB under 515 nm excitation has been fit with a bi-exponential fit as a 
guide to the eye (blue curve). Corresponding kinetic for pristine TIPS-Tc excited at 515 nm, 
normalised by the same value as the blend film (orange triangles). b) nsTA difference kinetic, for 
TIPS-Tc:PbS-TET-CA film, between nsTA data at 515 nm excitation and nsTA fit at 600 nm 
excitation (green circles). 

5.5.2 Reduced QD Excited State Trapping 

We temporally digress to examine the interaction between PbS QDs when embedded in 

the SF host. We monitor the QD GSB to track the relaxation of the QD excited state 

population to low energy sites. As the excited states transfer between QDs, to lower 

energy QD sites, the GSB should shift to longer wavelengths.174 Inspection of the PbS-

OA QD GSB, under selective excitation of the QDs in the blend films, shows a significant 

redshift over the course of its decay (Figure 5.15a). Suggesting significant interdot 

transfer, a hallmark of QD aggregation.158 Whereas, the PbS-TET-CA QD GSB shows little 

redshift in wavelength. Indicating weaker interdot transfer, compatible with a greater 

isolation of the QDs within the singlet fission host. Figure 5.15b shows the decay in QD 

excited state population over the same time period. The PbS-OA QDs excited state 

population shows a significantly reduced lifetime in comparison to the PbS-TET-CA QDs. 

Fitting of the QD GSB with mono-exponential decays suggests 72 ± 2 ns and 306 ± 14 ns 

lifetimes respectively of the PbS-OA and PbS-TET-CA QDs in the TIPS-Tc:QD films.  
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Fitting of the QD GSB with a Gaussian peak shape, allows extraction of the peak position 

and tracking of the excited state relaxation. We convert the wavelength shift to an 

energy change and fit the shift in energy to a mono-exponential decay (Figure 5.15c). 

The PbS-OA QDs show a dramatically faster and larger drop in the energy of the QD 

excited state population. 

 

Figure 5.15: Interdot excited state transfer and trapping in TIPS-Tc:QD films.  
a) Nanosecond transient absorption spectra for films of TIPS-Tc with PbS-TET-CA or PbS-OA QDs, 
excited at 658 nm with ~15 μJ/cm2. Films were prepared at 2:1, TIPS-Tc:QD mass ratio. Transient 
absorption spectra are averaged over the time ranges indicated. b) Nanosecond transient 
absorption kinetics of the PbS QD GSB (1120-1180 nm). The kinetics have been fit with mono-
exponential decays. The PbS-OA GSB decays with a 72 ± 2 ns lifetimes. The PbS-TET-CA GSB 
decays with a 306 ± 14  ns lifetimes. c) Shift in peak position of the maximum signal of the GSB 
of the PbS quantum dot, in films of TIPS-Tc:PbS-OA (light orange curve) and TIPS-Tc:PbS-TET-CA 
(light blue curve), with mono-exponential fits (darker curves). The shifts in peak wavelength have 
been parameterised with an exponential decay with constant offset. The peaks of the PbS-OA 
QD GSB drops by 60 ± 10 meV, with a time constant of 9 ± 1 ns. The peaks of the PbS-TET-CA QD 
GSB drops by 10 ± 5 meV, with a time constant of 1500 ± 200 ns. 
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Figure 5.16: Competition between exciton decay and transfer to low energy QD sites.  
Illustration off the simple kinetic model used to capture the branching between aggregation 
assisted hoping to lower QD sites QDagg, and isolated QD decay rate. 

We construct a kinetic model, as illustrated by Figure 5.16, that simplistically assumes a 

branching between QD excited state decay and transfer to a low energy QD site. Within 

this model, we estimate the QD aggregation assisted trapping efficiency as 

𝜂𝑎𝑔𝑔 =
𝑘𝑎𝑔𝑔

𝑘𝑎𝑔𝑔 + 𝑘𝑄𝐷
  . 

(5.7) 

Taking the rates from the fitting to the position of the QD GSB peak and the decay of the 

total area under the GSB we calculate interdot transfer assisted trapping efficiencies of 

(90 ± 20) % and (17 ± 2)% for the OA and TET-CA capped QDs respectively. 

Even without the considerations of triplet transfer, these observations show the 

powerful effects the TET-CA ligand has on the intrinsic excited state dynamics of the PbS 

QDs alone, when dispersed within the SF host. Without functionalisation, we observe 

substantial interdot energy transfer associated with QD aggregation. Functionalisation 

with the TET-CA ligand results significant improvement of the excited state lifetime and 

reduction of the efficiency of excited state trapping. These insights are in accordance 

with the morphological insight, from X-ray scattering and TEM characterisation of the 

films, that the PbS-TET-CA QDs are significantly more well-dispersed within the SF host 

and QD aggregation is reduced (Section 5.2). 
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  k1 (1/us) kTET (1/us) ƞTET (%) kQD (1/us) kagg (1/us) ƞagg (%) 

TIPS-Tc  

0.0105 ± 

0.0010 - - - - - 

PbS-TET-

CA:TIPS-Tc 

0.0105 ± 

0.0010 

0.34 ± 

0.03 

0.97 ± 

0.11 

3.27 ± 

0.15 

0.68 ± 

0.08 17 ± 2  

PbS-OA:TIPS-

Tc 

0.0105 ± 

0.0010 

0.0028 

±0.0016 

0.20 ± 

0.15 13.8 ± 0.4 110 ± 20 90 ± 20 

Table 5.1: Kinetic parameters obtained from fitting nanosecond transient absorption kinetics. 
Triplet intrinsic 𝑘1  and transfer 𝑘𝑇𝐸𝑇  rates were calculated from fitting of mono-exponential 
functions to the TIPS-Tc triplet PIA at 865-980 nm, under 515 nm excitation at ~15 μJ/cm2. The 
QD intrinsic decay rate is established from a mono-exponential fit to the GSB at 1120-1180 nm, 
under 658 nm excitation at ~15 μJ/cm2. The triplet exciton transfer efficiency, 𝜂𝑇𝐸𝑇, is calculated 
from the ratio between the triplet transfer rate and the sum of all relevant triplet decay channels. 
QD excited state aggregation induced trapping rate and efficiency calculated by peak fitting the 
QD GSB decay after 658 nm excitation. 

5.5.3 Quenching of Triplet-Triplet Annihilation PL  

Having gained valuable insight into the dynamics of triplet harvesting in TIPS-Tc:PbS-

TET-CA films by transient absorption, we now investigate the related effects on the 

emissive properties of the films. As introduced in Section 5.4.2, the delayed singlet 

photoluminescence is the result of triplet-triplet annihilation regenerating the singlet 

state. The delayed singlet emission occurs on microsecond timescales, long after the 

generation of the triplet excitons by singlet fission.  Thus, the delayed singlet 

fluorescence, 𝑃𝐿𝑇𝑇𝐴 , is proportional to the square of the density of TIPS-Tc triplet 

density [𝑇1,1]
2

.145 Taking the time dependence of the triplet density in the low fluence 

as described by equation (5.6), the time dependence of the delayed singlet emission can 

be written as 

𝑑√𝑃𝐿𝑇𝑇𝐴

𝑑𝑡
∝

𝑑[𝑇1,1]

𝑑𝑡
= −(𝑘1 + 𝑘𝑇𝐸𝑇)[𝑇1,1] . 

(5.8) 

With this in mind, Figure 5.17a shows the square root of the delayed singlet kinetics, as 

decomposed by the spectra determined in Section 5.4.2 by the genetic algorithm, and 

fit with bi-exponential decay functions. As the PbS-TET-CA QD mass fraction in the SF 
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host increases we witness a substantial reduction of the delayed singlet emission. With 

the interpretation that the delayed singlet emission is due to TTA, these observations 

are consistent with the observation of triplet harvesting from the nsTA experiments. We 

find that fitting the square root of the singlet PL with a bi-exponential decay is required 

to reproduce the triplet dynamics. The faster decay rate is in agreement with the triplet 

transfer rates seen by nsTA measurements and this value is interpreted as the sum of 

intrinsic triplet decay and transfer rate (Figure 5.17b). The extracted triplet transfer rate 

shows a gradual increased with increasing QD mass fraction. From a SF-PM performance 

point of view there is an advantage in keeping the parasitic QD absorption to a 

minimum. Therefore, the minimum QD mass fraction, at which efficient triplet transfer 

is achieved, is an incredibly useful parameter. Figure 5.17c displays the triplet transfer 

efficiency based on the ratio of extracted triplet transfer rate and the decay rate for 

pristine TIPS-Tc. In this way we illustrate that at TIPS-Tc:PbS-TET-CA mass ratios of 5:1, 

triplet transfer greater than 90% can be achieved, establishing an approximate lower 

bound on the desired QD mass fraction of ~10 %. 

 

Figure 5.17: Identification of triplet transfer by monitoring the TIPS-Tc visible PL.  
a) Square root of the Singlet component of transient PL from films of TIPS-Tc (200 mg/mL) and 
varying amounts of PbS-TET-CA under excitation 80 µJ/cm2 of 400 nm. The kinetics have been fit 
with bi-exponential decays and normalised to the initial value of the decay for clarity. b) Fitted 
fast decay rate (𝑘1) as a function of the QD mass fraction. c) Resulting triplet transfer efficiency 
based on 𝑘1 and an intrinsic triplet decay rate of 𝑘𝑇 = 13 ± 2 ms-1. 

The slow exponential decay component indicates the presence of unharvested triplet 

excitons. This population of long lived TIPS-Tc triplets might be the result of back transfer 

of triplet excitons from the PbS-TET-CA QDs to the TIPS-Tc.97 Alternatively, the remaining 
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triplet population might be from spatial variation of the triplet harvesting leading to 

pockets of unharvested triplets. This later possibility is explored in the following section. 

5.5.4 Spatial Variation of Triplet Harvesting 

We perform spatial-temporal mapping of the TIPS-Tc visible PL (550 ± 40 nm emission), 

using confocal microscopy time-correlated single photon counting (TCSPC) 

measurements to investigate the spatial variation of the triplet harvesting by PbS-TET-

CA QDs. Figure 5.18a shows the summation of the PL kinetics over the ~1000 µm2 area 

of investigation.  

 

Figure 5.18: TIPS-Tc transient visible PL in TIPS-Tc and PbS-TET-CA:TIPS-Tc films.  
The TIPS-Tc PL decay is detected at 550 ± 40 nm after 405 nm excitation at a fluence of 50 µJcm-

2 and 2 MHz pump rep rate. a) Kinetics found by summation of PL decays over entire ~1000 µm2 
area of investigation. With no sample in the microscope, the background counts over the same 
integration time was measured (green curve). b) Background corrected and normalised PL 
kinetics. The TIPS-Tc:PbS-TET-CA film was prepared at a 2:1 mass ratio. 

We assign the fast decaying, prompt component (<2 ns lifetime) to the quenching of the 

singlet emission by singlet fission and the longer delayed component (more than 100 ns 

after the pump) to long-lived singlet emission resulting from triplet-triplet annihilation 

back to the singlet state. We distinguish this delayed component from the background 

detector counts by explicitly measuring the corresponding counts, with no sample under 

excitation, over the same detector acquisition period. Removal of this background signal 

allows correction of the PL kinetics followed by normalisation to the value at t=0 (Figure 

5.18b). With this normalisation it is clear that the addition of PbS-TE-CA QDs to the TIPS-



Triplet Harvesting Dynamics 151 

 

 

Tc film, results in a decreased delayed PL component. In accordance with results from 

the trPL measurements. 

The average counts per nanosecond, for the prompt (0-3 ns) and delayed component 

(100-500 ns) were calculated spatially. The normalisation of the delayed component by 

this prompt count rate gives a quantity that is approximately independent of the local 

density and mount of TIPS-Tc material. Instead, it is only predominately dependent on 

the local triplet density. This approach is similar to a normalisation of kinetics to the 

initial PL counts and gives an effective “TTA map” of the films (Figure 5.19 a and b). The 

film of pristine TIPS-Tc shows little spatial dependence of the “normalised” delayed 

component. Indicating a uniform triplet density across the film. However, the PbS-TET-

CA:TIPS-Tc film shows variations in the intensity of the TTA intensity on the micron scale. 

This spatial variation could be the result of spatial variation of the triplet yield from 

singlet fission, variations in the density of PbS-TET-CA as associated harvesting or 

differences in the triplet diffusion coefficient, among other possibilities.  

The spatial dependence of the TTA intensity can be represented as a distribution of 

delayed PL intensity (Figure 5.19c). The distribution of delayed PL counts is clearly lower 

for the PbS-TET-CA:TIPS-Tc films in agreement with the nsTA measurement of triplet 

quenching. Under the assumption that this spatial variation is due to triplet density 

variations, the quasi-steady-state nature of the TTA PL suggests that the treatment of 

magnitude of the singlet emission, due to TTA, as proportional to the square of the 

triplet density, 𝑃𝐿𝑇𝑇𝐴 ∝ [𝑇1,1]
2
 is appropriate. Thus, by taking the square root of 𝑃𝐿𝑇𝑇𝐴, 

we can make the conversion from the delayed component counts to relative triplet 

population. Here we see the PbS-TET-CA:TIPS-Tc films have lower triplet densities, which 

we assign to the harvesting of TIPS-Tc triplets by the PbS QDs (Figure 5.19d).  
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Figure 5.19: Spatially variations in the triplet exciton density. 
Triplet-triple annihilation PL maps of TIPS-Tc (a) and PbS-TET-CA:TIPS-Tc (b) films. The TIPS-Tc PL 
decay is detected at 550 ± 40 nm after 405 nm excitation at a fluence of 50 µJcm-2 and 2 MHz 
pump rep rate.  The delayed TIPS-Tc PL was normalised by the prompt TIPS-Tc PL counts. 
Distributions for spatially resolved delayed TIPS-Tc visible PL (c) and corresponding TIPS-Tc triplet 
density (d). In films of TIPS-Tc and PbS-TET-CA:TIPS-Tc, the TIPS-Tc PL decay is detected at 
550 ± 40 nm after 405 nm excitation at a fluence of 50 µJcm-2 and 2 MHz pump rep rate. 

These initial measurements present a spatial mapping of the triplet-triplet annihilation 

generated fluorescence as useful microscopy techniques to probe triplet transfer in SF-

PM films. To relate the spatial variation of the triplet harvesting to the overall SF-PM 

performance further investigations are suggested. 
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5.5.5 QD Concentration Dependence of Triplet Harvesting 

Here we develop a theoretical framework to describe the triplet harvesting in SF-PM 

films. In particular the variation of triplet transfer with the density of QD emitters within 

the SF host. We start with the rate equation for the triplet exciton density [𝑇1] in the SF-

host material 

𝑑[𝑇1]

𝑑𝑡
= 𝐺𝑇 − 𝑘𝑇[𝑇1] − 𝛾𝑇𝐸𝑇(𝑡)[𝑄𝐷0][𝑇1] . 

(5.9) 

Where 𝐺𝑇 is the triplet generation rate, 𝑘𝑇 is the intrinsic triplet decay rate, [𝑄𝐷0] is the 

density of ground state QDs (we assume that the excitation rate is in the low excitation 

regime where the fraction of excited QDs is low compared to the total number of QDs 

and so [𝑄𝐷0]  is the same as the density of QDs in the film) and 𝛾𝑇𝐸𝑇(𝑡)  is the 

bimolecular triplet transfer rate.175 For diffusion-limited transfer in an isotropic system 

the bimolecular transfer rate can be expressed as  

𝛾𝑇𝐸𝑇(𝑡) = 4𝜋𝑅𝐷 (1 +
𝑅

√2𝜋𝐷𝑡
) , 

(5.10) 

where 𝐷 is the triplet exciton diffusion coefficient and 𝑅 is the exciton capture radius. 

For typical triplet diffusion coefficients (~1x10-3 cm2s-1) and 𝑅 ~1 nm, the time-

dependent component becomes negligible after 𝑡 > 20 ps. 176,177 From our nsTA and 

trPL investigations triplet harvesting is dominated by transfer on microsecond 

timescales and so the bimolecular triplet transfer rate can be reduced to 𝛾𝑇𝐸𝑇 = 4𝜋𝑅𝐷. 

In this case the triplet transfer rate can be expressed as178  

𝑘𝑇𝐸𝑇 = 𝛾𝑇𝐸𝑇[𝑄𝐷0] = 4𝜋𝑅𝐷[𝑄𝐷0] . 

(5.11) 

With the introduction of a finite triplet transfer velocity 𝑘, the triplet transfer rate is 

given by102,106 

𝑘𝑇𝐸𝑇 = 4𝜋𝐷𝑅[𝑄𝐷0] (
𝑅

𝑅 + 𝐷 𝑘⁄
) . 

(5.12) 

We now consider a film of total volume 𝑉𝑇𝑜𝑡, mass 𝑚𝑇𝑜𝑡 and QD mass fraction 𝑓. The 

QDs aggregate into 𝑁𝑞 quenching domains with number density 𝑛𝑞 and domain size 𝑉𝑞. 

The QD mass fraction is given by 𝑓 = 𝑚𝑞/𝑚𝑇𝑜𝑡 = 𝑚𝑞/(𝑚𝑞 + 𝑚𝑠𝑓), where 𝑚𝑞  is the 
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total mass of quencher (QDs) and 𝑚𝑠𝑓 is the total mass of SF-host in the system. For 

quencher mass density 𝜌𝑞  and SF-host density 𝜌𝑠𝑓  the density of quenching domains 

with a size 𝑉𝑞 is given by 

𝑛𝑞 =
1

𝑉𝑞
(

𝑓𝜌𝑠𝑓

𝜌𝑞 + 𝑓(𝜌𝑠𝑓 − 𝜌𝑞)
) =

𝑓𝑉

𝑉𝑞
 . 

(5.13) 

Where 𝑓𝑉 is the QD volume fraction of the film. Under the assumption that the density 

of SF-host and QD quencher are relatively equal, the expression simplifies to 𝑛𝑞 ≈ 𝑓/𝑉𝑞. 

However, we avoid this simplification and maintain the explicit dependence on the 

density of the components. The resulting triplet transfer rate is given by, 

𝑘𝑇𝐸𝑇 = 4𝜋𝑅𝑞𝐷𝑛𝑞 (
𝑅𝑞

𝑅𝑞 + 𝐷 𝑘⁄
) =

4𝜋𝑅𝑞𝐷

𝑉𝑞
(

𝑅𝑞

𝑅𝑞 + 𝐷 𝑘⁄
) 𝑓𝑉 , 

(5.14) 

where 𝑅𝑞 is the radius of the harvesting sphere, in this case a single QD. The expression 

for 𝑘𝑇𝐸𝑇  is of the form 𝑘𝑇𝐸𝑇 = 𝛾𝑉𝑓𝑉 , where 𝛾𝑉  is the QD volume fraction dependent 

triplet transfer rate. Based on previous crystallographic measurements describing the 

unit cell of TIPS-Tc (3625 Å3) and its molar mass (589 g/mol), we calculate a density of 

~1.08 x 10-24 g/Å3 for the TIPS-Tc phase.58 The mass density for the PbS QDs phase was 

calculated for a spherical PbS core (7.6 x 10-24 g/Å3) of radius 22 Å with a OA ligand shell 

consisting of 130 ligands in a thickness of 13 Å. Resulting in an overall QD mass density 

of  ~2.23 x 10-24 g/Å3. Taking the packing factor of a face-centred cubic crystal (0.74) and 

applying it to the QDs density yields a QDs aggregate density ~1.64 x 10−24 g/Å3.  

So far we have demonstrated calculation of the triplet exciton transfer rate by transient 

measurement including nsTA and trPL. Steady-state techniques such as the IR PLQE 

measurement lead us to calculate the triplet exciton transfer efficiency. Here we 

combine all the obtained measurements to determine the most general description of 

the SF-PM performance as a function of the density PbS-TET-CA QDs in the films. We use 

the triplet transfer efficiency, in the low fluence limit, as described by 

𝜂𝑇𝐸𝑇 =
𝑘𝑇𝐸𝑇

𝑘𝑇𝐸𝑇 + 𝑘𝑇
 , 

(5.15) 

to calculate the rates and efficiencies displayed in Figure 5.20, from multiple 

measurements across a range of experimental techniques. Equation (5.15) allows 

conversion between values determined in the transient and steady-state domains. We 
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take the intrinsic triplet decay rate, 𝑘𝑇 ,  for TIPS-Tc to be ~0.01 ± 0.005 µs-1, as 

determined by nsTA of pristine TIPS-Tc. On linear fitting of the form 𝑘𝑇𝐸𝑇 = 𝛾𝑉𝑓𝑉, we 

extract a slope of 𝛾𝑉 = 1.16 ± 0.09 µs-1. From this generalisation we can confidently say 

that a TIPS-Tc:PbS-TET-CA with a QD volume fraction above 10% (~8% QD mass fraction), 

will be able to harvest 90 % of the singlet fission generated triplet. What is more, we can 

predict the triplet transfer efficiency as a function of QD volume fraction. 

 

Figure 5.20: Triplet harvesting dependence with QD density in TIPS-Tc:PbS-TET-CA films.  
Triplet transfer rates (a) and efficiencies (b), determined by a range of steady-state and transient 
techniques with multiple sample redundancies, as functions of the QD volume fraction in the 
films. 

In the absence of a measured value for the triplet diffusion coefficient for TIPS-Tc we 

use a previously reported value for the closely related TIPS-Pentacene.151 Using values, 

𝐷 = 10-5 cm2s-1, 𝑟𝑄𝐷 = 3.5 nm giving 𝑉𝑄𝐷 of 1.80 nm3 for a spherical QD, we calculate a 

triplet transfer velocity of 𝑘 = 1.37 ± 0.14 nm/µs using, 

𝑘 =
1

4𝜋𝑟𝑄𝐷
2

γV𝑉𝑄𝐷
−

𝑟𝑄𝐷

𝐷

 . 

(5.16) 

This value for the triplet transfer velocity is slower than those found for transfer in the 

solution phase, of 2.5-4.5 nm/µs, by equivalent methods (Section 4.6.2). In this case the 

ratio 𝑘𝑟/𝐷  is ~ 0.005 << 1, and so the triplet exciton transfer in these TIPS-Tc:PbS-TET-

CA films is in the kinetically limited transfer regime. Rather than being purely limited by 
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diffusion of triplets to the QDs. A recent study on a related system showed kinetically 

limited charge-transfer formation in TIPS-Pentacene:hole-acceptor films, the similar to 

our findings here.151 

The diffusion-limited transfer rate based on the values used here would result in a QD 

volume fraction dependent transfer rate of 𝛾𝑉  = 240 µs-1, two orders of magnitude 

faster than observed. Similar to the solution phase, if the triplet transfer velocity could 

be increased then triplet transfer rates approaching the significantly higher diffusion-

limited rate, could be achieved. Meaning improved triplet harvesting at lower QD 

densities might be achievable. 

The modelling here is likely pushing the limits of the method’s applicability. In particular 

the assumption of non-interaction, spherical quenching domains is particularly weak 

given the TEM observation of web-like aggregation of PbS-OA QDs in the SF-host. Future 

studies, possibly involving Monte-Carlo methods, could yield more representative 

results.151 

5.6 Sequential Triplet Transfer 

With a solid understanding of the triplet transfer from the TIPS-Tc, we seek to further 

understand the photophysics for the resulting excited QD states. We employ IR time-

correlated single photon counting to investigate the transient QD population dynamics, 

resulting from triplet transfer, at improved temporal-signal quality relative to the 

transient absorption methods.  Initial measurements determine an instrument response 

function (IRF) with a full width half maximum of 5.5 ± 0.5 ns for the IR transient PL setup 

(Figure 7.9). The IRF is shorter by 2 orders of magnitude than any of the time constants 

we observe in the triplet transfer processes. As such we treat the IRF as instantaneous 

relative to the dominate triplet transfer processes. 

With the laser excitation blocked before entering the sample area, the detector counts 

due to ambient conditions were measured for the same exposure time as the transient 

PL measurements. The mean detector counts per time bin, across the time window, 

represents the background PL counts. The PL kinetics were corrected by subtraction of 

this value. After subtraction of the background value, positive values for the PL kinetics 

at times before the laser pulse are observed. These PL levels (t < 0) arise due to the 

periodic nature of the experiment. Periodicity in the PL kinetics is explicitly included in 
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the following time-series deconvolution analysis, due to the periodicity of the fast 

Fourier transform.  

 

Figure 5.21: Normalised IR transient PL kinetics for a PbS-TET-CA:TIPS-Tc film.  
The PbS-TET-CA:TIPS-Tc film was excited at 650 nm (a) and 535 nm (b) with varying fluences. 
650 nm excitation at ~2.5, 5, and 10 nJ/cm2, and 535 nm excitation at ~2, 7, and 15 nJ/cm2, with 
0.2 MHz repetition rate was used. Contribution to the detected counts by background counts was 
removed before normalisation to the initial value of the PL decay. c) Normalised IR Transient PL 
Kinetics. The PbS-OA:TIPS-Tc film was excited at 650 nm (2.3 μW, 10 nJ/cm2) and 535 nm 
(4.0 μW, 15 nJ/cm2), at 0.2 MHz repetition rate. Contribution to the detected counts by 
background counts was removed before normalisation to the initial value of the PL decay. 

We perform fluence-dependent measurements to investigate the effect of any non-

linear behaviour of the QD excited state (650 nm excitation) or TIPS-Tc triplet decay 

(535 nm excitation) (Figure 5.21). Over the range of incident fluences investigated, we 

observed no dependence of the transient IR PL decay, indicating even at the highest 

fluence used 15 nJ/cm2, the system is in the low excitation density regime where 

bimolecular decay in the QD or the TIPS-Tc triplet can be ignored. The IR PL shows an 

extended lifetime under excitation of the TIPS-Tc (535 nm) relative to excitation of the 

QD alone (650 nm) in the TIPS-Tc:PbS-TET-CA film. The TIPS-Tc:PbS-OA film does not 

show any significant extension, in agreement with the steady-state observation that 

effectively no triplet transfer is occurring in the TIPS-Tc:PbS-OA films. We extract QD 

excited state decay rates of 2.3 ± 0.2 µs-1 and 2.5 ± 0.2 µs-1 by fitting the transient IR PL 

decay of TIPS-Tc:PbS-OA and TIPS-Tc:PbS-TET-CA, respectively, under 650 nm excitation 

(Figure 5.22). 
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Figure 5.22: Intrinsic PbS QD IR transient PL kinetics for TIPS-Tc:QD films.   
a) PbS-OA:TIPS-Tc and b) PbS-TET-CA:TIPS-Tc excited at 650 nm with fluence 10 nJ/cm2, 0.2 MHz 
repetition rate (QD preferentially excited). The PL decay was fitted with a single exponential 
decay with decay rates 2.3 ± 0.2 µs-1 and 2.5 ± 0.2 µs-1 respectively. 

5.6.1 Triplet Flux Deconvolution 

The excited state flux, assigned to triplet transfer, into the PbS QD, 𝜙𝑇(𝑡), is found by 

deconvolving the intrinsic QD response ℎ(𝑡)  (658 nm excitation, the QDs impulse 

response) from the observed QD response with triplet exciton transfer 𝑦(𝑡) (535 nm 

excitation). Here the ansatz is that the QD dynamics can be related to the intrinsic 

response as follows81 

𝑦(𝑡) = ℎ(𝑡) ∗ (𝛿(𝑡) + 𝜙𝑇(𝑡)) . 

(5.17) 

Where 𝛿(𝑡) is a delta function representing the fraction of photons in the 535 nm pump 

pulse that excites the QDs directly. To achieve appropriate levels of signal to noise, we 

perform a post-processing step where the 𝑦(𝑡) and ℎ(𝑡) time series are binned, taking 

the average of 40 data points and reducing it to 1 data point respectively (at the mean 

time of the 40 data points). The deconvolution is calculated using a fast Fourier 

transform (FFT) as described by 
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𝛿(𝑡) + 𝜙𝑇(𝑡) = 𝐹𝐹𝑇−1 [
𝐹𝐹𝑇[𝑦(𝑡)](𝜔)

𝐹𝐹𝑇[ℎ(𝑡)](𝜔)
] (𝑡) . 

(5.18) 

The first 2 two data points of the deconvolved kinetics are removed, effectively 

removing the 𝛿(𝑡) component of the QD excited state generation term. The remaining 

data points correspond to the triplet flux into the PbS QDs (Figure 5.23b). The triplet flux 

is then convolved with the intrinsic QD decay ℎ(𝑡) to give the PbS QD IR PL that is due 

to triplet transfer alone (Figure 5.23c). This delayed PL is directly proportional to the QD 

population. The triplet flux shows an unexpected behaviour, where it rises over the first 

~500 ns after the pump pulse. In previous reports on bilayers of tetracene and PbS QDs, 

the deconvolution of the QD PL showed a triplet flux that did not rise at all after the 

pump excitation and only decayed over a µs timescale.81  

 

Figure 5.23: Determination of triplet exciton flux into PbS QDs in a TIPS-Tc:PbS-TET-CA film.  
a) PbS-TET-CA:TIPS-Tc transient IR PL for the PMF under intrinsic decay (658 nm excitation) and 
triplet transfer (535 nm excitation), at 0.2 MHz repetition rate. b) Deconvoluted excitation flux 
into the PbS QD along with the expected triplet flux from the TIPS-Tc triplet population decay 
(green dashed line). c) Triplet flux convolved with the intrinsic QD decay (h(t)) to give the PbS PL 
resulting from purely triplet transfer. 

5.6.2 Triplet Transfer Models 

Here we discuss possible kinetics schemes for the triplet transfer between TIPS-Tc and 

PbS QDs and compare the dynamics to the IR transient PL measurements. We propose 

two kinetic models, the first requires only two species, the TIPS-Tc triplet [𝑇1,1] and the 

excited QD state [𝑄𝐷1]; the second introduces a third intermediate species [𝐼]. 
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5.6.2.1 Two-Species Model 

In this kinetic scheme we assume there are only two states participating in the triplet 

transfer, the TIPS-Tc triplet state [𝑇1,1]  and the excited PbS QD state [𝑄𝐷1] . The 

dynamics of this system are described as follows 

𝑑[𝑇1,1] 

𝑑𝑡
= −(𝑘1 + 𝑘𝑇𝐸𝑇)[𝑇1,1]  − 𝑘2[𝑇1,1]

2
+ 𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧) , 

(5.19) 

𝑑[𝑄𝐷1]

𝑑𝑡
=  − 𝑘𝑄𝐷[𝑄𝐷1] + 𝑘𝑇𝐸𝑇[𝑇1,1] , 

(5.20) 

with rates as described earlier. To simplify this system of differential equations we 

assume the case of the low [𝑇] limit where contribution by the 𝑘2[𝑇]2 can be ignored 

and that triplet transfer out-competes triplet intrinsic decay (𝑘1 + 𝑘𝑇𝐸𝑇 ~ 𝑘𝑇𝐸𝑇). Solving 

this system leads to a triplet population given by 

[𝑇1,1] (𝑡) = [𝑇1,1] 0𝑒−𝑘𝑇𝐸𝑇𝑡, 

(5.21) 

where [𝑇1,1]
0
 is the initial triplet density after singlet fission. The triplet flux into the QD 

is then given by 

𝜙𝑇(𝑡) = 𝑘𝑇𝐸𝑇[𝑇1,1](𝑡) = 𝑘𝑇𝐸𝑇[𝑇1,1]
0

𝑒−𝑘𝑇𝐸𝑇𝑡. 

(5.22) 

The QD population due to triplet transfer is given by 

[𝑄𝐷1]𝜙(𝑡) = −
𝑘𝑇𝐸𝑇[𝑇1,1]

0

𝑘𝑇𝐸𝑇 − 𝑘𝑄𝐷

(𝑒−𝑘𝑇𝐸𝑇𝑡 − 𝑒−𝑘𝑄𝐷𝑡) . 

(5.23) 

The QD population due to direct excitation (650 nm excitation) is 

[𝑄𝐷1]𝑃𝐿(𝑡) = [𝑄𝐷1]0𝑒−𝑘𝑄𝐷𝑡 , 

(5.24) 

where [𝑄𝐷1]0  is the initial excited QD population. This set of equations allows for 

simultaneous calculation of the QD intrinsic PL decay, [𝑄𝐷1]𝑃𝐿(𝑡), the triplet flux into 

the QD, 𝜙𝑇(𝑡), and QD population due to transfer, [𝑄𝐷1]𝜙(𝑡). Figure 5.24 shows the 

best achieved global fitting of these functions to the measured values. The quality of this 

fit is very poor, showing large systematic discrepancies of the observed trends. Notably, 
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the triplet flux does not rise over the first ~500 ns as observed in the measured data and 

the QD population from transfer peaks and falls faster than measured. We constrain the 

system such that the triplet transfer rate is the same as given by the ns-TA 

measurements. The value for the QD intrinsic decay rate 𝑘𝑄𝐷 is slightly smaller than the 

values measured by the fitting of the QD GSB in ns-TA and the observed transient PL 

decay (Table 5.2). 

 

Figure 5.24: Two species model fitting of the IR transient PL for a PbS-TET-CA:TIPS-Tc film.  
The intrinsic QD PL decay, triplet flux into the QD and QD PL counts from triplet transfer, was 
fitted globally. a) PbS-TET-CA:TIPS-Tc intrinsic QD PL decay (650 nm excitation). b) Triplet flux 
into the PbS QD in a film of PbS-TET-CA:TIPS-Tc after 535 nm excitation of the SF-host. c) PbS-
TET-CA:TIPS-Tc QD PL resulting from triplet transfer (after excitation with 535 nm), calculated by 
convolution of the triplet flux and the PbS-TET-CA intrinsic decay dynamics. 

 

kTET (1/µs) kQD (1/µs) kQD (1/µs) kQD (1/µs) 

TA fit TA fit TrPL fit  Transfer TrPL fit 

0.34 ± 0.03 3.3 ± 0.2 2.5 ± 0.2 1.4 ± 0.1 

Table 5.2: Transient IR PL two-species fitting parameters. 
Comparison of the triplet transfer kinetic parameters for a two-species model with global fitting 
to the intrinsic QD decay, triplet flux and QD PL from triplet transfer. 
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Figure 5.25 shows the best achieved two species fitting against the measured QD PL 

from transfer alone (not globally fitted). The fitted kinetic for the transient PL from 

triplet transfer is reasonable, showing a lower discrepancy with the measured response. 

However, the corresponding kinetics for the QD intrinsic decay and triplet flux show 

considerable deviation from the data. This fitting method requires a significantly slower 

QD decay relative to the values measured by nsTA and transient PL alone (Table 5.3). 

This discrepancy between QD decay rate extracted by the QD population from triplet 

transfer (535 nm excitation) and the rate obtained by optical excitation of the QDs 

directly (650 nm excitation) is consistent with the hypothesis that there exist two 

subsets of QDs within the film. One set that is affected by QD aggregation to a greater 

extent, resulting in short QD lifetimes due to trapping and lower triplet transfer due to 

the separation of triplet donor and acceptor. The other subset of QDs are isolated within 

the SF-host having slower decay (similar to the rate measured for an isolated dot in 

solution ~0.5 µs-1) and high triplet transfer due to the maximal interaction between 

donor and acceptor. The rise in triplet flux could be an artefact in this case as the ansatz 

in equation 11.1 would not be valid. We leave the investigation of this hypothesis to 

future work. 

 

Figure 5.25: Restricted two species model fitting of the IR transient PL.  
Only data for QD PL from transfer was fitted and the required intrinsic QD PL decay, triplet flux 
into the QD plotted beside the measured counts. a) PbS-TET-CA:TIPS-Tc intrinsic QD PL decay 
(650 nm excitation). b) Triplet flux into the PbS QD in a film of PbS-TET-CA:TIPS-Tc after 535 nm 
excitation of the SF-host. c) PbS-TET-CA:TIPS-Tc QD PL resulting from triplet transfer (after 
excitation with 535 nm), calculated by convolution of the triplet flux and the PbS-TET-CA intrinsic 
decay dynamics. 
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kTET (1/µs) kQD (1/µs) kQD (1/µs) kQD (1/µs) 

TA fit TA fit TrPL fit  Transfer TrPL fit 

0.34 ± 0.03 3.27 ± 0.15 2.5 ± 0.2 0.50 ± 0.05 

Table 5.3: Transient IR PL two-species fitting parameters, with constraints.  
Comparison of the triplet transfer kinetic parameters for a two-species model with the fitting of 
the QD PL from transfer alone. 

5.6.2.2 Three-Species Model 

In this kinetic scheme, we assume the existence of an intermediate state [𝐼] 

participating in the triplet transfer. The dynamics of this system are described as follows, 

𝑑[𝑇1,1] 

𝑑𝑡
= −(𝑘1 + 𝑘𝑇𝐸𝑇1

)[𝑇1,1]  − 𝑘2[𝑇1,1] 2 + 𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧) , 

(5.25) 
𝑑[𝐼]

𝑑𝑡
= −𝑘𝑇𝐸𝑇2

[𝐼] + 𝑘𝑇𝐸𝑇1
[𝑇1,1] , 

(5.26) 

𝑑[𝑄𝐷1]

𝑑𝑡
=  − 𝑘𝑄𝐷[𝑄𝐷1] + 𝑘𝑇𝐸𝑇2

[𝐼] , 

(5.27) 

where 𝑘𝑇𝐸𝑇1 is the triplet transfer rate from the TIPS-Tc to the intermediate (this rate is 

the same as the previous discuss 𝑘𝑇𝐸𝑇 as it quantifies triplet loss from the TIPS-Tc) and 

𝑘𝑇𝐸𝑇2 is the rate of triplet transfer from the intermediate to the QD excited state. To 

simplify this system of differential equations we assume the case of the low [𝑇] limit 

where contribution by the 𝑘2[𝑇]2 can be ignored and that triplet transfer out-competes 

triplet intrinsic decay ( 𝑘1 + 𝑘𝑇𝐸𝑇1
 ~ 𝑘𝑇𝐸𝑇1

) and there is 100% transfer from the 

intermediate to the QD. Solving this system leads to a triplet population given by, 

[𝑇1,1] (𝑡) = [𝑇1,1] 0𝑒−𝑘𝑇𝐸𝑇1𝑡, 

(5.28) 

where [𝑇1,1]
0

 is the initial triplet density after singlet fission. The intermediate state 

population is given by, 
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[𝐼](𝑡) = −
𝑘𝑇𝐸𝑇1

[𝑇1,1]
0

𝑘𝑇𝐸𝑇1
− 𝑘𝑇𝐸𝑇2

(𝑒−𝑘𝑇𝐸𝑇1𝑡 − 𝑒−𝑘𝑇𝐸𝑇2𝑡) , 

(5.29) 

where we assume the initial population of the intermediate state is [𝐼](0) = 0. The 

triplet flux into the QD is, 

𝜙𝑇(𝑡) = 𝑘𝑇𝐸𝑇2
𝐼(𝑡) = −

𝑘𝑇𝐸𝑇1
𝑘𝑇𝐸𝑇2

[𝑇1,1] 0

𝑘𝑇𝐸𝑇1
− 𝑘𝑇𝐸𝑇2

(𝑒−𝑘𝑇𝐸𝑇1𝑡 − 𝑒−𝑘𝑇𝐸𝑇2𝑡) , 

(5.30) 

The QD population due to this transfer is given by, 

[𝑄𝐷1]𝜙(𝑡) =
𝑘𝑇𝐸𝑇1

𝑘𝑇𝐸𝑇2
[𝑇1,1] 0 (𝑘𝑄𝐷(𝑒−𝑘𝑇𝐸𝑇2𝑡 − 𝑒−𝑘𝑇𝐸𝑇1𝑡) + 𝑘𝑇𝐸𝑇2

(𝑒−𝑘𝑇𝐸𝑇1𝑡 − 𝑒−𝑘𝑄𝐷𝑡) + 𝑘𝑇𝐸𝑇1
(𝑒−𝑘𝑄𝐷𝑡 − 𝑒−𝑘𝑇𝐸𝑇2𝑡))

(𝑘𝑇𝐸𝑇1
− 𝑘𝑇𝐸𝑇2

)(𝑘𝑇𝐸𝑇1
− 𝑘𝑄𝐷)(𝑘𝑇𝐸𝑇2

− 𝑘𝑄𝐷)
 , 

(5.31) 

while the QD population due to direct excitation (650 nm excitation) is, 

[𝑄𝐷1]𝑃𝐿(𝑡) = [𝑄𝐷1]0𝑒−𝑘𝑄𝐷𝑡 , 

(5.32) 

where [𝑄𝐷1]0  is the initial excited QD population. This set of equations allows for 

simultaneous calculation of the QD intrinsic PL decay, [𝑄𝐷1]𝑃𝐿(𝑡), the triplet flux into 

the QD, 𝜙𝑇(𝑡), and QD population due to transfer, [𝑄𝐷1]𝜙(𝑡). Figure 5.26 shows the 

best achieved global fitting of these functions to the measured values. We constrain the 

system such that the triplet transfer rate 𝑘𝑇𝐸𝑇1  is the same as given by the ns-TA 

measurements. The agreement between measured values and fit is the strongest out of 

the three investigated fitting procedures, reproducing the observed rises and falls in the 

various time-dependent quantities. To accurately fit the rise in the triplet flux requires 

the 𝑘𝑇𝐸𝑇2 fitting parameter. The introduction of an intermediate state is not arbitrary as 

it has been shown that the TET-CA ligand is crucial to the triplet transfer process in 

solution and its rate of transfer into the PbS QD has been calculated.179 Thus we assign 

the intermediate state as the TET-CA triplet [𝐼] = [𝑇1,2].  

Table 5.4 compares the various kinetic parameters. The value for the QD intrinsic decay 

rate 𝑘𝑄𝐷 is again slightly smaller than the values measured by the fitting of the QD GSB 

in ns-TA and the observed transient PL decay. This discrepancy might be due to the two 

QD subset hypothesis mentioned previously. 
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Figure 5.26: Three species model fitting of the IR transient PL for a PbS-TET-CA:TIPS-Tc film.  
The intrinsic QD PL decay, triplet flux into the QD and QD PL counts from triplet transfer, was 
fitted globally. a) PbS-TET-CA:TIPS-Tc intrinsic QD PL decay (650 nm excitation). b) Triplet flux 
into the PbS QD in a film of PbS-TET-CA:TIPS-Tc after 535 nm excitation of the SF-host. c) PbS-
TET-CA:TIPS-Tc QD PL resulting from triplet transfer (after excitation with 535 nm), calculated by 
convolution of the triplet flux and the PbS-TET-CA intrinsic decay dynamics. 

 

kTET1 (1/µs) kTET2 (1/µs) kQD (1/µs) kQD (1/µs) kQD (1/µs) 

TA fit ɸT(t) fit TA fit TrPL fit Transfer TrPL fit 

0.34 ± 0.03 1.6 ± 0.1 3.27 ± 0.15 2.5 ± 0.2 1.40 ± 0.2 

Table 5.4: Transient IR PL three-species fitting parameters. 
Comparison of the triplet transfer kinetic parameters for a three-species model with global fitting 
to the intrinsic QD decay, triplet flux and QD PL from triplet transfer. 

In summary, the transient PL dynamics of the TIPS-Tc:PbS-TET-CA films under 

photoexcitation of the SF host display an extension of the PL decay in agreement with 

the presence of triplet exciton transfer. Deconvolution of the QD photoluminescence 

indicates a triplet exciton flux into the PbS QDs that rises over the first microsecond after 

photoexcitation. Analytical modelling of multiple triplet transfer mechanisms is 

presented. A three-species sequential transfer model is the most consistent with the 

measured kinetics. Indicating the identification of an intermediate state in the triplet 

transfer process from the TIPS-Tc triplet to the PbS QD. We present the TET-CA triplet 

as a likely candidate for the intermediate state. 



166 Solid State Singlet-Fission Photon-Multiplier 

 

 

5.7 Modelling of Steady-State Operation 

With an in-depth understanding of the dynamics present in the TIPS-Tc:PbS-TET-CA 

films, we return to an extended investigation of its steady-state operation. Of particular 

importance for a realistic SF-PM is the performance under incident light across the 

visible spectrum, not just at a single wavelength. Such an understanding must include 

accurate quantification of the triplet excitation density that results from excitation at a 

particular wavelength. With this in aim, we begin with an expansion of the model 

developed for the solution-phase SF-PM to explicitly include the spatial variation of the 

triplet excitation density through the film's thickness. When investigating the extraction 

of triplet excitons from the SF-host material the dynamics, the TIPS-Tc triplet [𝑇1,1] and 

QD excited state [𝑄𝐷1] populations can be described as follows 

𝑑[𝑇1,1] 

𝑑𝑡
= −(𝑘1 + 𝑘𝑇𝐸𝑇)[𝑇1,1] − 𝑘2[𝑇1,1]

2
+ 𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧) , 

(5.33) 

𝑑[𝑄𝐷1]

𝑑𝑡
= −𝑘𝑄𝐷[𝑄𝐷1] + 𝑘𝑇𝐸𝑇[𝑇1,1]  + 𝐺𝑄𝐷(𝑧) , 

(5.34) 

 at a distance z into the film. Where k1 and kTET are the TIPS-Tc triplet intrinsic decay rate 

and triplet transfer rate; kQD is the QD excited state decay rate; 𝜂𝑆𝐹 is the TIPS-Tc singlet 

fission efficiency; and GT and GQD  are the TIPS-Tc and QD excited state generation rate 

due to photon absorption, respectively. For an SF-PM material with optical attenuation 

coefficient µ the incident light intensity decays via 𝐼(𝑧) = 𝐼0𝑒−𝜇𝑧, resulting in a total 

generation rate 𝐺(𝑧) = 𝐺𝑇(𝑧) + 𝐺𝑄𝐷(𝑧) , given by −
𝑑𝐼

𝑑𝑧
= 𝜇𝐼0𝑒−𝜇𝑧 . The individual 

component generations rates are given by, 𝐺𝑖(𝑧) = 𝛼𝑖𝐺(𝑧), where 𝛼𝑖 is related to the 

individual components attenuation coefficients µi by  

𝛼𝑖 =
𝜇𝑖

∑ 𝜇𝑗𝑗
 

(5.35) 

Here, the focus is on the TIPS-Tc triplet exciton photophysics in the TIPS-Tc, thus this 

description neglects the effects of a possible intermediate state facilitating the transfer 

between the SF-host and QD. Additionally, we assume diffusion is relatively slow 

compared to the spatial variation of the population densities across the thickness of the 

film, such that we exclude any explicit interaction between spatially adjacent population 

densities. Due to the disordered and polycrystalline nature of the TIPS-Tc films, we 
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assume the fractional absorption of each component, 𝛼𝑖, are well approximated by the 

previously measured values in the solution phase.122 Solving of this set of equations for 

a thin film SF-PM of thickness L allows the calculation of the spatial dependence of the 

photon flux I(z), TIPS-Tc triplet density [T1,1](z) and the triplet transfer efficiency ƞTET(z). 

Figure 5.27 illustrates one such example calculation. The inclusion of a bimolecular 

decay rate reduces the expected triplet population in volumes where the density is high, 

resulting in a corresponding reduction in the local triplet transfer efficiency.  

 

Figure 5.27: Illustration of the spatial variation in triplet harvesting. 
Example calculation of the light intensity (a), triplet exciton density (b) and triplet exciton transfer 
efficiency (c) in a SF-PM thin film as a function of depth into the film. 

To calculate the SF-PM efficiency under continuous illumination we solve the rate 

equations (5.33 )and (5.34) for steady-state conditions, where the system of differential 

equations reduces to 

(𝑘1 + 𝑘𝑇𝐸𝑇)[𝑇1,1]  + 𝑘2[𝑇1,1] 2 = 𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧) , 

(5.36) 

𝑘𝑄𝐷[𝑄𝐷1] = 𝑘𝑇𝐸𝑇[𝑇1,1]  + 𝐺𝑄𝐷(𝑧) . 

(5.37) 

Solving for positive [𝑇1,1]  leads to 
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[𝑇1,1]  =  −
𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
+ √(

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧)

𝑘2
 . 

(5.38) 

The triplet transfer efficiency is given by 𝜂𝑇𝐸𝑇(𝑧) =
𝑘𝑇𝐸𝑇𝑇

𝜂𝑆𝐹∙𝐺𝑇(𝑧)
. Substituting the above 

expression for [𝑇1,1] gives 

𝜂𝑇𝐸𝑇(z) =
𝑘𝑇𝐸𝑇

𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧)
(√(

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝜂𝑆𝐹 ∙ 𝐺𝑇(𝑧)

𝑘2
−

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
) , 

(5.39) 

Then substituting the value for 𝐺𝑇(𝑧) gives 

𝜂𝑇𝐸𝑇(z) =
𝑘𝑇𝐸𝑇

𝜂𝑆𝐹 ∙ 𝛼𝑇𝐺(𝑧)
(√(

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝜂𝑆𝐹 ∙ 𝛼𝑇𝐺(𝑧)

𝑘2
−

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
) . 

(5.40) 

The overall SF-PM efficiency is given by 

𝜂𝑃𝑀(𝑧) = 𝜂𝑄𝐷 (𝛼𝑄𝐷 + 𝛼𝑇𝜂𝑆𝐹𝜂𝑇𝐸𝑇(𝑧)) . 

(5.41) 

The rate of IR PL emission from the SF-PM can be expressed as 𝑃𝐿𝑄𝐷(𝑧) =

𝜂Ω𝐺(𝑧)𝜂𝑃𝑀(𝑧). Where 𝜂Ω represents the PL collection and detector efficiency. The total 

IR PL is found by integration over the thickness of the film L to give 

𝑃𝐿𝑄𝐷 = ∫ 𝑃𝐿𝑄𝐷(𝑧) 𝑑𝑧
𝐿

0

 . 

(5.42) 

Substituting the relevant expression leads to 
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𝑃𝐿𝑄𝐷 = ∫ 𝜂𝛺𝜂𝑄𝐷 (𝛼𝑄𝐷𝐺(𝑧)
𝐿

0

+ 𝑘𝑇𝐸𝑇 (√(
𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝜂𝑆𝐹 ∙ 𝛼𝑇𝐺(𝑧)

𝑘2
−

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
))  𝑑𝑧 . 

(5.43) 

Substituting 𝐺(𝑧) = 𝜇𝐼0𝑒−𝜇𝑧 leads to 

𝑃𝐿𝑄𝐷 = ∫ 𝜂𝛺𝜂𝑄𝐷 (𝛼𝑄𝐷𝜇𝐼0𝑒−𝜇𝑧
𝐿

0

+ 𝑘𝑇𝐸𝑇 (√(
𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
)

2

+
𝜂𝑆𝐹 ∙ 𝛼𝑇𝜇𝐼0𝑒−𝜇𝑧

𝑘2
−

𝑘1 + 𝑘𝑇𝐸𝑇

2𝑘2
))  𝑑𝑧 . 

(5.44) 

The integral ∫ √𝑌2 + 𝑋e−𝐽𝑧
 
− 𝑌 𝑑𝑧

𝑈

0
 has an analytical solution given by  

√𝑋 𝑒−𝐽 𝑈 + 𝑌2  (−2 √𝑌2 𝑒𝐽 𝑈 + 𝑋 + 2 𝑌 𝑒
𝐽 𝑈
2   𝑙𝑜𝑔 (𝑌  (𝑒−

𝐽 𝑈
2  √𝑌2 𝑒𝐽 𝑈 + 𝑋 + 𝑌))   + 𝐽 𝑈 𝑌 𝑒

𝐽 𝑈
2 )

𝐽√𝑌2 𝑒𝐽 𝑈 + 𝑋

+ 2 
(√𝑋 + 𝑌2 − 𝑌  𝑙𝑜𝑔 (𝑌 (√𝑋 + 𝑌2 + 𝑌)))

𝐽
− 𝑈 𝑌 . 

(5.45) 

We use the expression (5.45) to solve 𝑃𝐿𝑄𝐷 for a given value of the system parameters. 

To  apply this model for the triplet harvesting we have explicitly measured, the TIPS-Tc 

thin-film attenuation coefficient 𝜇𝑇 (Figure 7.8), while the fractional absorption of the 

components is taken from previous solution-based measurements (Section 4.3.1), the 

IR PLQE values at 515 nm and 650 nm excitation (in a low fluence measurement), the 

spectra and incident fluence for the excitation spectra (Section 5.7.1), the IR PL fluence 

dependence under 515 nm excitation (Figure 5.28) and the kinetic rates 𝑘1 and 𝑘𝑇𝐸𝑇 by 

fitting to ns-TA dynamics (Section 5.5.1). By fitting the experimental data to (5.45) allows 

us to extract the singlet fission yield 𝜂𝑆𝐹 , the effective film thickness 𝐿, the product 

𝜂Ω𝜂𝑄𝐷 and the bimolecular decay rate 𝑘2. With these parameters known we can then 

simulate the SF-PM IR PL for arbitrary excitation wavelength and incident fluence.  
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The exciton multiplication factor and singlet fission yield for the particular TIPS-Tc:PbS-

TET-CA film of the current investigation were found to be, 𝜂𝐸𝑀𝐹  = (186 ± 18) % and 

𝜂𝑆𝐹 = (192 ± 28) %, respectively, as discussed earlier in this work (Section 5.3). With the 

solid-state TIPS-Tc attenuation coefficient, 𝜇𝑇𝑐(𝜆),  and the fractional absorption 

( 𝛼𝑇𝑐(𝜆) ) from solution phase measurements we calculate the QD attenuation 

coefficient of the films by, 

𝜇𝑄𝐷(𝜆) = 𝜇𝑇𝑐(𝜆) (
1

𝛼𝑇𝑐(𝜆)
− 1) =

𝜇𝑇𝑐(𝜆)

𝜖𝑇𝑐
∙

𝑐𝑄𝐷

𝑐𝑇𝑐
 𝜖𝑄𝐷 , 

(5.46) 

in terms of the molar attenuation coefficients,  𝜖𝑇𝑐  and 𝜖𝑄𝐷  with the molar ratio 
𝑐𝑄𝐷

𝑐𝑇𝑐
⁄ . With the calculated attenuation coefficients we can calculate the total 

attenuation spectrum for the film and calculate values for 𝑃𝐿𝑄𝐷  in the range 600-

750 nm (matching with the QD only excitation spectrum). Comparison with measured 

excitation spectra in this spectral region gives a reasonable fit for values of 𝐿 = 21.5 µm 

and 𝜂Ω𝜂𝑄𝐷 = 9300 counts. The value for 𝜂Ω𝜂𝑄𝐷 effectively acts as a conversion factor 

between percentage absorption and detector counts. The absolute PL excitation spectra 

(data and simulated values) can be normalised by the absorption spectrum 𝐴(𝜆) =

𝐼0(1 − 𝑒−𝜇(𝜆)𝐿) , to give the relative PLQE excitation spectra. Finally, we have all 

parameters needed to calculate for arbitrary excitation wavelength and incident 

fluence, the IR PL excitation spectrum (Figure 5.29), relative IR PLQE spectra (Figure 

5.31) and triplet transfer efficiency as a spectrum and function of the light penetration 

depth (Figure 5.32). 

5.7.1 Fluence Dependence 

We begin the application of this theoretical framework with a characterisation of the IR 

photoluminescence dependence on incident power flux. We use PL counts divided by 

incident power as a measure of relative PLQE. For the PbS-TET-CA:TIPS-Tc film the 

relative PLQE drops with increased incident power flux (Figure 5.28). We have the 

parameters needed to calculate the SF-PM response for any incident fluence and 

wavelength of excitation (400-1400 nm), for a given value of 𝑘2, which we extract via 

fitting to the fluence-dependent IR relative PL in (Figure 5.28). The decrease in relative 

IR PLQE is qualitatively reproduced with a bimolecular decay constant of 

k2 = (8 ± 2) x 10−19 cm3ns-1.  
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Using the solar equivalent fluence calculated previously for TIPS-Tc we calculate a solar 

equivalent fluence under 532 nm laser excitation of 13700 μW/cm2.122 At this fluence 

we observe a ~30% reduction in the IR PLQE of the SF-PM system relative to its low 

fluence value.  

 

Figure 5.28: Steady-State IR PL from triplet harvesting in a film of PbS-TET-CA:TIPS-Tc.  
The relative IR PLQE as a function of incident 532 nm excitation fluence is calculated by division 
of the detected counts by the incident fluence and normalised to the low fluence region. The 
simulated response agrees with the measured values for a bi-molecular decay rate of 
k2 = (8 ± 2) x 10-19 cm3ns-1 (blue curve). The vertical red line shows the solar equivalent fluence 
(13700 μW/cm2 at 532 nm excitation)for the PbS-TET-CA:TIPS-Tc film. 

We anticipate that the bimolecular decay constant will be significantly dependant on 

film morphology. The degree of polycrystallinity has been shown to affect the triplet 

exciton diffusion and associated triplet bimolecular decay.180 Hence it opens the 

possibility of morphology optimisation with the goal of reducing the effect of triplet 

bimolecular decay on the efficiency of triplet extraction. Triplet bimolecular decay in 

organic thin films is known to occur via a multitude of pathways including trap assisted, 

singlet-triplet annihilation and triplet-triplet annihilation.16,42 These pathways are both 

sample preparation dependent and intrinsic to the organic molecule. The relationship 

between triplet-triplet annihilation and the other decay channels has been extensively 

studied in the field of upconversion. Recent studies have shown that competing 

pathways can be overcome so that triplet-triplet annihilation to the singlet exciton can 

approach 100%.145,181,182 Application of these approaches to the current system could 

produce a more optimal SF-PM where the recycling of triplets that undergo triplet-

triplet annihilation to the singlet followed by efficient singlet fission back to two triplets 
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out competes other bimolecular decay pathways. In such a case the reduction of the SF-

PM IR PLQE at high excitation densities could be mitigated resulting in a more versatile 

system for application in real-world conditions. 

 

5.7.2 Wavelength Dependence 

At this point, we step forward to investigate the SF-PM excitation wavelength 

dependence. We find that the excitation spectrum of the TIPS-Tc PL (emission at 

600 ± 2 nm) matches the absorption spectrum of TIPS-Tc. The TIPS-Tc absorption 

spectrum is calculated using the same path length mentioned earlier (𝐿 =  21.5 µm) 

and its own linear scaling constant to overlay with the excitation spectrum. The 

agreement between excitation and absorption spectra indicates that at the photon flux 

investigated, there is no significant non-linear population dependence on the TIPS-Tc 

singlet emission. 

 

Figure 5.29: Comparison of TIPS-Tc absorption and excitation spectra.  
TIPS-Tc thin-film Vis PL excitation spectra (black) along with overlaid absorption spectrum (light 
blue). Here the TIPS-Tc emission is detected (600 ± 2 nm emission) under an excitation photon 
flux of (3.5 ± 0.4) x 107 cm-2ns-1. 

Excitation spectra of PbS-OA:TIPS-Tc films shows that there is effectively no triplet 

transfer from the TIPS-Tc to the PbS QDs (Figure 5.30a). The reduction in IR PL 

(1300 ± 20 nm) at wavelengths where the TIPS-Tc is absorbing indicates that the TIPS-Tc 

is “shadowing” the QDs, resulting in lower QD emission. Using the model of the SF-PM 
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built up over the last section, we simulate the excitation spectrum for the system in the 

case of zero triplet transfer. Figure 5.30b shows that the calculated excitation spectrum 

in this zero triplet transfer case exhibits similar trends with the measured values, 

indicating that there is little triplet transfer occurring in the PbS-OA:TIPS-Tc Films.  

 

Figure 5.30: PbS QD IR PL excitation spectra of PbS-OA:TIPS-Tc and PbS-TET-CA:TIPS-Tc films.  
PbS QD emission detected at 1300 ± 20 nm, under an excitation photon flux of 
(3.5 ± 0.4) x 107 cm-2ns-1. a) Comparison of the IR PL excitation spectra for PbS-OA:TIPS-Tc 
(orange) and PbS-TET-CA:TIPS-Tc (blue), normalised to the average value between 650-700 nm. 
Excitation spectra of PbS-OA:TIPS-Tc (b) and PbS-TET-CA:TIPS-Tc (c) with simulated excitation 
spectrum, under TIPS-Tc solar-equivalent fluence. We find the PbS-OA:TIPS-Tc spectrum is 
consistent with simulation where there is no triplet transfer (light orange curve). In comparison 
the PbS-TET-CA:TIPS-Tc film’s excitation spectrum matches with the simulated spectrum for 
kinetic parameters detailed in Table 5.1 and a triplet bimolecular decay rate of k2 = (8 ± 2) x 10-

19 cm3ns-1 (light blue curve). The expected IR PL wavelength dependence (light grey curve) for the 
PbS-TET-CA:TIPS-Tc thin film in the low fluence regime.  

In contrast, excitation spectra of PbS-TET-CA:TIPS-Tc films show high levels of triplet 

transfer from TIPS-Tc to the PbS QDs (Figure 5.30c). The drastically increased IR PL at 

wavelengths where the TIPS-Tc is absorbing indicates efficient triplet exciton transfer 

from the TIPS-Tc to the PbS-TET-CA QDs. Calculation of the excitation spectrum using 

equation (5.44), the kinetic parameters in Table 5.1 and those described earlier gives 

qualitative agreement with the measured spectrum. In Figure 5.30c we also show the 

simulated excitation spectrum is significantly higher in the case where the triplet 

bimolecular decay constant has been set to zero (𝑘2 = 0).  

Using the absorption spectrum of the PbS-TET-CA:TIPS-Tc film we calculate a relative 

PLQE spectrum from the excitation spectra. As illustrated by Figure 5.31 the relative 
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PLQE is greater than the intrinsic value, for wavelengths where the TIPS-Tc is significantly 

absorbing (450-560 nm). The IR PLQE  values under low fluence, 515 and 658 nm 

excitation, are used to construct the relative PLQE spectrum in the case of negligible 

bimolecular triplet decay (𝑘2 = 0). Subsequent inclusion of the triplet bimolecular decay 

rate (k2 = (8 ± 2) x 10-19 cm3ns-1) as measured by IR PL fluence dependence and the TIPS-

Tc solar equivalent fluence ( (3.5 ±  0.4) × 1016  photons s-1cm-2) used at each 

excitation wavelength allows a comparison of the simulated and measured relative PLQE 

spectrum. 

 

Figure 5.31: Excitation wavelength dependent IR PLQE in TIPS-TC:QD films.  
The measured absolute IR PLQE under 515 nm and 658 nm excitation for PbS-TET-CA:TIPS-Tc 
(blue closed squares) and PbS-OA:TIPS-Tc (orange open circles) thin films. Based on these PLQE 
measurements, the light grey curve shows the expected IR PLQE wavelength dependence for the 
PbS-TET-CA:TIPS-Tc thin film, in the low-fluence regime. The light orange curve shows the 
expected IR PLQE wavelength dependence for the PbS-OA:TIPS-Tc thin film, with absolutely no 
triplet transfer to the PbS-OA quantum dots. The dark blue (PbS-TET-CA:TIPS-Tc) and dark orange 
(PbS-OA:TIPS-Tc) curves show the measured IR PLQE wavelength dependence, at the solar-
equivalent fluence for TIPS-Tc. Horizontal dashed lines show the SF-PM performance relative to 
100% (grey) and 200% (black) of the intrinsic quantum dot PLQE in the PbS-TET-CA:TIPS-Tc thin 
film. Films were vacuum treated and aged for 1 week.  

A related effect has been observed for the fluence dependence of singlet exciton 

emission in tetracene crystals, where triplet bimolecular decay to the singlet was found 

to increase the efficiency of singlet PL at high fluences (> 1015  photons s-1cm-2).183 

However in the current case, it is the transfer of triplet excitons to the PbS QDs that is 

resulting in luminescence and so triplet bimolecular decay in the TIPS-Tc SF-host is 
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reducing the triplet exciton transfer efficiency where the corresponding excitation 

density is too high.  

As discussed earlier, using the absorption of the films and the measured PLQE (under 

658 nm exciton), we normalise the IR excitation spectra of the PbS-TET-CA:TIPS-Tc films 

to calculate the triplet excitation transfer efficiency spectrum 𝜂𝑇𝐸𝑇(𝜆) (Figure 5.32a) at 

an incident photon flux of (3.5 ± 0.4) x 107 cm-2ns-1.  

 

Figure 5.32: Excitation wavelength dependence of the triplet transfer efficiency. 
a) PbS-TET-CA: TIPS-Tc measured (black squares) and simulated (blue curve) triplet exciton 
transfer efficiency as a function of excitation wavelength at a photon flux of 
(3.5 ± 0.4) x 107 cm−2ns−1 at each wavelength. The triplet exciton transfer efficiency is calculated 
by normalisation with the absorption spectra of the SF-PM components. Kinetic parameters for 
the simulated spectrum are detailed in Table 5.1 along with a triplet bi-molecular decay rate of 
k2 = (8 ± 2) x 10-19 cm3ns-1. b) Triplet exciton transfer efficiency 𝜂𝑇𝐸𝑇 as a function of the TIPS-Tc 
penetration depth. The penetration depth is calculated as 1/𝜇 , where 𝜇  is the attenuation 
coefficient. The lowest triplet transfer efficiency is observed at wavelengths where the TIPS-Tc 
attenuation coefficient is the largest. 

The relative PLQE excitation and 𝜂𝑇𝐸𝑇(𝜆) spectra show reduced efficiency at the peak 

TIPS-Tc absorption (~470, ~500 and ~535 nm). The observed reduction is caused by the 

high excitation density produced in the film resulting in increased triplet bimolecular 

decay and lower triplet harvesting. The calculated spectra based on a parameterisation 

of this triplet bimolecular decay gives qualitative agreement with the measured values. 

Figure 5.32b illustrates the dependence of the triplet exciton transfer efficiency on the 

penetration depth of the incident light into the SF-PM. The shorter the penetration 

depth the lower the triplet exciton transfer efficiency.  
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The observation of wavelength dependent SF-PM performance, associated with 

variation of the triplet exciton density within the films, draws to attention previously 

unforeseen constraints. The potential of reductions in triplet transfer efficiency due to 

triplet bi-molecular decay will have critical implications for the deployment of a realistic 

SF-PM under solar irradiance. We have shown that the current TIPS-Tc:PbS-TET-CA 

system shows significant (~30 %) reductions in performance under solar-equivalent 

fluences. The model developed here illustrates a means to understand the 

consequences of triplet bi-molecular decay. Future work should focus on extending the 

framework to predict performance not just as a function of incident wavelength but for 

a prescribed solar spectrum. Thus, fully modelling the SF-PM performance under real-

world conditions. Such calculations could be experimentally verified by the development 

of a solar simulator equivalent version of a PLQE measurement.  
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5.8 Conclusion and Outlook 

 

Figure 5.33: Overview of singlet fission, singlet trapping and triplet harvesting dynamics.  
Singlet population is extracted from the decay of the TIPS-Tc stimulated emission, while the rise 
of the TIPS-Tc triplet population [T1,1] is determined by decomposition via the genetic algorithm. 
The rise of the trap state population is inferred from the trapping rate of the singlet state. The 
ratio of the trap state population to triplet state (and all following state due to triplet harvesting) 
is taken from the kinetic analysis that in the best-observed film resulted in (20 ± 20) % singlet 
trapping. On the nanosecond and greater timescales, the decay of the singlet trap independently 
to the TIPS-Tc triplets [T1,1] transferring to TET-CA triplets [T1,2] and then finally leading to 
emission from the excited PbS quantum dot state [QD1]. [Trap] and [T1,1] populations determined 
from nsTA, while the  [T1,2] and [QD1] populations were determined from transient IR PL.  

In summary, we have demonstrated a bulk organic-inorganic film for photon 

multiplication based on singlet fission. PbS quantum dots were used as an efficient 

triplet-harvesting and IR-emitting material in a TIPS-Tc singlet fission host. 

Functionalisation of the quantum dot surface with a highly soluble TIPS-Tc-carboxylic 

acid ligand allows fabrication of films with an improved quantum dot dispersion within 

the SF host. Use of the aliphatic OA ligand with its unfavourable interaction with the 

highly conjugated TIPS-Tc results in phase separation and results in negligible triplet 

transfer from SF host to PbS quantum dots. In contrast, the TET-CA ligand enables 

efficient triplet transfer from the TIPS-Tc host to the quantum dots. This TET-CA ligand 
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also results in minimized aggregation-induced, interdot excited state transfer and 

trapping. An enhanced IR PLQE consistent with a ~190% exciton multiplication factor has 

been demonstrated. In this way, we are able to demonstrate SF-PM performance 

exceeding the solution-phase system as the singlet fission yield is improved in the solid-

state (𝜂𝑆𝐹: 135 % (solution) → 192 % (solid-state)).  

We find the PbS-TET-CA QDs reduce singlet decay in TIPS-Tc to a trap state with excimer 

like properties. The singlet trap state is found to be a significant loss pathway in 

competition with the singlet fission process, and does not lead to the generation of any 

significant triplet generation itself. We show direct evidence of the increased singlet 

decay rate due to trapping to this state, in competition with the singlet fission process 

(Figure 5.33). As an alternative to having the PbS-TET-CA QD mass fraction control the 

abundance of this trap state within the films, we identify fabrication methods with 

similar morphological effects that result in the reduction of trap states and enhanced 

singlet fission yields. 

The dynamics of triplet harvesting in TIPS-Tc films are extensively studied. Key findings 

were; kinetically limited triplet harvesting was found to occur on a microsecond 

timescale, triplet harvesting was discernible with transient absorption, transient IR 

photoluminescence, and transient visible photoluminescence. The latter opens up 

readily accessible microscopy visualisation of the spatial variation in triplet harvesting. 

Modelling of IR photoluminescence is used in the identification of an intermediate state 

in the triplet transfer process from the TIPS-Tc triplet to the PbS QD. We present the 

TET-CA triplet as a likely candidate for this intermediate state (Figure 5.33). We draw 

particular attention to the role of triplet bi-molecular decay in the dependence of the 

SF-PM efficiency with the wavelength and intensity of excitation.  

Future work is necessary to increase the intrinsic PLQE of the quantum dots and increase 

the IR emission energy to match the Si-PV absorption. Additional studies should focus 

on extending the SF-PM modelling to predict performance, not just as a function of 

incident wavelength, but for a prescribed solar spectrum. This would allow full modelling 

the SF-PM performance under real-world conditions. Such calculations could be 

experimentally verified by the development of a solar simulator equivalent version of a 

PLQE measurement or direct coupling with a Si-PV device in a power conversion 

efficiency measurement. An improved theoretical model, possibly involving Monte-

Carlo methods, could yield more representative results of triplet transfer in the organic-

QD composite.  
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The QD parasitic absorption will likely be an ongoing constraint for the deployment of a 

realistic SF-PM. One possible means to mitigate its effect would be to add a singlet 

sensitizer to the SF host. This singlet sensitizer would be designed to increase the SF-

PMs absorption relative to the QD parasitic absorption, such that after photoexcitation 

of a singlet exciton in this singlet sensitizer, singlet energy transfer to the SF host would 

occur. The resulting singlet exciton would then undergo singlet fission and triplet 

transfer as usual. The applicability and advantages of utilisation of singlet sensitisation 

should be investigated for possible improvement of the SF-PM system. 

Finally, the approach taken here to overcome the long-standing challenge to achieve 

well-dispersed quantum dots in an organic host will be applicable to other 

optoelectronic applications where organic-inorganic binary mixtures are desired. 





 

 

  

Triplet-Triplet Annihilation Upconversion 

In this final results chapter, we shift our focus to triplet-triplet annihilation 

upconversion. We employ a system closely related to the SF-PM schemes developed in 

the previous chapters, leveraging the knowledge we have gained. Here, we detail the 

investigation of a solution-phase system where triplet excitons generated by inorganic 

quantum dots are harvested for triplet-triplet annihilation. 

We begin this chapter by introducing the solution-phase PbS-TET-CA:Rub system and 

demonstrate its operation as a triplet-triplet annihilation upconverter. Upon the 

quantification of upconversion efficiency for this system, we find that the combination 

of triplet generation in the PbS-TET-CA QDs and subsequent triplet exciton transfer to 

the rubrene triplet annihilator are limiting factors. In the third section, we identify the 

rapid formation of a trap state in the PbS-TET-CA QD system, followed by a quasi-

equilibrium with the initial QD excitonic state. This quasi-equilibrium of trap and QD 

exciton undergoes significant decay from the trap state, leading to reduced triplet 

generation on the TET-CA ligand on delayed timescales. In the final section, we show 

that triplet transfer from the PbS-TET-CA QD to the triplet annihilator occurs on dual 

timescales. Rubrene adsorption to the surface of the PbS-TET-CA QDs is identified as the 

source of a fast component of triplet transfer, occurring significantly faster than the 

second triplet transfer component, which is diffusion mediated. We highlight the effect 

of these triplet transfer mechanisms on both the dynamics and efficiency of the triplet-

triplet annihilation upconversion. 

The results presented in this chapter identify and characterise key loss pathways in the 

triplet-triplet annihilation upconversion process for PbS QDs with triplet transmitter 

ligands and adsorption capable triplet annihilators. The understanding gathered here 

enables future work to reduce these loss pathways, which will benefit system design for 

both TTA-UC and SF-PM devices. 
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6.1 Introduction 

So far, we have focused on utilising singlet fission photon multiplication for spectral 

management. Now we shift attention to triplet-triplet annihilation upconversion (TTA-

UC) as a means of breaking the Shockley-Queisser limit by absorbing low energy photons 

and emitting high energy photons. TTA-UC devices commonly operate as follows: low 

energy photons are absorbed in a triplet sensitizer material, typically an inorganic QD 

such as nanocrystals of PbS, PbSe or CdSe. The photoexcited QD then transfers a triplet 

exciton to an organic molecule in close proximity, such as a ligand attached to the 

surface of the QD, a ‘triplet transmitter’. The triplet exciton on the transmitter molecule 

is subsequently transferred a second time to an organic molecule, the ‘triplet 

annihilator’. It is in this annihilator material that triplet excitons come together to 

undergo triplet-triplet annihilation (TTA) and subsequently emit fluorescence from the 

spin-singlet state of the annihilator. Previous reports have indicated that utilisation of 

TTA-UC could improve the maximum possible power conversion efficiency of silicon-

based photovoltaics from ~31 % to ~39 %.115 Reaching such impressive efficiency gains 

requires optimisation of each of the constituent steps in the TTA-UC process. Recent 

advances have led to TTA-UC devices with upconversion quantum efficiencies 

approaching ~8 %.184 A complete understanding of the loss pathways and methods to 

improve the efficiency of TTA-UC devices is beneficial to ongoing progress in this field of 

research. 

Here, we investigate the loss channels present and the mechanism of triplet exciton 

transfer in a QD-transmitter-annihilator system (Figure 6.1a). As our triplet sensitizer 

and triplet transmitter complex we selected PbS QDs covered in 6,11-bis-

((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid)) ligands, referred to as TET-CA. 

The QDs are of bandgap greater than 1.3 eV, such that triplet exciton transfer (~1.2 eV) 

to the TET-CA triplet exciton state is energetically favourable.97 As triplet annihilator, we 

chose the well-studied organic molecule 5,6,11,12-Tetraphenyltetracene, commonly 

known as rubrene (Rub). Again this combination of materials is chosen such that triplet 

exciton transfer from transmitter to rubrene triplet state (1.14 eV) is energetically 

downhill.185 This structure is similar to that used in TTA-UA devices with the highest 

current yields.96,146,184 
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Figure 6.1: Schematic of the PbS-TET-CA:Rub system and its absorbance and photoluminescence. 
PbS QDs, TET-CA, and rubrene act as the triplet sensitizer, transmitter, and annihilator, 
respectively, in this hybrid upconversion system. a) Schematics of the triplet-triplet annihilation 
upconversion process. The PbS QDs absorb low-energy photons, producing a photoexcited 
exciton 𝑄𝐷1, which then rapidly equilibrates with a trap state on the QD. The TET-CA triplet state, 
𝑇𝑇, located on TET-CA molecules bound to the PbS QDs surface, is populated via 𝑇𝐸𝑇1 from the 
𝑄𝐷1 state. Subsequently, 𝑇𝐸𝑇2 occurs to the triplet state of rubrene, 𝑇𝑅, followed by TTA on the 
collision with another 𝑇𝑅  state and the emission of a high energy photon from the rubrene 
exciton state, 𝑆𝑅 . b) The absorbance (solid line) and emission (dashed line) spectra of Rub 
(blue/top), TET-CA (orange/ mid), and PbS-TET-CA QDs (green/bottom). 

6.2 Initial Optical Characterisation 

The PbS QDs were synthesised and ligand exchanged using previously reported 

methods.137 Solutions of PbS-TET-CA:Rub used here were produced by dispersion of the 

relevant TTA-UC components in sealed cuvettes in toluene. Figure 6.1b displays the 

steady-state absorbance and photoluminescence spectra for the individual components 

of the TTA-UC system. As determined from the excitonic absorption peak, the PbS QDs 

had an optical bandgap of ~1.3 eV. On exchanging the ‘as synthesised’ PbS QD’s oleic 

acid ligands (PbS-OA) with TET-CA ligands, a drop in QD IR photoluminescence quantum 

efficiency (PLQE) from (53 ± 2) % to (2 ± 2) % was observed. This reduction in PLQE is a 

significant initial indication that energy transfer from the QD excitonic excited state 

occurs. In Section 6.4 we identify to which states in the PbS-TET-CA QD this energy 

transfer proceeds to. 

An important factor in the TTA-UC process is the efficiency of the photon emission from 

the singlet state of the annihilator material. Measurement of the pure annihilator, 
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rubrene at 10 mg/mL in toluene, yields a PLQE of (36 ± 1) % under 515 nm excitation. 

Rubrene at the same concentration is used in quantum efficiency calculations of the 

TTA-UC system. It is assumed that this PLQE is an approximation for the annihilator 

fluorescence efficiency in the TTA-UC blends. This PLQE of the annihilator sets a 36 % 

upper limit on the upconversion quantum efficiency. 

6.3 Identifying Upconversion Photoluminescence 

To identify and quantify the upconversion process, photoluminescence (PL) spectra in a 

'linear optical' apparatus were measured. Here, excitation of the PbS QDs was achieved 

with a 785 nm laser diode, while the upconversion photoluminescence from the rubrene 

was collected using free-space lenses and focused directly onto the slits of a 

spectrometer. Two visible-pass filters (BG38 Newport) were placed in front of the 

spectrometer slits to removed scattered light from the excitation source. An important 

initial consideration is to verify that the 1.3 eV bandgap QDs are sufficiently high in 

energy for the triplet exciton transfer process to be effective. To check for potential 

gains in efficiency by using higher bandgap QDs, additional PbS-TET-CA:Rub solutions 

with 1.4 eV bandgap PbS QDs were produced. Figure 6.2a shows the absorbance of the 

as synthesised PbS-OA QDs, from which the bandgap is determined by the wavelength 

of the excitonic peak. To identify the existence of triplet-triplet annihilation 

upconversion we measure the fluence dependence of the rubrene PL (Figure 6.2b, c). To 

compare between sample we normalised the PL by the absorption of the samples, at 

the excitation wavelength. The measured absorption at 785 nm for the PbS(1.3 eV), 

PbS(1.4 eV), PbS-TET-CA(1.3 eV), and PbS-TET-CA(1.4 eV) QDs were 0.027, 0.057, 0.025, 

and 0.030, respectively.  

PL resulting from TTA has a characteristic squared dependence on the incident fluence.14 

At high enough fluence this relationship reduces to linear, as the efficiency of TTA, 𝜂𝑇𝑇𝐴, 

reaches its maximum for the particular material. In our case, the efficiency of TTA for 

rubrene has previously been determined to be 𝜂𝑇𝑇𝐴 = 33 %.186 The two PbS-TET-CA:Rub 

solutions show very similar upconversion PL dependences on the incident laser flux 

(Figure 6.2). When this dependence is fit, in the low and high fluence regime, with a 

power-law function, 𝑦 = 𝐴𝑥𝑛 , the PL from the PbS-TET-CA:Rub solutions shows the 

characteristic transition from super-linear (𝑛 = 1.82 ± 0.01) to linear (𝑛 = 1.01 ± 0.03) 

expected for a TTA-UC system.14 The intersection of fits to these two regimes estimates 
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the threshold excitation flux, 𝐺𝑇ℎ , signalling the transition from sub-optimal TTA 

efficiency to TTA reaching its maximum efficiency. The PbS-TET-CA:Rub systems display 

a threshold excitation flux of 𝐺𝑇ℎ = 5.7 ±  1.0 W/cm2.  

 

Figure 6.2: Effect of bandgap and triplet transmitter ligand on TTA-UC.  
a) Normalised absorbance spectra for the PbS QDs with 1.3 eV and 1.4 eV bandgaps. 
b,c) Spectrally integrated photon counts generated by upconversion PL in PbS-TET-CA:Rub and 
PbS-OA:Rub systems under 785 nm excitation of the PbS QDs. Solutions in toluene at QD:Rub 
concentrations of 1:10 mg/mL. b) PL counts normalised by the sample’s absorption at 785 nm. 
c) Relative upconversion PLQE, calculated by the number of emitted photons per absorbed laser 
power. 

Dividing the absorption-normalised PL counts by the incident laser power yields a 

measure of the relative upconversion PLQE of the system (Figure 6.2c). Here, we see the 

effect of the saturation in 𝜂𝑇𝑇𝐴 by the flattening of the relative upconversion PLQE for 

incident fluxes above the 5 W/cm2 threshold. 

The threshold flux found here is slightly lower than the values in the range of ~10-50 

W/cm2 in previous reports of PbS and PbSe QDs rubrene systems.14,100 However, the 

measured threshold value is significantly lower than the ~0.003 W/cm2 reported by 

Mahboub et al. in a system of PbS/CdS core-shell QDs, with a similar tetracene based 

ligand and rubrene.187 

Kinetic analysis of the triplet transfer and triplet-triplet annihilation has been carried out 

by Monguzzi et al.188 The authors found that the threshold excitation density is given by 
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𝐺𝑇ℎ =
𝑘𝑅

2𝑑

𝛾𝑇𝑇𝐴𝛼𝑄𝐷𝜂𝑇𝐸𝑇
 , 

(6.1) 

where 𝑘𝑅  is the rubrene triplet intrinsic decay rate, 𝛾𝑇𝑇𝐴  is the rubrene bimolecular 

triplet-triplet annihilation rate, 𝑑  is the path length of the solution, 𝛼𝑄𝐷  is the 

absorption of the QD at the excitation wavelength, and 𝜂𝑇𝐸𝑇  is the triplet exciton 

transfer efficiency from QD excited state to rubrene triplet exciton. Assuming proper 

care is taken to minimise contamination with triplet quenching substances such as 

oxygen, 𝑘𝑅  and 𝛾𝑇𝑇𝐴  are intrinsic parameters for rubrene. For solutions with low 

absorption, such as the solutions used here, the QD absorption is effectively linear with 

sample path length. Thus, 𝑑/𝛼𝑄𝐷 can be approximated well by a constant. Therefore, 

the dominant factor affecting the threshold flux is the triplet transfer to the rubrene. 

The lower 𝐺𝑇ℎ  value obtained by Muhboub et al. indicates that the PbS-TET-CA:Rub 

system investigated here has a lower 𝜂𝑇𝐸𝑇 value. 

In comparison, the PbS-OA:Rub solutions show significantly lower upconversion PL 

levels. Additionally, their saturation threshold flux is notably higher, indicating poor 

triplet exciton transfer efficiencies. This indication of low 𝜂𝑇𝐸𝑇 values is consistent with 

the lower relative upconversion PLQE values for the PbS-OA system. While the PbS-TET-

CA:Rub solutions show little difference with the PbS QD bandgaps above 1.3 eV, the PbS-

OA:Rub solutions show a significant dependence on the bandgap. There is a reduction 

greater than 100 times in upconversion PL for the 1.3 eV PbS-OA system relative to the 

1.4 eV system. The similar upconversion PLQE for the PbS-TET-CA QDs indicates that the 

1.3 eV PbS QD cores are indeed sufficient for further investigation as TTA-UC systems.  

To quantify the photon upconversion quantum efficiency, PLQE measurements using a 

reference method were undertaken. The comparison of the upconversion PL from the 

sample and the PL from a reference sample of known PLQE was used to calibrate the PL 

detection efficiency. A rubrene sample at the same concentration as the upconversion 

solution (10 mg/mL) was used as the reference. Particular care was taken to ensure as 

little deviation in the optics between the measurement of the PL spectra for the 

reference and the sample of interest. In this method, the upconversion quantum 

efficiency (UCQE) is calculated by 
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𝜂𝑈𝐶 = 2𝜂𝑟𝑒𝑓 ×
𝛼𝑟𝑒𝑓

𝛼𝑈𝐶
×

𝑃𝐿𝑈𝐶

𝑃𝐿𝑟𝑒𝑓
 , 

(6.2) 

where, 𝜂𝑟𝑒𝑓 is the PLQE of the reference sample; 𝛼𝑟𝑒𝑓 and 𝛼𝑈𝐶   are the absorption at 

the wavelength of excitation (515 and 785 nm) for the reference and upconversion 

sample, respectively; finally 𝑃𝐿𝑟𝑒𝑓  and 𝑃𝐿𝑈𝐶  are the photon counts for the reference 

and upconversion samples, respectively.146  Using the previously mentioned absorption 

values, a rubrene PLQE of (36 ± 1) % and excitation flux above the observed threshold 

the UCQE for each of the upconversion solutions was calculated (Table 6.1). 

We achieve a maximum upconversion efficiency of (1.2 ± 0.2) % for the PbS-TET-CA:Rub 

system. This efficiency is slightly lower than previous reports for PbS QDs with tetracene 

based ligands and rubrene upconversion with 𝜂𝑈𝐶  = (3.5 ± 0.3) %.146 This indicates a sub-

optimal triplet exciton transfer efficiency in the PbS-TET-CA:Rub system. The 

upconversion quantum efficiency can be expressed as 

𝜂𝑈𝐶 = 𝜂𝑅𝑢𝑏𝜂𝑇𝑇𝐴𝜂𝑇𝐸𝑇 , 

(6.3) 

where 𝜂𝑅𝑢𝑏  is the PLQE of the rubrene in the system. Using the previously reported 

triplet-triplet annihilation efficiency for rubrene (𝜂𝑇𝑇𝐴~33 %) we estimate the triplet 

exciton transfer efficiencies from PbS QD to the rubrene triplet state for each solution 

(Table 6.1).186 By similar measurement techniques Huang et al. have achieved a triplet 

transfer efficiency of (32 ± 3) %. The comparison of these efficiencies indicates the 

presence of increased loss pathways in the PbS-TET-CA:Rub system compared to that 

used by Huang et al. As expected, the PbS-OA:Rub systems have significantly lower 

UCQE and associated triplet exciton transfer efficiencies. This aligns with previous 

reports that the oleic acid ligands inhibit triplet exciton transfer.12,101 
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Sample UCQE (%) Rub PLQE (%) ƞTTA (%) ƞTET (%) 

PbS(1.3 eV):Rub (8 ± 2)x10-4 36 ± 1 33 (7 ± 1)x10-3 

PbS(1.4 eV):Rub 0.20 ± 0.02 36 ± 1 33 1.8 ± 0.3 

PbS(1.3 eV)-TET-CA:Rub 0.68 ± 0.1 36 ± 1 33 5.8 ± 1.2 

PbS(1.4 eV)-TET-CA:Rub 1.2 ± 0.2 36 ± 1 33 11 ± 2 

Table 6.1: Breakdown of the TTA-UC yields for PbS-TET-CA:Rub and PbS-OA:Rub solutions.   
UCQE is the upconversion quantum efficiency when the PbS QDs were selectively excited with 
785 nm at 53 W/cm2. 𝜂𝑇𝑇𝐴  is the triplet-triplet annihilation efficiency used to calculate the 
overall triplet transfer efficiency from QD to rubrene, 𝜂𝑇𝐸𝑇. 

Before proceeding it is necessary to verify that the reduced efficiency observed in this 

report, relative to that reported by Huang et al., is not due to a sub-optimal ratio of the 

TTA-UC components. We achieve this by performing a parameter search across various 

PbS-TET-CA QD and rubrene concentrations. For each TTA-UC solution, the 

upconversion PL under ~50 W/cm2 was measured and the spectrally integrated counts 

calculated (Figure 6.3). We found that the 1 mg/mL concentration of PbS-TET-CA QDs 

used is at the peak for upconversion photoluminescence. There is a significant positive 

relationship between the upconversion efficiency and the rubrene concentration. Figure 

6.3c shows that the threshold excitation density is heavily dependent on the 

concentration of the rubrene triplet acceptor. This dependence is consistent with a 

reduction in triplet exciton transfer efficiencies at low rubrene concentration. We 

expand on the triplet exciton transfer efficiencies dependence on the rubrene 

concentration in Section 6.6.  

This modest parameter search indicates that the PbS-TET-CA:Rub concentration of 1:10 

mg/mL is close to the optimal. Which in turn suggests that the observed low UCQE is 

due to loss pathways competing with the triplet transfer to rubrene. 
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Figure 6.3: Upconversion PL dependence on PbS-TET-CA QD and rubrene concentrations.  
a,b) Spectrally integrated upconversion PL from solutions of PbS-TET-CA:Rub under 50 W/cm2 
excitation at 785 nm. a) Upconversion PL for PbS-TET-CA:Rub solutions with 10 mg/mL of rubrene 
and varying QD concentrations. b) Upconversion PL for PbS-TET-CA:Rub solutions with 1 mg/mL 
of PbS-TET-CA QDs and varying Rub concentrations. c)  Upconversion PL fluence dependence for 
PbS-TET-CA:Rub solutions with 1 mg/mL of PbS-TET-CA QDs and varying Rub concentrations. The 
black lines show power-law fits for the 1:15 mg/mL solution, illustrating the transition from 
quadratic (𝑛 = 1.67 ± 0.02) to linear (𝑛 = 0.93 ± 0.05). 

6.4 Excited State Trapping 

We employ femtosecond transient absorption (fsTA) spectroscopy to investigate the 

loss pathways competing with triplet exciton transfer. We measured fsTA spectra of the 

PbS-OA and PbS-TET-CA QDs in toluene solution, with selective excitation (800 nm) of 

the PbS QDs (Figure 6.4). In both systems, we observe a positive fsTA signal at ~900 nm, 

characteristic of the QD ground state bleach (GSB). Additionally, we assign the broad 

negative signals on either side of the GSB to photoinduced absorption (PIA) features due 

to the QD excitonic excited state. The similarity of the spectral features and strengths at 

early times (<10 ps) between the PbS-OA and PbS-TET-CA QDs suggests that at these 

timescales the PbS-TET-CA system is in the PbS excitonic excited state, [𝑄𝐷1]. 
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Figure 6.4: Exciting state trapping and quasi-equilibrium in PbS-TET-CA QDs.  
a) Temporally averaged fsTA spectra of PbS-OA (top) and PbS-TET-CA (bottom) 4 mg/mL solution 
solutions, after 800 nm excitation with 120 uJ/cm-2. b) Normalised psTA kinetics at the PbS QD 
GSB 880-930 nm. The PbS-TET-CA kinetic is fit with equation (6.2). c) Enhanced view of the fsTA 
spectra for PbS-TET-CA QDs. Dashed lines indicate the spectrally resolved ground state 
absorption (orange) and its derivative with respect to wavelength (blue) for pristine TET-CA in 
solution. 

Figure 6.4b shows a comparison of the QD GSB of the PbS-OA and PbS-TET-CA QDs over 

the first ~1.5 ns after photoexcitation. There is a significant decay of the PbS QD excited 

state population over the first 500 ps. This initial decay component of the PbS QD exciton 

has been reported previously in relation to our SF-PM projects.97 In that report, Gray et 

al. identified this initial decay of the PbS QD GSB as the formation of a quasi-equilibrium 

between QD excitonic excited state and a trap state. Decay from this trap state was 

identified as loss pathway competing with photoluminescence from the QD.  

Conversely, in this work, we reframe this interpretation as competing with triplet 

exciton transfer from QD to TET-CA triplet state. Here, we describe the dynamics of the 

QD excitonic excited state [𝑄𝐷1] and the trap population [𝑄𝐷𝑇𝑟] with the following 

system of equations:  

𝑑[𝑄𝐷1]

𝑑𝑡
= −𝑘𝑞[𝑄𝐷1] + 𝑘−𝑞[𝑄𝐷𝑇𝑟] , 
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𝑑[𝑄𝐷𝑇𝑟]

𝑑𝑡
= 𝑘𝑞[𝑄𝐷1] − 𝑘−𝑞[𝑄𝐷𝑇𝑟] , 

(6.4) 

where 𝑘𝑞  and 𝑘−𝑞  are the rates for trapping and de-trapping, respectively. This 

particular system of differential equations is only valid for times much earlier than the 

timescales for intrinsic decay QD excited state, triplet transfer to the TET-CA ligand, and 

the decay from the trap state. In the next section, investigating the nanosecond 

transient absorption dynamics of the PbS-OA and PbS-TET-CA systems, we see that these 

occur on timescales greater than tens of nanoseconds. Thus, expression (6.4) is a 

reasonable approximation for the ~100 ps transfer between QD exciton and the trap 

state. The system of differential equations (6.4), with the initial condition 

[𝑄𝐷𝑇𝑟](0) = 0, has analytical solutions given by: 

[𝑄𝐷1](𝑡) = [𝑄𝐷1]0 (
𝑘𝑞

𝑘𝑞 + 𝑘−𝑞
𝑒−(𝑘𝑞+𝑘−𝑞)𝑡 +

𝑘−𝑞

𝑘𝑞 + 𝑘−𝑞
) , 

[𝑄𝐷𝑇𝑟](𝑡) = [𝑄𝐷1]0

𝑘𝑞

𝑘𝑞 + 𝑘−𝑞
(1 − 𝑒−(𝑘𝑞+𝑘−𝑞)𝑡) , 

(6.5) 

where [𝑄𝐷1]0 is the initial photoexcited population of the QD exciton state. Fitting of 

the equation for [𝑄𝐷1](𝑡) to the QD GSB for the PbS-TET-CA system yields a trapping 

rate of kq ~1.8 ± 0.2 ns-1 and a de-trapping rate of 𝑘−𝑞~2.6 ± 0.2 ns-1. 

Figure 6.4c highlights the fsTA spectra for PbS-TET-CA in the visible region near the TET-

CA ground-state absorption. The predominant feature in this range is the broad PIA 

assigned to the QD exciton excited state. However, superimposed on top of this broad 

PIA is a narrow positive to negative feature in the range of 540 to 560 nm. Similar 

photoinduced absorption and bleach signals have been observed in other PbS QDs with 

acene-based ligands.189 In a previous report by Bender et al. these induced absorptions 

and bleach features were assigned to Stark-induced changes in the ligand absorption 

bands.189 The Stark-effect describes the transient changes in the bandgap of the TET-CA 

due to the exposure to an external electric field. The shift in the bandgap of the TET-CA 

ligand leads to a fsTA feature that is approximated well by the first derivative of its 

ground-state absorption spectrum. Bender et al. argue that the source of the external 

electric field is the local field between the electron and hole on the photoexcited QD. 

The presence of a dipole-like electric field between electron and hole indicates they are 

spatially separated to some extent. This separation indicates there is a process occurring 

that is separating the electron and hole in the QD. 
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Concurrent to the loss of the QD GSB signal over the first 500 ps, we observe a reduction 

in the Stark-induced features. The combination of decay in combined electron and hole 

population and the Stark-effect is consistent with the electron and hole separating over 

this time period. This suggests that as the trap state forms, either the electron, hole, or 

both, have left the core of the QD and are localised on the surface, or outside the QD. 

The presence of a quasi-equilibrium between the QD exciton state and the trap state 

suggests that the two are relatively close in energy. This motivates the question: what is 

the Gibbs free energy difference between these states? The equilibrium ratio of QD 

exciton and trap state can be expressed as 

[𝑄𝐷𝑇𝑟]

[𝑄𝐷1]
=

𝑘𝑞

𝑘−𝑞
= 𝑒

−
Δ𝐺

𝑘𝐵𝑇 , 

(6.6) 

where Δ𝐺  is the Gibbs free energy difference going from QD excitonic state to trap. 

Substituting the extracted values for 𝑘𝑞 and 𝑘−𝑞, and taking the room temperature as 

300 K, leads to Δ𝐺=10 ± 12 meV. That is, the trap state is ~10 meV higher in energy than 

the QD exciton for this particular PbS-TET-CA system (Figure 6.5a). 

To understand further the energy dependence of the trapping process, we use fsTA data 

reported by Gray et al. for the same PbS-TET-CA system with multiple bandgaps of PbS 

QDs.97 The procedure of fsTA fitting to extract the trapping rates and Gibbs free energy 

difference was repeated for a range of QD bandgaps (Figure 6.5b). The Gibbs free energy 

difference from QD exciton excited state to trap state is observed to have a significant 

dependence on the bandgap of the QD.  

At low bandgaps the transfer from 𝑄𝐷1 to 𝑄𝐷𝑇𝑟  is endergonic, and exergonic for high 

bandgap QDs. The lower panel in Figure 6.5b shows the energy of the trap state given 

the energy of the PbS QD exciton energy, as a function of the QD bandgap. Interestingly 

the trap energy does not increase at the same rate as the bandgap. In contrast, the trap 

energy does increase at the same rate as the LUMO of the PbS QD, with respect to 

changes in the QD bandgap. This relationship can be seen in the parallel nature of the 

trap energy and QD LUMO values. Values for the PbS QD LUMO were taken from various 

literature reports.12,92,146 
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Figure 6.5: Energy dependence of the PbS-TET-CA QD excited state trapping.  
The procedure of fitting equation (6.2) is repeated for fsTA data reported for the PbS GSB by Gray 
et al.97 a) Illustration of the relevant parameters in applying Marcus-Hush theory to the 𝑄𝐷1 and 
𝑄𝐷𝑇𝑟  system. b, top) Gibbs free energy difference between 𝑄𝐷1  and 𝑄𝐷𝑇𝑟 , calculated by 
application of equation (6.6). b, bottom) Energy of the trap state relative to the ground state of 
the QD, 𝐸𝑄𝐷1

+ 𝛥𝐺 (black squares). Bandgap of the PbS QD (solid orange line). Linear fit to the 

LUMO energy of PbS QDs, relative to the vacuum (dashed blue line). LUMO energies taken from 
literature.12,92,146 c) Fitted rate constants for trapping, 𝑘𝑞, and de-trapping, 𝑘−𝑞. These rates are 

fitted with equations (6.7) and (6.8), respectively. 

The relationship between the trap energy and the QD LUMO suggests that the trap state 

has a fixed energy relative to the vacuum. Subtracting the trap energy from the QD 

LUMO yields an average value of -4.971 ± 0.004 eV, across the QD bandgaps 

investigated. The uncertainty in this value for the trap energy is representative of the 

uncertainty and distribution in the trap energy relative to the QD exciton and does not 

include any uncertainty from the LUMO values. The essentially constant value for the 

trap state relative to the vacuum indicates that it is not affected by the quantum 

confinement of the QD and its size dependence. Based on these observations, some 

possibilities for the origin of the trap state include a fixed energy surface state, or a hole 

state on the TET-CA ligand.146,189,190 

Figure 6.5c displays the extracted trapping and de-trapping rates as a function of the 

Gibbs free energy difference between [𝑄𝐷1] and [𝑄𝐷𝑇𝑟] states. Formation of the trap 

state likely involves the transfer of an electron or hole from the core of the QD, therefore 

treatment with Marcus-Hush theory is appropriate.191 Figure 6.5a illustrates the relation 

between the energy surfaces of QD exciton and the trap state, along with the relative 
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activation energy for the trapping and de-trapping processes. Consideration for the 

relevant activation energies for the forward, 𝑘𝑞, and reverse, 𝑘−𝑞, process yields 

𝑘𝑞 = 𝐴𝑒𝑥𝑝 (−
(

(Δ𝐺 + 𝜆)2

4𝜆
)

𝑘𝐵𝑇
) , 

(6.7) 

𝑘−𝑞 = 𝐵𝑒𝑥𝑝 (−
(

(Δ𝐺 − 𝜆)2

4𝜆
)

𝑘𝐵𝑇
) , 

(6.8) 

where 𝜆 is referred to as the reorganisation energy, and the pre-exponential factors 𝐴 

and 𝐵 relate to the probability of transfer between the initial and final state. The fitting 

of these rate expressions is achieved by least-square fitting. The pre-exponential factors 

are found to be 𝐴 = 8.6 ± 0.4 ns-1, and 𝐵 = 8.9 ± 0.5 ns-1. The extracted reorganisation 

energy for the transfer is 𝜆 = 28 ± 3 meV. This reorganisation energy is relatively low 

when compared to typical values for organic molecules of a few hundred meV,192 

whereas the reorganisation energy of QDs has been estimated to be 10 meV or 

less.193,194 The comparison of the measured reorganisation energy with the typical 

values for organic molecules and inorganic QDs indicates that the trapping may not 

involve the electronic states of the ligands. Instead, this points to the trap state being 

situated on the QD or its surface. 

Huang et al. have reported ~100 ps trapping and attributed this to hole transfer from 

the PbS QD to the HOMO of their tetracene-based ligand.146 The HOMO energy of non-

doped, tetracene-based molecules is typically ~-5.5 eV.12,146 The difference between this 

HOMO value and the Gibbs free energy of the traps calculated here is ~500 meV, which 

can be interpreted as the entropic gain during the hole transfer from PbS QD to TET-CA 

ligand. If this interpretation is correct, the associated entropic gain is substantial.  

Further work should be performed to rule out alternative origins for the trap state. The 

exact origin of the trap state aside, Huang et al. illustrated the use of PbS/CdS core-shell 

quantum dots to reduce the trapping rate and increase triplet yields. The reduced 

trapping with the CdS shelling of the PbS QD can be explained by two hypotheses: 

improved passivation in the surface states, or by reduced hole transfer due to the energy 

barrier introduced by the low HOMO CdS shell in the hole transfer. The use of core-shell 

QDs would be a beneficial research direction to pursue in the future. Additionally, 
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calculation of the electronic states of the TET-CA ligand while attached to the QDs would 

be valuable for analysing the origin of such traps.  

6.5 Triplet Generation Dynamics 

Having investigated the rapid trapping of the QD exciton state, we shift focus to the 

dynamics of triplet generation on the TET-CA ligand. Nanosecond transient absorption 

(nsTA) spectra of PbS-OA and PbS-TET-CA solutions were recorded under 920 nm 

excitation (Figure 6.6). The selective excitation of the PbS QD leads to greatly differing 

dynamics for the QDs covered in TET-CA compared to OA ligands. In the PbS-OA system 

a single spectral component is observed, decaying over a microsecond timescale. The 

PbS-OA nsTA spectrum is similar to that measured on femtosecond timescales. The 

spectrum comprises of a QD GSB at ~880 nm and broad PIAs across the investigated 

wavelength range. These spectral features are assigned to the presence of the QD 

excitonic excited state. Fitting of a mono-exponential decay to the GSB of the QD yields 

a 2740 ± 40 ns lifetime for the QD exciton. 

In contrast, the PbS-TET-CA nsTA data indicates the presence of multiple spectral 

components. At times earlier than ~100 ns the spectra have a positive signal at ~880 nm, 

which exhibits bi-exponential decay (Figure 6.6c). We assign this spectral feature to the 

initial and residual population of the PbS QD excitonic excited state, after reaching quasi-

equilibrium with the trap state. Fitting of the PbS-TET-CA QD GSB with a bi-exponential 

decay yields two distinct lifetimes, 3.7 ± 0.3 ns and 140 ± 5 ns. Given the reduced 

temporal resolution of the nsTA apparatus, the first component is consistent with the 

faster than 500 ps decay observed by fsTA. The second component indicates that the 

decay from the trap state and triplet transfer from the QD exciton to the TET-CA triplet 

exciton occurs on a ~100 ns timescale. 

At 1-10 µs, after the full decay of the QD GSB, a new spectral component is observed in 

the PbS-TET-CA system. This spectral component has no remnants of the QD GSB, a 

broad PIA from 520-650 nm, and a positive peak at ~545 nm. In agreement with a 

previously reported triplet sensitisation spectrum for TET-CA, we assign this spectral 

component to the TET-CA triplet exciton.137 The PIA from 520-650 nm is due to the 

triplet exciton on the TET-CA, and the positive peak at 545 nm is the TET-CA GSB. The 

TET-CA triplet PIA, when TET-CA is attached to the QD, is less feature-full than the 

sensitisation spectrum for TET-CA isolated in solution. The lack of a sharp PIA peak at 
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660 nm, for the TET-CA triplet in the PbS-TET-CA system indicates that the close 

proximity to the QD alters the high-energy triplet states of TET-CA. 

 

Figure 6.6: Triplet exciton transfer from PbS QDs to TET-CA ligands.  
nsTA maps (a) and spectra (b) for 1.3 eV PbS QD with either OA (top) or TET-CA ligands (bottom), 
under 920 nm excitation at 485 µJ/cm-2.  Solutions were prepared to 4 mg/mL QD concentrations 
in toluene. b) nsTA spectra, integrated over the indicated time ranges. The linearly scaled TET-
CA triplet spectrum (black curve) is taken from a previous report by Davis et al.137 c) nsTA kinetics 
for PbS-OA and PbS-TET-CA, at the QD GSB, 860-880 nm (top), and the TET-CA triplet PIA, 560-
570 nm (bottom). c, top) PbS-OA kinetics fit with a mono-exponential decay, with lifetime 
2740 ± 40 ns. PbS-TET-CA kinetics fit with a bi-exponential decay, with lifetimes 3.7 ± 0.3 ns and 
140 ± 5 ns. 

Monitoring the TET-CA PIA at 560-570 nm shows that the triplet population increases 

over a ~100 ns timescale (Figure 6.6c). To investigate the yield of triplet generation on 

the TET-CA ligand we perform an estimate based on the strength of the TET-CA GSB. The 

absorption of the PbS-TET-CA solution at 920 nm is measured to be 1.28 % by UV-Vis 

absorption. Based on a pulse flux of 485 µJ cm-2, this relates to 9.5 x 1010 photons 

absorbed per pulse. Combined with a path length of 200 µm, the resultant QD excited 

state population is  
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[𝑄𝐷1] = 1.88 x 10-6 mol L-1. 

(6.9) 

The peak strength of the TET-CA GSB Δ𝑇/𝑇 signal is 

(
Δ𝑇

𝑇
)

𝐺𝑆𝐵
≈ (4 ± 0.5) x 10-4. 

(6.10) 

The corresponding change in absorption is given by 

Δ𝐴𝐺𝑆𝐵 = log10 (1 − (
Δ𝑇

𝑇
)

𝐺𝑆𝐵
) . 

(6.11) 

Using a previously reported molar attenuation coefficient for the 0-0 vibrionic peak  at 

545 nm of 18000 L mol-1 cm-1 and multiplying by the path length of the sample yields a 

molar absorption coefficient of 𝜖𝐺𝑆𝐵  = 360 L mol-1.137 The resultant TET-CA triplet 

exciton density is given by 

[𝑇𝑇] =
Δ𝐴𝐺𝑆𝐵

𝜖𝐺𝑆𝐵
 ≈ (4.8 ± 0.6) x 10-7 mol L-1. 

(6.12) 

The triplet exciton transfer efficiency from QD to TET-CA is thus 

𝜂𝑇𝐸𝑇1
=

[𝑇𝑇]

[𝑄𝐷1]
≈ (26 ± 3) %. 

(6.13) 

The uncertainty in the calculated triplet exciton transfer efficiency only represents 

uncertainty in the TET-CA GSB peak strength measured by nsTA and no other possible 

systematic errors. 

The QD exciton and TET-CA triplet features are distinguishable directly in the nsTA 

spectra. However, the genetic algorithm is needed to clarify the spectral features of the 

trap state and dynamics of the triplet generation on the TET-CA ligand (Figure 6.7). Here, 

the nsTA spectra for the PbS-TET-CA QDS is decomposed into three spectral 

components. Two reference spectra are used in the decomposition: the QD excitonic 

excited state spectra is based on the average spectra for PbS-OA QDs over the time 

period 1-500 ns and TET-CA triplet exciton spectrum is taken as the average spectrum 

for the PbS-TET-CA system between the times 0.6 and 10 µs. The extracted spectrum for 
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the trap state is void of any positive GSB feature at either the PbS QD or TET-CA GSB 

regions, or across the entire investigated range. The trap spectrum only consists of a 

broad PIA from 500 to 800 nm. The resultant decomposed nsTA kinetics were scaled 

such that their values represent the transient population relative to the initial PbS QD 

excited state population. The normalised trap kinetic was multiplied by 
𝑘𝑞

𝑘𝑞+𝑘−𝑞
, the 

quasi-equilibrium ratio of trap state to initial QD excited state population. The TET-CA 

triplet population was scaled by the triplet transfer efficiency found above (26 ± 3) %. 

 

Figure 6.7: Decomposition of triplet exciton transfer dynamics in PbS-TET-CA QDs.  
a) Decomposition of the nsTA spectra of PbS-TET-CA into three spectral components, PbS QD 
excitonic excited state (blue), QD trap state (green) and TET-CA triplet state (orange), is achieved 
by the genetic algorithm. b) Decomposed kinetics under 920 nm excitation. Kinetics are 
normalised by the appropriate ratio such that the values present estimate populations relative 
to the initial QD excited state population. Kinetics are fit with the analytical expression (6.x), see 
Table 6.2 for obtained fitting parameters. 

The decomposed kinetics for the PbS-TET-CA system show a rapidly reached quasi-

equilibrium between the [𝑄𝐷1]  and [𝑄𝐷𝑇𝑟]  states. This equilibrium mixture then 

decays leading to the generation of the TET-CA triplet state, [𝑇𝑇], which subsequently 

decays. We model this system with the following system of differential equations 

𝑑[𝑄𝐷1]

𝑑𝑡
= −(𝑘𝑄𝐷 + 𝑘𝑞 + 𝑘𝑇𝐸𝑇1

)[𝑄𝐷1] + 𝑘−𝑞[𝑄𝐷𝑇𝑟] , 

𝑑[𝑄𝐷𝑇𝑟]

𝑑𝑡
= 𝑘𝑞[𝑄𝐷1] − (𝑘−𝑞 + 𝑘𝑇𝑟)[𝑄𝐷𝑇𝑟] , 
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𝑑[𝑇𝑇]

𝑑𝑡
= 𝑘𝑇𝐸𝑇1

[𝑄𝐷1]−𝑘𝑇[𝑇𝑇] , 

(6.14) 

where, 𝑘𝑄𝐷, 𝑘𝑇𝑟 and 𝑘𝑇 are the decay rates of the QD exciton, trap and TET-CA triplet 

states, respectively, and 𝑘𝑇𝐸𝑇1
 is the triplet transfer rate from QD excitonic state to TET-

CA triplet state. Here, we have assumed that the exothermic nature of the [𝑄𝐷1] to [𝑇𝑇] 

reaction (Δ𝐸 ~ -100 meV) means the reverse process is minimal and can be neglected. 

With the initial condition that all excitation start in the [𝑄𝐷1]  state, the system of 

ordinary differential equations (6.14) is solved analytically in the symbolic 

computational package Mathematica. The system of equations is converted to the form 

𝑑

𝑑𝑡
𝑥(𝑡) = 𝑨𝑥(𝑡) , 

(6.15) 

where 𝑥 is a vector of the populations. The solution is found by computing the matrix 

exponential, yielding 

[

[𝑄𝐷1](𝑡)

[𝑄𝐷𝑇𝑟](𝑡)

[𝑇𝑇](𝑡)
] = [

[𝑄𝐷1]0

0
0

] 𝑒𝑨𝑡 , 

(6.16) 

where [𝑄𝐷1]0 is the initial QD exciton excited state population. The matrix 𝑒𝑨𝑡 is found 

symbolically, although reproducing it here is impractical due to the immense size of the 

expression. The full analytical expression is then fitted to the decomposed kinetics 

(Figure 6.7b). The rates 𝑘𝑇𝑟, 𝑘𝑇, and 𝑘𝑇𝐸𝑇1
 are optimised during the fitting procedure. 

Other variables are fixed at values obtained in earlier experiments (Table 6.2). The 

obtained triplet transfer rate from PbS QD to the ligand triplet state is considerably 

slower than in other similar systems.146 The most apparent difference between the PbS-

TET-CA system and these previously reported systems is the geometry of the attachment 

point. This geometry could be affecting the coupling strength between the QD donor 

and tetracene chromophore acceptor.  
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Process Rate (ns-1) Time constant (ns) 

𝑘𝑄𝐷
[a] 3.65 x 10-4 2740 

𝑘𝑞
[b] 1.8 0.55 

𝑘−𝑞
[b] 2.6 0.38 

𝑘𝑇𝐸𝑇1
[f] (5.8 ± 0.2) x 10-3 172 ± 7 

𝑘𝑇𝑟
[f] (2.6 ± 0.1) x 10-2 38 ± 2 

𝑘𝑇
[f] (3.2 ± 0.3) x 10-5 (31 ± 3) x 103 

Table 6.2: Fitted triplet generation and decay rates for PbS-TET-CA QDs.  
a) Value determined from fitting the mono-exponential decay rate of PbS-OA QDs measured by 
nsTA and fixed during the fitting of equation (6.16). b) Values determined from fitting the decay 
of the PbS QD excitonic excited state observed by fsTA and fixed during the fitting of equation 
(6.16). f) Free varying variables for the fitting of equation (6.16) to the decomposed populations 
kinetics of triplet transfer in the PbS-TET-CA system. 

The decay rate of the trap state found here is two orders of magnitude faster than an 

equivalent rate determined by fitting for the PbS-TET-CA systems via PLQE 

measurements by Gray et al.97 We point to differences in how the model used in this 

previous report and the current model quantify the energy dependence of the trapping 

rate as a possible source of discrepancy. Additionally, the trap decay rate may depend 

on the bandgap of the QDs. In particular, the passivation of the QDs surface could be 

dependent on the size of the QD, which could lead to a difference between the trap 

decay rate for low bandgap QDs, as is the focus in the Gray et al. report and the high 

bandgap QDs investigated here. 

Solving the system of equations (6.14) under steady-state conditions leads to 

efficiencies for the QD PLQE, trap induced decay, and triplet exciton transfer to the TET-

CA  ligand respectively given by97 
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𝜂𝑄𝐷,𝑟 = 𝜂𝑄𝐷,𝑟,0 ×
𝑘𝑄𝐷

𝑘𝑄𝐷 + 𝑘𝑇𝐸𝑇1
+ 𝑘𝑞 − 𝑘−𝑞 (

𝑘𝑞

𝑘𝑇𝑟 + 𝑘−𝑞
)

 , 

(6.17) 

𝜂𝑇𝑟 =

𝑘𝑞 − 𝑘−𝑞 (
𝑘𝑞

𝑘𝑇𝑟 + 𝑘−𝑞
)

𝑘𝑄𝐷 + 𝑘𝑇𝐸𝑇1
+ 𝑘𝑞 − 𝑘−𝑞 (

𝑘𝑞

𝑘𝑇𝑟 + 𝑘−𝑞
)

 , 

(6.18) 

𝜂𝑇𝐸𝑇 =
𝑘𝑇𝐸𝑇1

𝑘𝑄𝐷 + 𝑘𝑇𝐸𝑇1
+ 𝑘𝑞 − 𝑘−𝑞 (

𝑘𝑞

𝑘𝑇𝑟 + 𝑘−𝑞
)

 , 

(6.19) 

where 𝜂𝑄𝐷,𝑟,0 is the PLQE of the original PbS-OA quantum dots. Substituting the fitted 

rates yields a QD PLQE of 𝜂𝑄𝐷,𝑟  = (0.8 ± 0.1) %, consistent with the measure PLQE of 

(2 ± 2) %. The considerable trap decay leads to 𝜂𝑇𝑟  = (75 ± 2) %, such that ~75% of 

excitons decay via the trap state. This leaves ~24 % of excitations from the PbS QDs that 

make it to the TET-CA triplet state, 𝜂𝑇𝐸𝑇 = (24 ± 2) %.  

The trap decay rate quantifies both the intrinsic decay from the trap state and any 

increase of decay due to non-passivated sites. The passivation dependent quenching is 

likely dependent on the size of the quantum in relation to the bulk TET-CA ligand.  

The sub-optimal triplet transfer efficiency from PbS QD to TET-CA ligand is a significant 

factor contributing to the low upconversion quantum efficiency. Reduction of the 

trapping rate, 𝑘𝑞, or the decay rate from the trap, 𝑘𝑇𝑟, are possible methods to improve 

the upconversion yield. An alternative is to vary the number of the TET-CA ligands on 

the surface of the PbS QDs. It is commonly found that the triplet transfer rate increases 

linearly with surface ligand density 

𝑘𝑇𝐸𝑇 = 𝑛 × 𝑘𝑇𝐸𝑇,0 , 

(6.20) 

where 𝑛 is the number of ligands per QD and 𝑘𝑇𝐸𝑇,0 is the triplet transfer rate per ligand. 

Combining equations (6.19) and (6.20) allows the estimation of the triplet exciton 

transfer efficiency for any surface density of TET-CA ligands. If the ligand coverage can 

be increased, for example by a reasonable factor of 2, then the triplet transfer efficiency 

to the ligand would become ~40%. This would lead to a corresponding increase in the 

upconversion yield. 
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6.6 Triplet Transfer Dynamics 

Now that the principles governing the generation of triplet excitons on the TET-CA 

ligands have been explored, we shift attention to the final challenge of investigating the 

triplet exciton transfer to the rubrene molecules. The dynamics of triplet transfer in 

solutions of PbS-OA:Rub and PbS-TET-CA:Rub were probed by recording nsTA spectra. 

The PbS QDs were selectively excited by pumping at 920 nm.  

In the PbS-OA:Rub system there is no significant triplet exciton transfer to the rubrene 

molecules. The intrinsic decay rate of the PbS-OA QDs alone is 𝑘𝑄𝐷 = 0.365 ± 0.005 µs−1. 

The decay rate of the QD GSB when 10 mg/mL of rubrene is added, is well fitted with a 

mono-exponential decay with rate constant 0.37 ± 0.01 µs−1 (See appendix D, Figure 

7.10 for details). The transfer in this system is expected to be completed in a single step 

from QD to rubrene. In such a case, the rate of transfer can be expressed as the 

difference between these two rate constants. Calculation of the difference yields a 

triplet exciton transfer rate of 𝑘𝑇𝐸𝑇  = 5 ± 15 ms-1. Based on these rates the triplet 

transfer efficiency is given by 

𝜂𝑇𝐸𝑇 =
𝑘𝑇𝐸𝑇

𝑘𝑇𝐸𝑇 + 𝑘𝑄𝐷
 . 

(6.21) 

In the PbS-OA:Rub system we calculate that the triplet transfer rate is 𝜂𝑇𝐸𝑇 = (1 ± 4) %, 

representing a negligible amount of transfer. 

In comparison, the PbS-TET-CA:Rub system shows significant reductions in the TET-CA 

triplet population which is assigned to triplet exciton transfer to rubrene. Figure 6.8a 

shows the nsTA kinetics assigned to the combination of the PIA of the [𝑄𝐷1] and [𝑄𝐷𝑇𝑟] 

qausi-equilibrium and the TET-CA triplet exciton, at various concentrations of rubrene. 

The triplet populations were extracted from these naTA kinetics by subtraction of the 

spectral components of the [𝑄𝐷1] and [𝑄𝐷𝑇𝑟] quasi-equilibrium. Specifically, a mono-

exponential decay, with an amplitude equal to the initial Δ𝑇/𝑇 strength at 1 ns, and 

decay rate (𝑘𝑇𝐸𝑇𝑘−𝑞 + 𝑘𝑇𝑟𝑘𝑞)/(𝑘𝑞 + 𝑘−𝑞) , was subtracted from the average nsTA 

signal strength at 560-570 nm. Figure 6.9c shows the nsTA difference kinetics assigned 

to the population of the TET-CA triplet exciton at various concentrations of rubrene.  

The TET-CA Triplet population shows two components of triplet transfer to the rubrene 

triplet state. The fast component of triplet transfer results in a reduction in the peak 

triplet population reached and occurs of timescales faster than 1 µs. This initial 
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component of triplet transfer appears to proceed with a rate 𝑘𝑇𝐸𝑇2,𝑓
, approximately 

equal to or faster than the triplet generation rate, 𝑘𝑇𝐸𝑇1
. The second component of 

triplet transfer to rubrene leads to a reduced lifetime of the TET-CA triplet on ~10 µs 

timescales. The rate of triplet transfer from the PbS-TET-CA QD to the rubrene triplet 

state in the slow component, 𝑘𝑇𝐸𝑇2,𝑠
, increased with the concentration of the rubrene 

acceptor. 

 

Figure 6.8: Triplet transfer and photoluminescence upconversion in PbS-TET-CA:Rub.  
a) nsTA kinetics at 560-570 nm for PbS-TET-CA:Rub solutions with various rubrene 
concentrations, after excitation at 920 nm excitation with 485 µJ/cm-2. Kinetics were normalised 
to their initial value at 1-2 ns. b) TTA transient PL for PbS-TET-CA (2 mg/mL) and rubrene (10 
mg/mL) under 920 nm excitation at various fluences, normalised by the incident laser power. The 
power normalised  PL increases with increasing laser power, indicating a super-linear 
relationship to excitation density. c) The maximum upconversion PL counts as a function of the 
incident laser power, showing a non-linear relationship between excitation density and PL. 

To complement the nsTA measurements of the TET-CA triplet population, transient 

photoluminescence spectra were measured under similar conditions with selective 

excitation of the PbS QDs. Spectral integration over the rubrene emission 550-650 nm 

allows monitoring of the generation of rubrene triplet population by TTA. Figure 6.8 

displays that the upconversion PL from rubrene increases over ~10 µs period after 

photoexcitation of the PbS QDs. The peak PL intensity reached shows a non-linear 

dependence on the incident laser power. This non-linear behaviour is consistent with 

this delayed fluorescence being the result of TTA in the rubrene.186 The rubrene triplet 

population can be estimated by plotting the square root of the upconversion PL (Figure 

6.9c).57 For PbS-TET-CA:Rub solutions with rubrene concentrations up to 10 mg/mL, the 
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rubrene triplet population that undergoes TTA increases microseconds after the initial 

excitation of the PbS QD. 

 

Figure 6.9: Schematic and fits for triplet transfer to bound and free rubrene.  
a) Proposed triplet transfer processes occurring in PbS-TET-CA:Rub solutions. (1) Triplet exciton 
transfer from PbS QD to TET-CA triplet, 𝑇𝐸𝑇1. Triplet exciton transfer, 𝑇𝐸𝑇2,𝑓, can occur on fast 

timescales from TET-CA to one (2) or multiple (3) rubrene molecules bound to the surface of the 
PbS-TET-CA QD. On slower timescales triplet exciton transfer, 𝑇𝐸𝑇2,𝑠, from QDs without (4) and 

with (5) adsorbed rubrene molecules, to free-floating rubrene molecules occurs. b) Kinetic model 
for the multiple triplet transfer and other competing processes. c) Triplet populations for a 
solution of PbS-TET-CA:Rub. c, top) nsTA difference kinetics for the TET-CA triplet population, 
[𝑇𝑇], normalised to the initially population of ([𝑄𝐷1] + [𝑄𝐷𝑇𝑟]). c, bottom) Square root of the 

transient PL resulting from TTA of the free-floating rubrene triplets, [𝑇𝑅,𝐹]. c, mid) Population of 

the rubrene triplet states bound to the surface of the PbS-TET-CA, [𝑇𝑅,𝐵], inferred from the fitting 

of equation (6.X). 

Figure 6.9a presents the various processes that we consider to explain the observations 

identified by nsTA and transient PL measurements of the PbS-TET-CA:Rub system. These 

processes occur as follows: 

- Initial triplet exciton transfer from the [𝑄𝐷1] and [𝑄𝐷𝑇𝑟] quasi-equilibrium to 

the TET-CA triplet state (TET1) occurs on a ~100 ns timescale. 

- Rubrene molecules can adsorb to the surface of the QD. 



206 Triplet-Triplet Annihilation Upconversion 

 

 

o If a particular QD has a rubrene adsorbed to its surface, triplet exciton 

transfer to the triplet state of the adsorbed rubrene, TR,B, occurs rapidly. 

o If multiple rubrene molecules are adsorbed to the surface of a single QD, 

then the triplet transfer occurs at an increased rate. Whether there is one 

rubrene or many, this fast component of triplet transfer, TET2,f, occurs at 

a rate similar to or faster than TET1. 

o The sub-population of QDs with no rubrene molecules adsorbed to their 

surface do not undergo this fast component of triplet transfer. 

- On longer timescales, triplet exciton transfer to free-floating rubrene molecules 

occurs (TET2,s). This slower transfer occurs from both the TET-CA triplet state and 

the rubrene triplets bound to the PbS-TET-CA QDs. 

Figure 6.9b illustrates the kinetic model we build to encompass the above processes. 

The key component of this model is that some fraction 𝛼𝑠 of the PbS-TET-CA QDs do not 

have any rubrene molecules adsorbed to their surface. In comparison, the fraction 𝛼𝑓 

have at least one rubrene adsorbed. This leads to the following system of differential 

equations: 

𝑑[𝑄𝐷1]

𝑑𝑡
= −(𝑘𝑄𝐷 + 𝑘𝑞 + 𝑘𝑇𝐸𝑇1

)[𝑄𝐷1] + 𝑘−𝑞[𝑄𝐷𝑇𝑟] , 

𝑑[𝑄𝐷𝑇𝑟]

𝑑𝑡
= 𝑘𝑞[𝑄𝐷1] − (𝑘−𝑞 + 𝑘𝑇𝑟)[𝑄𝐷𝑇𝑟] , 

𝑑[𝑇𝑇]

𝑑𝑡
= 𝛼𝑠𝑘𝑇𝐸𝑇1

[𝑄𝐷1] − (𝛾𝑇𝐸𝑇2,𝑠
[𝑅𝑢𝑏0] + 𝑘𝑇)[𝑇𝑇] , 

𝑑[𝑇𝑅,𝐵]

𝑑𝑡
= 𝛼𝑓𝑘𝑇𝐸𝑇1

[𝑄𝐷1] − (𝛾𝑇𝐸𝑇2,𝑠
[𝑅𝑢𝑏0] + 𝑘𝑅)[𝑇𝑅,𝐵] , 

𝑑[𝑇𝑅,𝐹]

𝑑𝑡
= 𝛾𝑇𝐸𝑇2,𝑠

[𝑅𝑢𝑏0]([𝑇𝑇] + [𝑇𝑅,𝐵]) − 𝑘𝑅[𝑇𝑅,𝐹] , 

(6.22) 

where, [𝑇𝑅,𝐵]  and [𝑇𝑅,𝐹]  are the populations of the rubrene triplet bound and free-

floating, respectively. [𝑅𝑢𝑏0] is the concentration of rubrene molecules in the solution. 

𝛾𝑇𝐸𝑇2,𝑠
 is the bi-molecular triplet transfer rate from PbS-TET-CA to rubrene. This system 

of differential equations is solved with the symbolic computation package Mathematica. 

The analytical solution for the various excited state populations, which is too large to 

reproduce here, is then fitted to the nsTA kinetics for the TET-CA triplet exciton and the 

transient PL kinetics for the free-floating rubrene triplet populations. Previously found 
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rates, such as [𝑅𝑢𝑏0], 𝑘𝑞, 𝑘−𝑞, 𝑘𝑇𝐸𝑇1
, 𝑘𝑇𝑟, and 𝑘𝑇 are fixed during fitting. Whereas, 𝛼𝑠, 

𝛼𝑓, 𝛾𝑇𝐸𝑇2,𝑠
, and 𝑘𝑅 are global fitting parameters. Figure 6.9c shows the fitted kinetics for 

[𝑇𝑇], [𝑇𝑅,𝐵] and [𝑇𝑅,𝐹]. The rubrene decay rate is found to be 𝑘𝑅 = 29 ± 2 ms-1,  and is in 

line with previous reports.57 The bi-molecular triplet transfer rate is found to be 

𝛾𝑇𝐸𝑇2,𝑠
 = 12.0 ± 0.5 ms-1 mL mg-1 or equivalently 𝛾𝑇𝐸𝑇2,𝑠

 = (6.4 ± 0.3) x 106 M-1 s-1. The 

measured rate for 𝛾𝑇𝐸𝑇2,𝑠
 is lower compared to values obtained for triplet transfer to 

rubrene from organometallic triplet sensitizers, commonly on the order of 108 M-1 s-1. 

This indicates there is room for improved triplet transfer, possibly by increasing the 

Gibbs free driving energy between transmitter and annihilator, or optimising the 

interaction geometry of rubrene collisions with the QD’s ligand shell. For the PbS-TET-

CA system with 10 mg/mL of rubrene, the triplet rate given by 𝑘𝑇𝐸𝑇2,𝑠
=  𝛾𝑇𝐸𝑇2,𝑠

[𝑅𝑢𝑏0] 

is 120 ± 5 ms-1. This triple transfer rate is ~24 times faster than the equivalent rate for 

the PbS-OA:Rub system, illustrating the benefits of adopting the TET-CA as a triplet 

transmitter ligand. 

Figure 6.10a displays the fitted values for 𝛼𝑠 as a function of the rubrene concentration 

in the solution. The fraction of PbS-TET-CA QDs without rubrene molecules adsorbed to 

their surface decreases as the rubrene concentration increases. It is common in the 

literature to model the distribution of molecules adsorbed to QD by the Poisson 

distribution.195 In such frameworks the average number of adsorbed molecules per QD, 

𝜆, is given by 

𝜆 = − ln(𝛼𝑠) . 

(6.23) 
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Figure 6.10: Quantification of rubrene adsorption to PbS-TET-CA QDs.  
a) The fraction of TET-CA triplet excitons, 𝛼𝑠 , remaining after the fast component of triplet 
transfer as a function of the rubrene concentration in solutions of PbS-TET-CA:Rub (blue squares). 
The corresponding average number of rubrene molecules per QD based on the Poisson 
distribution of rubrenes across QDs (orange circles). b) Average site occupancy based on 28 TET-
CA ligands for rubrene adsorption per QD. Fitting of a modified Langmuir isotherm is achieved, 
with a maximum site occupancy of 𝜃𝑚𝑎𝑥  = 0.075 ± 0.014 and adsorption equilibrium constant 
𝐾𝑎=140 ± 45 M-1. b, inset) Example of the rubrenes per PbS-TET-CA QD distribution for PbS-TET-
CA:Rub solutions with 0 and 10 mg/mL of rubrene. c) Triplet exciton transfer efficiency, 𝜂𝑇𝐸𝑇2

, 

from PbS-TET-CA to rubrene free floating triplets. 

The rubrene and TET-CA are of similar chemical characteristics. It is reasonable to 

assume that the adsorption of rubrene molecules to the PbS-TET-CA QDs is facilitated 

by π-π interactions between the rubrene and TET-CA ligand. Based on previously 

reported ligand density of ~ 1 nm-2, for a 1.5 nm radius PbS QDs used here, we estimate 

28 TET-CA ligands per quantum dot. We take this value as the number of possible 

adsorption sites per QD, 𝑁𝑠𝑖𝑡𝑒𝑠, for the rubrene molecules to adsorb to. Figure 6.10b 

shows the calculated average site occupancy, 𝜃 = 𝜆/𝑁𝑠𝑖𝑡𝑒𝑠 , fitted with a modified 

Langmuir isotherm of the form,  

𝜃 = 𝜃𝑚𝑎𝑥

𝐾𝑎[𝑅𝑢𝑏0]𝑓𝑟𝑒𝑒

1 + 𝐾𝑎[𝑅𝑢𝑏0]𝑓𝑟𝑒𝑒
 , 

(6.24) 

where,  𝜃𝑚𝑎𝑥  is the modified occupancy, 𝐾𝑎  is the equilibrium constant between 

adsorption and desorption, and [𝑅𝑢𝑏0]𝑓𝑟𝑒𝑒 = [𝑅𝑢𝑏0] − 𝜆[𝑄𝐷0], is the concentration of 

rubrene molecules not attached to the QDs.196 The observed site occupancy is well fitted 

with a modified maximum occupancy of 𝜃𝑚𝑎𝑥  = 0.075 ± 0.014 and adsorption 
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equilibrium constant 𝐾𝑎=140 ± 45 M-1. This 𝜃𝑚𝑎𝑥 value leads to an estimate of ~2.1 sites 

per QD, which are accessible for rubrene adsorption. This gives an adsorption 

equilibrium constant lower than previously reported values for chemically bonded 

ligands on the surface of the QDs. For example, an adsorption constant of 

𝐾𝑎 = 4.4 x 104 M-1 had been reported for CdS QDs with a carboxylic acid adsorption.196 

An adsorption constant of only 𝐾𝑎 = 5 x 102 M-1 was reported for the weaker bonding of 

aminoferrocene to the surface of PbS-OA QDs.197 The weak adsorption strength is 

consistent with the hypothesis of weak π-π interactions causing the adsorption. With 

the knowledge of 𝜃𝑚𝑎𝑥 and 𝐾𝑎, we can now work backwards to find 𝛼𝑠 and 𝜆 for any 

value of [𝑅𝑢𝑏0]. 

The efficiency of triplet transfer from the TET-CA triplet to the rubrene free-floating 

triplet states is given by 

𝜂𝑇𝐸𝑇2
= 𝛼𝑠

𝛾𝑇𝐸𝑇2,𝑠
[𝑅𝑢𝑏0]

𝛾𝑇𝐸𝑇2,𝑠
[𝑅𝑢𝑏0] + 𝑘𝑅

+ 𝛼𝑓

𝛾𝑇𝐸𝑇2,𝑠
[𝑅𝑢𝑏0]

𝛾𝑇𝐸𝑇2,𝑠
[𝑅𝑢𝑏0] + 𝑘𝑇

 . 

(6.25) 

From equation (6.25) the triplet transfer efficiencies in Figure 6.10c are calculated for 

the concentrations of rubrene investigated in nsTA and transient PL. With the use of 

equation (6.24) 𝜂𝑇𝐸𝑇2
 can be calculated for any concentration of rubrene. The triplet 

transfer efficiency varies greatly across the investigated range of rubrene 

concentrations. The maximum value for triplet transfer from TET-CA to rubrene 

achieved here is 𝜂𝑇𝐸𝑇2
 = (79 ± 9) %. When combined with the transfer efficiency to the 

TET-CA ligand, 𝜂𝑇𝐸𝑇1
, the overall triplet transfer efficiency from QD to rubrene can be 

calculated by 𝜂𝑇𝐸𝑇 = 𝜂𝑇𝐸𝑇1
× 𝜂𝑇𝐸𝑇2

. The maximum observed efficiency is 

𝜂𝑇𝐸𝑇 = (19 ± 3) %. This sub-optimal efficiency shows that the investigated loss pathways 

lead to significant reductions in upconversion yields.  
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6.7 Conclusion and Outlook 

 

Figure 6.11: Overview of the triplet generation, transfer and triplet-triplet annihilation dynamics. 
fsTA kinetics shown are for PbS-TET-CA QDs in toluene solution. nsTA and transient PL kinetics 
shown are for a PbS-TET-CA:Rub solution (2:10 mg/mL). 

We have demonstrated a solution-phase TTA-UC system based on the sensitizer-

transmitter-annihilator model system. Although the structure is similar to PbS QDs with 

tetracene-based ligands and rubrene systems used in literature, the performance of the 

PbS-TET-CA:Rub system is not as high. In particular, the PbS-TET-CA:Rub system achieves 

a lower UCQE and possesses a higher excitation density threshold. However, this 

suboptimal system offers a means to study the possible loss pathways which lead to 

reduced efficiencies in a sensitizer-transmitter-annihilator system. With the application 

of both femtosecond and nanosecond spectroscopy, multiple loss channels are 

identified. Rapid loss of the QD excitonic excited state to a trap state is accompanied by 

the loss of a local electric field in the PbS-TET-CA QD. The dynamics of the trapping and 

de-trapping are consistent with an electron, hole, or exciton transfer as described by 

Marcus-Hush theory. The constant energy offset of the trap state with respect to the QD 

ground state and the PbS QD LUMO indicates that the trap state could be at a fixed 

energy of ~-4.97 eV relative to the vacuum. The low reorganisation energy for the 

trapping and de-trapping processes suggest that the trap state is not localised on the 
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TET-CA ligand. Significantly delayed triplet generation on the TET-CA ligand is observed 

on ~100 ns timescales. During this time period, decay from the trap state results in a 

~75 % loss in the efficiency of TET-CA triplet generation.  

There is a dual timescale observed for the triplet exciton transfer to free-floating 

rubrene molecules. We assign the approximately 100 ns or faster component as transfer 

from TET-CA triplet excitons to rubrene molecules adsorbed to the surface of the PbS-

TET-CA QDs. The later transfer component corresponds to the transfer of triplets to 

dispersed rubrene molecules. The weak adsorption of rubrene molecules to the surface 

is consistent with description by a modified Langmuir isotherm. The total triplet transfer 

efficiency from PbS-TET-CA QDs to dispersed rubrene is dependent on the concentration 

of rubrene in the solution by both the adsorption of rubrene to the QD surface and the 

bi-molecular triplet transfer rate. The loss pathways investigated here that compete 

with both triplet generation and triplet transfer lead to a maximum triplet transfer 

efficiency of ~20 %, from PbS QD initial excitation to rubrene triplet state. This triplet 

transfer efficiency is consistent with the low UCQE measured by PLQE measurements. 

There are multiple avenues for future investigation that build on developments detailed 

here. The use of a passivating CdS shell on the PbS core should be studied to reduce the 

loss of PbS excited states to the trap state or the decay from the trap state. The intrinsic 

triplet exciton transfer rate from PbS-TET-CA to adjacent rubrene molecules appears to 

be significantly rapid, investigation of the equivalent triplet transfer process in the thin-

films may lead to improved solid-state TTA-UC devices. Such a hypothesis could be 

tested by applying the lessons learnt from the previous chapter for homogeneously 

dispersing QDs with an organic host to this system. Such strategies might lead to the 

first demonstration of a bulk TTA-UC device. 

Lastly, it is important to note that the study of the loss pathways in the PbS-TET-CA QD 

system is applicable to the optimisation of the SF-PM systems presented earlier. With 

improved understanding of the trap states in PbS-TET-CA QDs, higher PLQEs for use in 

SF-PM devices could be achieved.  
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Conclusions and Future Work 

7.1 Conclusions 

In summary, this thesis presents multiple advancements in spectral management 

towards increased photovoltaic power conversion efficiencies. First, we demonstrate a 

singlet fission photon multiplier system based on a highly tuneable platform that 

operates sufficiently at solar equivalent fluence. Secondly, we illustrate the use of a 

novel surface matching methodology to reach ~190 % exciton multiplication in a bulk 

solid-state device with potential for real-world applications that break the Shockley-

Queisser limit. Lastly, we identify how loss pathways and molecular adsorption 

influences triplet exciton transfer efficiency at the organic-inorganic interface, and its 

subsequent effect on upconversion yields. 

Of particular note, we show how it is possible to achieve efficient harvesting of triplet 

excitons generated by singlet fission in a bulk system, with minimal loss in efficiency at 

realistic operational conditions. In our model system, a TIPS-Tc and PbS quantum dot 

solution, optimal triplet harvesting is approached in the singlet fission photon 

multiplication by a low concentration of PbS quantum dots. Engineering the quantum 

dot surface with a triplet transmitter ligands is key to achieving this harvesting, as they 

act as an intermediate state in the triplet transfer process. Our system operates with 

such a high triplet transfer rate that it is possible to construct a solution-phase singlet 

fission photon multiplier that meets two key requirements which had previously not 

been achieved. Firstly, the system efficiently harvests triplet excitons at solar-

equivalent fluence, despite the competition with triplet bi-molecular decay, and 

secondly, it does this while maintaining a sufficiently low quantum dot parasitic 

absorption. 
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In this research we show the potential of singlet fission photon multiplication in a bulk 

solid-state system, a considerable milestone for the singlet fission community. We are 

able to demonstrate an exciton multiplication factor of ~190 %, and assign this to near-

optimal singlet fission in the organic host and efficient triplet harvesting by a well-

dispersed array of quantum dots. The matching of the organic host with a chemically 

favourable ligand shell on the quantum dots is key to achieving this structure and 

triplet harvesting. This system illustrates a route to produce singlet fission photon 

multipliers as a thin film coating which can lead to increased power conversion 

efficiencies when added to the top of conventional silicon solar cells. 

Finally, we identify multiple loss pathways that reduce triplet-triplet annihilation 

upconversion yields in a model system. In our system, a PbS-TET-CA quantum dot and 

rubrene solution, the attachment of the transmitter ligand TET-CA is shown to 

introduce a trap state that competes with triplet transfer to the annihilator molecule. 

On rapid ~100 ps timescales, excited state transfer to this trap state, indicated to be a 

surface state on the quantum dots, results in a quasi-equilibrium with the quantum 

excitonic state. Decay from this trap state is shown to reduce triplet transfer 

efficiencies by ~75%. Subsequent triplet transfer to the annihilator is found to occur 

via two mechanisms: on ~100 ns timescales, triplet transfer occurs to annihilators 

adsorbed to the surface of the quantum. On 10s of µs time periods, triplet transfer 

occurs to dispersed annihilators. The adsorption is consistent with Langmuir isotherm 

description and the combination of the two channels controls the upconversion 

efficiency. 

7.2 Future Work 

A future goal could be to develop a larger transmitter ligand shell surround the 

quantum dot. The larger ligand shell could be achieved using a tetracene dimer based 

ligand. We have pointed to the increased radius and surface area of the ligand shell as 

factors that may increase the triplet transfer rate from singlet fission host material to 

quantum dot emitter. An alternative approach that may yield similar effects, could be 

the investigation of quantum dot materials with larger Bohr radii, such as PbSe. Here, 

the leakage of quantum dot exciton wavefunction outside the core could increase 

wavefunction overlap of triplet donor and acceptor resulting in increased transfer 

rates. 
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Singlet fission materials with higher triplet exciton energies should be investigated to 

test coupling of the singlet fission photon multiplier with silicon-based solar cells. With 

higher triplet exciton energies, quantum dots with bandgap above that of silicon could 

be viable for triplet exciton transfer. Then finally, investigation of the efficiency gains 

from a singlet fission photon multiplier optically coupled to a silicon cell could be 

made. Of particular interest in this scenario, would be the measurement of underlying 

silicon cell’s spectrally resolved quantum efficiency as a means to identify efficiency 

gains. 

The spectral variation of singlet fission photon multiplier efficiency is another research 

avenue to be pursued. Current architectures show significant absorption in the singlet 

fission host at its narrow absorption bands, however, a broad absorption band is 

essential. To overcome this, we propose the integration of a third component in the 

singlet fission photon multiplier system, a high bandgap singlet sensitizer. The purpose 

of this sensitizer would be to increase absorption of photons in the film, the resultant 

photoexcited singlet could then be transferred to the singlet fission host and photon 

multiplication occurs as before. The identification of a singlet sensitizer with the 

appropriate chemical interactions with the singlet fission host and absorption in a 

‘window’ of the current absorption is required to pursue this proposal. 

Our finding of excited state trapping in the PbS-TET-CA quantum dot system points to 

the development of core-shell quantum dots. In both the singlet fission photon 

multiplier and triplet-triplet annihilation upconverter systems developed here, the 

decay of the excited state within the PbS quantum dot currently limits efficiencies. 

Such decay channels have been successfully mitigated in similar systems with the use 

of CdS passivation shell. Therefore, this is possibly a highly advantageous research 

direction. 

Finally, our illustration of morphology control by matching ligand and host chemistry in 

a solid-state hybrid blend, opens up new device architectures that have previously 

been hindered by phase separation or quantum dot aggregation. The advantageous 

triplet exciton transfer offered by this structure will be influential to related fields. For 

example, we proposed that a solid-state triplet-triplet annihilation upconversion 

system could be achieved using similar methods, which would surpass the bilayer 

structures the research community is currently limited to. 



216 Conclusions and Future Work 

 

 

7.3 Commercialisation 

As an outcome of the work presented here and related projects, authors; Akshay Rao, 

Nathaniel J. L. K. Davis and the author of this thesis, Jesse Allardice, filed two patents 

covering the use of photomultiplier films for increased photovoltaic efficiency in 

collaboration with Cambridge Enterprise. These patents have now been licenced to an 

industrial partner with the aim of commercialisation. It is the authors’ hope that this 

technology will lead to real-world improvements in photovoltaic efficiency and thus aid 

the global adoption of sustainable energy sources. 

“Whatever you can do, or dream you can, begin it. Boldness has genius, power and 

magic in it.” – Johan Wolfgang von Goethe 
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Supporting Data for Solution Phase SF-PM 

 

Figure 7.1: Schematic of the in-house made cuvettes.  
Either size were filled with roughly 10 µL of solution. The low volumes needed for these cuvettes 
allows the exploration of a wider range of concentration, particularly for higher concentrations 
of TIPS-Tc and QDs where material constraints must be considered. After filling the cavity with 
the desired solution, epoxy was applied to seal the remaining edge. 
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Figure 7.2: Light penetration depth for SF-PM solutions.  
Calculated light penetration depth (535nm) for solutions of PbS-TET-CA QDs and TIPS-Tc 
(200 mg/mL). The values are calculated from the measured attenuation coefficients. 

 

 

Figure 7.3: PbS quantum dot self-absorption. 
a) IR PL spectra of 10 (black) and 100 mg/mL (blue) PbS-TET-CA QDs with TIPS-Tc (200 mg/mL), 
under 515 nm excitation, showing a red-shift in the PL for higher concentration of QDs. b) PL 
peak wavelength, with uncertainty, as measured by a Gaussian fit to the IR PL, for both 515 and 
658 nm excitation of solution of QDs with TIPS-Tc (200 mg/mL). 
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Figure 7.4: TIPS-Tc:PbS-TET-CA solution nsTA maps. 
Nanosecond transient absorption maps for solutions of concentrated TIPS-Tc (200 mg/mL), with 
varying concentrations of PbS-TET-CA QDs (0-100 mg/mL), with a 535 nm pump at 50 μW 
(42 μJ/cm2). 

 

Figure 7.5: TIPS-Tc:PbS-OA solution nsTA maps. 
Nanosecond transient absorption maps for solutions of concentrated TIPS-Tc (200 mg/mL), with 
varying concentrations of PbS-OA QDs (0-100 mg/mL), with a 535 nm pump at 50 μW 
(42 μJ/cm2). 
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Figure 7.6: TIPS-Tc:PbS-TET-CA solution nsTA difference maps. 
Nanosecond transient absorption difference maps (relative to PbS-TET-CA QDs) for solutions of 
concentrated TIPS-Tc (200 mg/mL), with varying concentrations of PbS-TET-CA QDs (0-
100 mg/mL), with a 535 nm pump at 42 μJ/cm2. 

 

Excitation wavelength 515 nm 658 nm 

QD Conc (mg/mL) 1 5 10 20 50 100 20 

PbS-OA 0.0 1.1 2.0 3.1 10.1 9.9 19.2 

PbS-TET-CA 0.6 12.0 13.8 16.7 18.2 16.0 14.6 

Table 7.1: IR PLQE values for solution SF-PM samples. 
solutions of TIPS-Tc (200 mg/mL) and QD’s of varying concentration, under 515 and 658 nm laser 
excitation. The intrinsic QDs PLQE is taken as the IR PLQE under 658 nm excitation, in a solution 
of TIPS-Tc (200 mg/mL) and QDs (20 mg/mL). 515 and 658 nm IR PLQE values were measured 
under 5 mW/cm2 fluence. 
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Pulse 

Power 

(μJ/cm2) 

k1 (1/ms) ΔT/T (0) [T](0) 

(1/cm3) 

k2 (10-23 cm3/ns) f2 

21 5.6 ± 5.1 (2.2 ± 0.1)x10-4 0.9x1018 (7.6 ± 0.3) 0.83 ± 0.36 

42 5.6 ± 5.1 (3.4 ± 0.1)x10-4 1.8x1018 (7.6 ± 0.3) 0.88 ± 0.34 

168 5.6 ± 5.1 (12 ± 0.1)x10-4 7.2x1018 (7.6 ± 0.3) 0.95 ± 0.35 

Table 7.2: TIPS-Tc triplet bi-molecular decay parameters. 
 Nanosecond transient absorption fitting parameters for the TIPS-Tc triplet PIA (840-850 nm) of 
TIPS-Tc at 200 mg/mL. Transient absorption bi-molecular decay rates are converted to triplet 
density bi-molecular decay rates by estimation of the initial triplet density. 

 





 

 

  

Excited State Decay Under Periodic Excitation 

We consider a process that instantaneously produces 𝐵 excited states at periodic 

interval 𝑇, which then exponentially decay with time constant 𝜏, the population of total 

excited states at time 𝑡 can be expressed as, 

𝑦(𝑡) = 𝐵𝑒−𝑡
𝜏⁄ + 𝐵𝑒−

𝑇
𝜏 +𝐵𝑒−

2𝑇
𝜏 + 𝐵𝑒−

3𝑇
𝜏 + ⋯ 

Collecting the summation we find, 

𝑦(𝑡) = 𝐵𝑒−𝑡
𝜏⁄ (1 + ∑ 𝑒𝑥𝑝 (−

𝑛𝑇

𝜏
)

∞

𝑛=1

) . 

The summation is of geometric form and so the converges to, 

∑(𝑒−𝑥)𝑛 =
𝑒−𝑥

1 − 𝑒−𝑥
=

1

𝑒𝑥 − 1

∞

𝑛=1

 , 

for  𝑥 > 0. Thus the population is given by, 

𝑦(𝑡) = 𝐵𝑒−𝑡/𝜏 +
𝐵

𝑒𝑇/𝜏 − 1
 . 

Extending this to a bi-exponential decay process with times constants 𝜏1 and 𝜏2 gives, 

𝑦(𝑡) = 𝐴𝑒−𝑡/𝜏1 +
𝐴

𝑒𝑇/𝜏1 − 1
+ 𝐵𝑒−𝑡/𝜏2 +

𝐵

𝑒𝑇/𝜏2 − 1
 . 

In the case that 𝜏1 is very fast, the limit 𝑇/𝜏1 →  ∞, we finally arrive at, 

𝑦(𝑡) ≈ 𝐴𝑒−𝑡/𝜏1 + 𝐵𝑒−𝑡/𝜏2 +
𝐵

𝑒𝑇/𝜏2 − 1
 . 
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We use this function was used to describe the QD IR transient PL. The 𝜏1  rate 

parameterise a fast decay of PL, due possibly to auger recombination, while the longer 

𝜏2 decay represents the PL decay of the QD including population after triplet transfer. 



 

 

  

Supporting Data for Solid State SF-PM 

 

Figure 7.7: Normalised absorbance spectra of a solid state SF-PM.  
PbS-TET-CA:TIPS-Tc film (blue) and a solution of PbS-TET-CA QDs in toluene. Absorption spectrum 
were measured by Dr Simon Dowland. 
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Figure 7.8: Thin-film TIPS-Tc attenuation coefficient spectrum (black curve).  
Calculated from the absorbance spectrum of a 220 ± 20 nm thick film of TIPS-Tc. The uncertainty 
in the attenuation coefficient is calculated from the uncertainty in the film thickness (light blue). 
Absorption spectrum and TEM measurements of film thickness were measured by Dr James Xiao. 

 

 

Figure 7.9: IR TCSPC instrument response function (IRF).  
Collected using a scattering glass substrate with 650 nm laser scatter. Fitting the IRF with a 
gaussian peak function is obtained with a full width half maximum of 5.5 ± 0.5 ns. 



 

 

  

Supporting Figures for PbS-TET-CA:Rub 

 

Figure 7.10: Excited state decay for PbS-OA and rubrene solutions.  
nsTA kinetics in the region of the PbS GSB (890-910 nm), showing the us timescale decay  of the 
PbS excited state exciton. The decays of the PbS GSB feature are well described by mono-
exponential decays with lifetimes 2740 ± 40 ns (PbS-OA) and 2700  ± 70 ns (PbS-OA:Rub). The 
addition of Rubrene (10 mg/mL) shows insignificant effect, within certainty, on the exciton 
lifetime of the PbS-OA QD. Indicating a low triplet transfer rate relative to the PbS exciton 
lifetime. 
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