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Abstract

At the current time, the world as we know it is at a crossroads; there is an urgent need

to lower greenhouse gas emissions to limit the global rise in temperature. However,

this is at odds with the increasing energy demands of the world’s growing population.

As such, to ensure that we can have our cake and eat it too, it is necessary to further

develop renewable and low-carbon energy sources to minimise irreversible damage to

our planet.

Third generation solar photovoltaics are low-cost materials which can generate elec-

tricity whilst having a minimal impact on the environment. To ensure efficiencies of

these materials continue to improve, it is necessary to have a good fundamental un-

derstanding of how they generate charges, as well as the fate of these charges. This

allows us to provide vital information to further material design, and thus push device

efficiencies to new highs.

The first chapter of this thesis will provide the scientific background and historical

context as well as introducing the material systems that will be studied later. Likewise,

the second chapter introduces the laser-based ultrafast spectroscopic techniques that

will be used to probe the ultrafast charge generation processes.

The third chapter focuses on neat pentamethine cyanine dyes; in particular, transient

absorption spectroscopy is used to evidence high efficiency intrinsic charge generation

occurring via a symmetry-breaking charge separation process. The efficiency of this

process was shown to be dependent on the size of the counterion used, allowing us

to conclude that the interchromophore distance and degree of H-aggregation are vital
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parameters in ensuring efficient charge generation.

The first part of the fourth chapter explores whether a similar symmetry-breaking

charge separation process could occur in neat dicyanomethylene-substituted squaraine

dyes. Transient absorption spectroscopy, on both neat squaraine and squaraine/C60 bi-

layer samples, was used to determine that intrinsic charge generation cannot occur. The

second part of this chapter focuses on the photochemistry of spiro-OMeTAD, a mate-

rial often exploited as a hole transport layer in third generation solar cells. Once again,

transient absorption spectroscopy was used to show that oxidised spiro-OMeTAD was

generated via a symmetry-breaking charge separation process which could be catalysed

by the addition of lanthanum-based TFSI salts.

The final results chapter targets two-dimensional hybrid organic-inorganic lead

halide perovskites, where the impact of spacer size and layer orientation on the photo-

generation of charge transfer excitons was studied using temperature dependent tran-

sient absorption spectroscopy. Furthermore, electroabsorption spectroscopy was used

as a novel method to quantify the strength of the photoinduced electric field. Finally,

it was possible to demonstrate that charge transfer can occur between the perovskite

and electroactive naphthalene diimide-based spacers, an important result for future

material design.

Key words: cyanine dyes - squaraine dyes - symmetry-breaking - intrinsic charge

generation - two-dimensional perovskites - charge transfer excitons - ultrafast spec-

troscopy



Résumé

A l’heure actuelle, le monde tel que nous le connaissons est à la croisée des

chemins : il est urgent de réduire les émissions de gaz à effet de serre afin de limiter

l’augmentation de la température moyenne globale. Cependant, cela va à l’encontre

de la demande énergétique croissante et de l’augmentation de la population mondi-

ale. Pour avoir le beurre et l’argent du beurre, il est donc nécessaire de developper

davantage les sources d’energies renouvables et non carbonnées pour minimiser les

dommages irréversibles causés à notre planète.

Les systèmes photovoltaı̈ques de troisième génération sont basés sur des matériaux

peu coûteux qui peuvent produire de l’électricité tout en ayant un impact minimal

sur l’environnement. Pour que l’efficacité de ces matériaux continue à s’améliorer, il

est nécessaire d’avoir une bonne compréhension fondamentale de la façon dont ils

génèrent des charges sous l’effet de la lumière, ainsi que du devenir de ces charges. Cela

nous permettra de fournir des informations vitales pour la conception des matériaux,

et donc de pousser l’efficacité des dispositifs vers de nouveaux sommets.

Le premier chapitre de cette thèse présente le contexte scientifique et historique ainsi

que les systèmes de matériaux qui seront étudiés par la suite. De même, le deuxième

chapitre présente les techniques spectroscopiques basées sur des impulsions laser ul-

tracourtes qui seront utilisées pour sonder les processus de génération de charges ul-

trarapides.

Le troisième chapitre se concentre sur des sels solides de colorants cyanine pen-

taméthine intacts ; en particulier, la spectroscopie d’absorption transitoire est utilisée
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pour mettre en évidence la haute efficacité de la génération photoinduite intrinsèque de

charges par un processus de séparation de charges par brisure de symétrie. L’efficacité

de ce processus dépend de la taille du contre-ion utilisé, ce qui nous permet de conclure

que la distance entre les chromophores et le degré d’agrégation H sont des paramètres

essentiels pour assurer une génération de charges efficace.

La première partie du quatrième chapitre éxamine si un processus similaire de

séparation de charge par brisure de symétrie pourrait se produire dans les colorants

squaraines substitués par un dicyanométhylène. La spectroscopie d’absorption transi-

toire a été appliquée à des films de squaraine pure et de bicouches squaraine/C60, a

été utilisée pour déterminer si la génération de charge intrinsèque peut se produire.

La deuxième partie de ce chapitre se concentre sur la photochimie du spiro-OMeTAD,

un matériau souvent exploité comme couche de transport de trous dans les cellules

solaires de troisième génération. Une fois de plus, la spectroscopie d’absorption tran-

sitoire a été utilisée pour montrer que le spiro-OMeTAD oxydé était généré par un

processus de séparation de charge par brisure de symétrie qui pourrait être catalysé

par l’ajout de sels TFSI à base de lanthane.

Le dernier chapitre de résultats porte sur les pérovskites hybrides organiques-

inorganiques bidimensionnelles d’halogénure de plomb - l’impact de la taille et de

l’orientation de la barriére organique sur la photogénération d’excitons de transfert de

charge a été étudié en utilisant la spectroscopie d’absorption transitoire dépendante

de la température. En outre, la spectroscopie d’électroabsorption a été utilisée comme

une nouvelle méthode pour quantifier l’intensité du champ électrique photoinduit. En-

fin, il a été possible de démontrer qu’un transfert de charge peut se produire entre la

pérovskite et les barriéres organiques électroactives à base de naphtalène diimide, un

résultat important pour la conception de futurs matériaux.

Mots-clés : cyanines - squaraines - brisure de symétrie - photo-génération in-

trinsèque de charges - pérovskites bidimensionnelles - excitons de transfert de charges

- spectroscopie ultrarapide
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Chapter 1

This chapter aims to provide context and scientific background for the research that

is presented later in this thesis. The first part will introduce fundamental concepts

which will be drawn upon later, whilst the second part will provide some historical

context and present the different material systems that will be investigated as well as

discussing the current state of the art in these fields.

1.1 Why action is needed

The Earth’s temperature has been consistently rising by 0.08 °C per decade since

1880 and this rate has more than doubled since 1981 (to 0.18 °C). This rise in tempera-

ture has predominantly been caused by an increase in the concentration of greenhouse

gases in the atmosphere since the onset of the Industrial Revolution; the concentration

of carbon dioxide, methane and nitrous oxide is currently higher than at any time in

the past 800,000 years.1

Rapid action is required in order to limit warming by 2050 - it is thought that in

order to limit global warming to below 1.5 °C, CO2 emissions resulting from energy

systems will have to fall by 87 - 97%. Furthermore, CO2 emissions from the electricity

sector will have to be zero by 2045 - 2055.2

The urgent need to reduce greenhouse gas emissions resulting from energy systems

is complicated by an increasing global demand for energy - between 2015 and 2019,

global energy consumption grew by 6.6% and there was also an accompanying increase

in CO2 emissions during this time frame of 4.6%. It is therefore evident that to be

successful in reducing harmful emissions from energy systems, whilst still being able

to satisfy the increasing energy demands of the global population, it is necessary to

turn to alternative methods of producing energy.2

Renewable energy sources, such as solar photovoltaics, wind power and hydroelec-

tric power, alongside other low-carbon methods of electricity generation (e.g. nuclear),

are key to ensuring that the global energy demand can be met whilst reducing green-

house gas emissions. In the past, one issue that hindered the uptake of renewable

2



Chapter 1

energy sources, such as solar photovoltaics, was their high cost; however, the electric-

ity price of solar photovoltaics and wind power dropped by 56 and 45%, respectively,

between 2015 and 2020. This has helped increase their uptake, with low-carbon elec-

tricity accounting for 37% of global electricity production in 2019.2
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Figure 1.1: A graph showing the global average price of solar photovoltaic modules
from 1976 to 2019, measured in US dollar (USD) per watt. Prices are shown in 2019
USD.3,4

Within the realm of photovoltaics, silicon-based technologies still represent the

lion’s share of total production (accounting for 95% of total production in 2020).5 How-

ever, in spite of their market dominance, silicon-based photovoltaics are not without

issues - the materials can be expensive and there are also environmental issues arising

from the manufacturing process, resulting in a long energy payback time. As a result,

research into other photovoltaic technologies has continued at a rapid pace.

Third generation materials encompass a wide range of technologies, such as organic

photovoltaics, perovskites and dye-sensitised solar cells (DSSCs), and are at the fore-

front of current photovoltaic research. Whilst different in their material makeup, they

are grouped together as they all generate free charges via a donor-acceptor heterojunc-

tion, in comparison to first generation silicon solar cells where charges are generated

via band bending.

3



Chapter 1

1.2 Scientific background

The following section is based on “Physical Chemistry” by Atkins and de Paula, as

well as lecture course notes from “Photochemistry I” by Prof. Jacques-E Moser (2021-

2022) and “Photochemistry” by Prof. Saif Haque (2015-16).6–8

1.2.1 Light

The photovoltaic effect was first evidenced by Edmond Becquerel in 1839 and is the

basic principle behind photovoltaic devices: light, typically from the sun, is absorbed

by a material thus generating a voltage and electric current.9

Visible light is a form of electromagnetic radiation formed by electromagnetic waves

comprised of oscillating electric and magnetic fields perpendicular to one another and

perpendicular to the direction of propagation. The electromagnetic spectrum ranges

from radio waves (corresponding to wavelengths greater than 10 m) to gamma and

cosmic rays (less than 10-12 m). Visible light (typically defined as the wavelength range

from 400-700 nm), and indeed any wave, can also be treated as a particle as a result of

wave-particle duality. Before this idea was introduced, it had previously been shown

by Planck that energy is quantised where the permitted energy of an electromagnetic

oscillator can be given by:

E = nhν (1.1)

where n is a positive integer value, h is Planck’s constant and ν is the frequency.10

Given the quantisation of energy, it was proposed that electromagnetic radiation

could comprise of particles, known today as photons, with each photon having an en-

ergy equal to hν. This was proposed by Albert Einstein in 1905 in order to explain

previous experiments on the photoelectric effect.11

4



Chapter 1

1.2.2 Absorption in molecules

Given that light is composed of photons, it is possible for a molecule to absorb a pho-

ton resulting in an electronic transition between different molecular orbitals. Molecu-

lar orbitals are formed from a linear combination of the atomic orbitals of which the

molecule is composed of. When combined symmetrically, the result is a lower en-

ergy bonding molecular orbital which can be filled by two electrons of opposite spin.

Similarly, the anti-symmetric combination of atomic orbitals yields high energy anti-

bonding molecular orbitals. Organic molecules typically comprise of several different

bonding and anti-bonding orbitals; however, the most interesting from a photochem-

istry perspective are the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO).

In order for a molecule to absorb a photon with a certain frequency, ν, the molecule

must possess a dipole oscillating at that same frequency. This transition dipole can be

expressed as:

µfi = 〈Ψ f|µ̂|Ψ i〉 (1.2)

where Ψ i and Ψ f are the wavefunctions of the initial and final states, respectively, and

µ̂ is the electric dipole moment operator.

This can be expanded further to give:

〈Ψ f|µ̂|Ψ i〉 = 〈φf|µ̂|φi〉 · 〈σ f|σ i〉 · 〈χf|χi〉 (1.3)

where 〈φf|µ̂|φi〉 is the electronic transition dipole moment, 〈σ f|σ i〉 the electronic spin

overlap integral and 〈χf|χi〉 the nuclear wave function overlap integral.

For a transition to be allowed, the transition dipole moment must be non-zero. As a

result, there are several selection rules which apply, based on equation 1.3:

5
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• 〈φf|µ̂|φi〉 , 0: The symmetry of occupied orbitals must be conserved during the

transition.

• 〈σ f|σ i〉 , 0: The transition should take place between states of the same spin

multiplicity (i.e. from a singlet state to a singlet state, or a triplet state to a triplet

state). This is to ensure that the magnetic momentum is conserved.

• 〈χf|χi〉 , 0: The probability that a transition takes place is proportional to the

square of the nuclear wave function integral.

As a result of the Franck-Condon principle, which states that because nuclei are

far more massive than electrons, electronic transitions take place before the nuclei can

respond (i.e. the nuclei remain stationary). As electronic states are comprised of several

vibrational energy levels, the impact of this is that the intensity of a vertical transition

depends upon the overlap of the vibrational wavefunctions.

Experimentally, it was found that the radiation transmitted, I, through a sample, J,

depends upon the thickness of the sample, L, and the molar concentration, [J], with the

following relation:

I = I010−ε[J]L (1.4)

where I0 is the incident intensity and ε is the molar extinction coefficient. This relation

is called the Beer-Lambert law, and can be rewritten as follows to give the absorbance,

A, of the sample:

A = ε[J]L (1.5)

1.2.3 Fate of excited states

Once an excited state has been generated following light absorption (S0→ Sn), there

are several different processes that can take place. These can be broadly grouped into

6
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the following categories: radiative decay processes, non-radiative decay processes and

intermolecular electronic energy transfer. Both radiative and non-radiative decay pro-

cesses can be summarised using a Jablonski diagram (figure 1.2).
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Figure 1.2: Jablonski diagram summarising the processes that can occur following light
absorption generating an excited state: vibrational relaxation (yellow), internal conver-
sion (pink), intersystem crossing (dark red), fluorescence (green) and phosphorescence
(red).

Non-radiative decay processes

Non-radiative decay processes result in the excess energy in the molecule being

transferred to surrounding molecules as heat, rotational, vibrational or translational

energy.

One non-radiative decay process that can occur is vibrational relaxation (VR). From

the Franck-Condon principle, it is evident that light absorption will result in the

7
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molecule being not only in an excited electronic energy level (e.g. S1) but also in a

higher vibrational energy level. VR is the process by which molecules quickly relax

to the lowest vibrational energy level within the electronic energy level. This process

typically occurs on a picosecond/sub-picosecond timescale.

Another non-radiative decay process that can occur is internal conversion (IC) which

is a non-radiative conversion to a state of the same multiplicity. IC takes place most

readily at the intersection of the potential energy surfaces of two molecules, as the

geometry of the two nuclei is the same at this point. This process occurs on a mi-

cro/nanosecond timescale.

A third process that can take place following the generation of an excited state is

intersystem crossing (ISC), which is a non-radiative conversion to a state of different

multiplicity. ISC can occur when the potential energy surface of the singlet and triplet

state of the molecule intersect, followed by a spin-orbit coupling process resulting in

the transfer from the singlet to the triplet state (e.g. S1 → T1). As it relies upon spin-

orbit coupling, ISC is of particular interest in molecules with heavy atoms due to their

larger spin-orbit coupling.

Radiative decay processes

A radiative decay process is where the excess energy following excitation is released

as a photon. More commonly termed emission, there are two different types of emission

depending on the multiplicity of the emittive state.

Fluorescence is the name given to the radiative decay process occurring between

states of the same multiplicity (Sn → S0 or Tn → T0). Fluorescence typically occurs on

the nanosecond timescale. On the other hand, phosphorescence is the radiative decay

process occurring between states of different multiplicity (from triplet states to singlet

states). Whilst technically spin-forbidden, spin-orbit coupling allows for the molecule

to emit weakly on the millisecond to hundreds of seconds timescale. In accordance with

Kasha’s rule, both fluorescence and phosphorescence occur from the lowest vibrational

8
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energy level within the higher electronic energy level.

Intermolecular electronic energy transfer

As well as undergoing the various excited state decay processes mentioned previ-

ously, it is also possible for the electronic excitation energy to be transferred from the

excited molecule (termed the donor) to a different molecule (termed acceptor). As with

excited state decay processes, this energy transfer can take place via radiative or non-

radiative mechanisms.

If occurring radiatively, the excited state of the donor molecule decays back to the

ground state emitting photons (fluorescence) which can then be subsequently absorbed

by the acceptor molecule.

Alternatively, if the process occurs non-radiatively, there are two possible non-

radiative intermolecular energy transfer mechanisms that can take place: Dexter en-

ergy transfer and Förster resonance energy transfer (FRET). Dexter energy transfer in-

volves the bilateral exchange of electrons between the donor and acceptor molecule. It

requires a good overlap of the donor and acceptor wavefunctions in order to occur and,

as such, only takes place at short distances (typically less than 10 Å). The rate of Dexter

energy transfer is given by the following equation:

kDexter ∝ K · J · exp
(−2RDA

L

)
(1.6)

where K is a constant, J the spectral overlap integral, RDA the distance between the

donor and acceptor and finally L is the sum of the van der Waals radii. Dexter energy

transfer conserves the spin multiplicity (i.e. it can take place between two singlet states

or two triplet states).

Unlike Dexter energy transfer, FRET occurs at larger distances (typically exceeding

the sum of the van der Waals radii of the donor and acceptor). It is caused by a non-

radiative coupling between the dipoles of the donor and acceptor which enables the

9
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energy of the excited donor molecule to be transferred to the acceptor. The rate of

FRET is given by the following equation:

kFRET =
1
τD

(
R0

RDA

)6

(1.7)

where τD is the radiative lifetime of the donor molecule, RDA is once again the donor-

acceptor distance and R0 is the Förster radius, the distance at which the efficiency of

energy transfer by FRET is 50%. The value of R0, and in turn kFRET, is dependent upon

the orientation of the two dipoles as well as the spectral overlap between the donor and

acceptor, amongst other parameters.

1.2.4 Semiconductor photophysics

Band Structure

A key feature of solids, which determines their electronic properties, is the distribu-

tion of electrons into bands.

To understand the origin of this band structure, we can take an example of a simple

one dimensional solid consisting of atoms with one s orbital available for the formation

of molecular orbitals. With two atoms, the orbitals overlap to form one bonding and

one antibonding orbital. If a third atom is added, three orbitals are formed. As the

number of atoms becomes infinitely large, the separation between neighbouring levels

becomes infinitely small and, importantly, the resulting band has a finite width.

As well as being formed from s orbitals, a band can also be formed from other or-

bitals, such as p orbitals (yielding a p-band). If there is a difference in energy between

the s and the p orbitals, then the s and p bands will be at different energies separated

by a bandgap, Eg. The highest occupied energy band is known as the valence band

whilst the lowest empty, or partially filled, band is known as the conduction band.

10
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Insulators, conductors and semiconductors

An insulator is a material whereby the valence band is completely filled whilst the

conduction band is empty, and the two bands are separated by a large bandgap. This

large bandgap means that few electrons can be promoted from the valence band to

the conduction band at regular temperatures, and so the conductivity remains close to

zero.

On the other hand, conductors are materials where either the valence band and con-

duction band overlap, or the conduction band is partially filled. As such, they are

able to transport charge. The conductivity of such a material decreases with increasing

temperature, in spite of the fact that as the temperature increases more electrons are

excited into the conduction band. This can be explained by an increase in atomic mo-

tion with increasing temperature, leading to a higher number of collisions between the

conducting electrons and the atoms.

A third class of materials are semiconductors. These are insulating materials (with

a complete valence band and empty/partially empty conduction band) which can be-

come conductive under certain conditions via the promotion of electrons from the va-

lence band to the conduction band. Unlike metallic conductors, the conductivity of

semiconductors increases with increasing temperature.

There are different ways in which an electron can be promoted from the valence band

to the conduction band. If Eg < 3kBT then electrons can be promoted thermally across

the bandgap, resulting in a negatively charged electron in the conduction band and a

positively charged hole in the valence band. In this case, both the electron and hole

contribute to the conductivity. Furthermore, the absorption of photons with energy

greater than or equal to the bandgap can also result in the promotion of electrons into

the conduction band.

Semiconductors can then be further subdivided into two categories: intrinsic and

extrinsic semiconductors. Intrinsic semiconductor is the name given to materials where

the conduction is a property of the material itself as a result of its band structure.

11
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Examples of intrinsic semiconductors include silicon and CdS. Conversely, extrinsic

semiconductors are materials whereby the charge carriers are present as a result of

chemical doping.

The doping material can have fewer valence electrons than the semiconductor it is

doping, and so can form a narrow band above the semiconductor valence band which

can accept electrons; the resulting holes in the semiconductor are mobile giving rise

to the conductivity. This is called p-type semiconductivity, as the holes are positive

relative to the rest of the electrons in the band. Likewise, it is also possible for the

dopant to have more valence electrons than the semiconductor it is doping, allowing it

to form a narrow band which can donate electrons into the conduction band. This is

called n-type semiconductivity, and the two types (p and n) can be seen in figure 1.3.

En
er

gy

p-type n-type

Acceptor band Donor band

Valence 
band

Conduction 
band

Figure 1.3: Diagram showing the energy levels of electron acceptors and electron
donors resulting in p- and n-type doping. The red arrows show the movement of elec-
trons.

Direct and indirect transitions

The band structure of materials is often represented as a graph detailing how the

energy of the states change in relation to the crystal momentum which can be charac-

terised by a wave vector, k. In an ideal system, the energy bands would appear as a

series of parabolas with the following equation:
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E =
~

2 · k2

2m∗e
where k =

2π · p
h

(1.8)

where k is the previously mentioned wave vector and m∗e is the reduced electron mass.

In reality, however, the band structure of a material is more complex as a result of the

reduced mass not being the same in all directions.

The transitions that occur between the valence and conduction bands can be differ-

entiated based on whether there is a change in k. A direct electronic transition takes

place when the valence band maximum and conduction band minimum have the same

k value. As such, the transition follows the Franck-Condon principle. This can be seen

visually in figure 1.4.

h  = Eg

Valence 
band

Conduction 
band

Phonon
absorption

Phonon 
emission

h  = 
Eg Ep

E E

k k

±

Figure 1.4: Direct (left) and indirect (right) electronic transitions in semiconductors
between the valence and conduction bands. For direct transitions, the energy of the
incoming photon should be equal to the bandgap (hν = Eg ). For indirect transitions,
the photon energy is equal to the bandgap plus or minus the energy of a phonon (hν =
Eg ±Ep).

An indirect transition, on the other hand, occurs in a scenario where the valence

band maximum and conduction band minimum have different k values and the elec-

tronic transition between them is coupled with a vibration in the solid lattice. As pho-

tons themselves possess a negligible momentum, the change in momentum arises from

the absorption or emission of a phonon with energy Ep. A phonon is a type of quasi-

particle and consists of a quantised microscopic vibration in a crystal lattice.
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1.3 Organic photovoltaics

Having covered the requisite scientific background, this section introduces organic

photovoltaics (OPVs). It includes historical milestones within the field and the opera-

tional mechanism of OPVs, before covering OPV materials in depth as well as detailing

ultrafast studies in the field.

1.3.1 Historical overview

The first report of photoconductivity in an organic system came from Pochettino in

1906, where he evidenced photoconductivity in anthracene12; however, it wasn’t un-

til 1958 that the photovoltaic effect was demonstrated in an organic material.13 Here,

magnesium phthalocyanine (MgPc) discs were coated with a thin film of tetramethyl-

p-phenylenediamine (TMoD) giving a photovoltage of 200 mV. Given the positive po-

tential of the MgPc relative to the TMoD layer, it was thought that electron transfer

took place from the MgPc discs to the TMoD layer.

Around this time, phthalocyanines were widely studied because of their facile prepa-

ration, ease of forming crystalline thin films by vacuum sublimation and their strong

absorption in the visible region.14 Later studies on MgPc revealed that the photovoltaic

properties of the MgPc layer were highly dependent upon the degree of exposure to

oxygen.15

Throughout the 1970’s, other single layer dye-based devices were studied although

the power conversion efficiencies (PCEs) of these systems were typically very small

(less than 0.1 %). Their efficiency was often dependent upon the electrode composition

and they also suffered from poor fill factors (FF), a measure of a solar cell which is the

ratio of the maximum obtained power to the product of the open circuit voltage and

short circuit current.

A key breakthrough came in 1986 with the advent of the planar heterojunction,

which combined two materials in the active layer.16 The idea was that one material
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would act as the electron donor and the other as the acceptor, with the two materi-

als having mismatched energy levels. As such, there was therefore a driving force

for charge separation to occur. By combining copper phthalocyanine with a perylene

tetracarboxylic derivative layer, a device efficiency of 0.95% with a fill factor of 0.65

was achieved, a vast improvement over single layer devices of the same era.

However, these planar heterojunctions, whilst better than single layer devices, still

had some issues which centred on the low exciton diffusion length in organic materials

(5 - 10 nm). This short diffusion length meant that any excitons that were formed far

from the donor-acceptor (D/A) interface would undergo recombination before being

able to migrate to the interface where separation occurs. An exciton is the name given

to a localised excited state comprised of a coulombically bound electron-hole pair. One

strategy to overcome this was to fabricate devices with a very thin active layer (typically

10’s of nm), as this would result in a higher proportion of excitons being generated

within a diffusion length of the D/A interface. Unfortunately, it was typically the case

that the thickness required to satisfy this condition was below the optical absorption

depth of the material, and so photon absorption was dramatically reduced.

One idea, that came about in 1990, was to fabricate an interlayer within the ac-

tive layer consisting of a co-deposited donor and acceptor material (thus creating a

donor/interlayer/acceptor active layer structure). The result was an increase in the

photocarrier generation efficiency.17

Donor

Acceptor

Planar
Heterojunction

Bulk
Heterojunction

Figure 1.5: A comparison of the planar heterojunction and bulk heterojunction OPV
architectures.
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This concept was further developed in 1995 into a new OPV architecture termed

bulk heterojunction (BHJ).18,19 The BHJ architecture consisted of an interpenetrating

network of donor and acceptor composites, leading to a vast increase in the D/A inter-

facial area. The result was that more excitons could be generated within an exciton dif-

fusion length of the interface, thereby leading to less recombination and an increased

device efficiency. A schematic of the bulk heterojunction active layer morphology, in

comparison to a planar heterojunction, can be seen in figure 1.5.

1.3.2 Charge generation in OPVs

To gain an appreciation for the benefits of the BHJ architecture, as well as recognise

why a D/A heterojunction is needed in the first place, it is important to understand the

mechanism of charge generation in OPVs.

The charge generation mechanism in OPVs can be divided into four key processes:

exciton generation, exciton diffusion, charge separation and finally charge collection.

It is the efficiency of these processes that go a long way in determining the overall

efficiency of the device itself. These four processes are shown pictorially in figure 1.6

and are described below.

Exciton generation proceeds via the absorption of a photon by either the donor or ac-

ceptor material which generates an exciton. An exciton is the name given to a coulom-

bically bound electron hole pair, and if generated within the donor material it is known

as channel I excitation, whilst generation of the exciton in the acceptor is termed chan-

nel II excitation. The molar extinction coefficient, ε, of the absorbing material governs

the efficiency of photon absorption and, therefore, exciton generation.

Excitons can be classified into two main categories differentiated by their binding

energy. The first of these, Wannier-Mott excitons, are weakly bound and are typically

found in inorganic semiconductors. The high dielectric constant of the material leads

to an increase in the charge screening of the carriers by the lattice thus resulting in their

low binding energy. As a result of their low binding energy, Wannier-Mott excitons can
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readily dissociate into free charges.

The second type of excitons, called Frenkel excitons, are comprised of tightly bound

electron-hole pairs and are typically generated within organic semiconductors due to

their low dielectric constants. Due to their high binding energy, which greatly exceeds

thermal energy at room temperature, a charge separation process is required to form

free charges.

Once the Frenkel excitons have been formed in the active layer, they can then un-

dergo diffusion to the D/A interface. As mentioned in the previous section, the intro-

duction of the BHJ active layer architecture greatly helped in increasing the efficiency

of this diffusion process.

1. LUMO
LUMO

HOMO
HOMO

3. LUMO
LUMO

HOMO
HOMO

4. LUMO
LUMO

HOMO
HOMO

2. LUMO
LUMO

HOMO
HOMO

h

Donor Acceptor Electron Hole

Figure 1.6: A pictorial representation of the charge generation mechanism in OPVs
following donor (channel I) photoexcitation. 1) Photon absorption and exciton gener-
ation, 2) exciton diffusion to the D/A interface, 3) separation of the exciton into free
charges and 4) charge transport and subsequent collection at the electrodes.
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Charge separation then takes place at the D/A interface with the exciton separating

into an electron and hole. The driving force for charge separation (∆ECS) arises from

differences in the HOMO and LUMO energy level of the donor and acceptor material,

and can be summarised with the following equation:

∆ECS = (IPD −EAA)−Eex (1.9)

where IPD and EAA are the ionisation potential and electron affinity of the donor and

acceptor material, respectively, and Eex is the exciton binding energy.

Having undergone separation, it is possible for the electron and hole to form a charge

transfer (CT) exciton, due to the coulombic attraction between the two charges. This is

a concept that will be explored in further detail in section 1.3.4.

The efficiency of the charge separation process is governed, primarily, by the energy

level offset between the donor and acceptor material. However, charge separation is

still possible in devices where there is minimal offset.

Finally, the free charges can then be collected at the electrodes, a process which can

be hampered by non-geminate recombination. This is a process whereby free electrons

and holes recombine, emitting photons. Non-geminate recombination is particularly

prevalent in materials where there is no charge percolation pathway present in the

material.

1.3.3 Active layer design

Research in the field of organic photovoltaics can be split into a few key areas in-

cluding, but not limited to, material design, morphology optimisation and fundamen-

tal mechanistic studies. It is a combination of advances within these areas that have led

to device efficiencies improving from around 2.9% in 1995 to well over 18% today.20

Organic solar cells typically comprise of several layers each performing a particular

role to ensure that the PCE is maximised. A basic structure of an OPV device is shown
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in figure 1.7. The principal component of an organic solar cell is the active layer which,

as already discussed, is where light is absorbed and free charges are generated. Either

side of this active layer are interlayer materials which selectively transport electrons

or holes. Finally, the device is sandwiched between two electrodes one of which is

transparent (typically a transparent conductive oxide such as indium-doped tin oxide,

ITO), whilst the other is an evaporated metal contact (e.g. aluminium or silver).

Transparent Conductive Oxide
Interlayer

Glass

Photoactive layer

Interlayer
Metal electrode

Figure 1.7: Schematic of the device structure in an organic photovoltaic device.

As well as being able to have several different architectures, the active layer can

also be comprised of different donor and acceptor materials such as conjugated poly-

mers, fullerene acceptors and small molecule donors. This section will introduce key

research areas related to active layer donor and acceptor materials.

Conjugated polymers

The majority of donor materials used within active layers in OPVs fall into the cat-

egory of conjugated polymers. These are polymers with a backbone consisting of al-

ternating single and double bonds. The p-orbitals on neighbouring atoms overlap,

creating a system where electrons can be delocalised across the entire backbone of

the molecule. The development of conjugated polymers began in the 1970’s, and

work done on developing a highly conductive iodine-doped polyacetylene polymer was

awarded the Nobel prize in the year 2000.21
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Whilst first utilised in OPVs in 1984, it took the invention of the BHJ as well as

the observation of ultrafast charge transfer between conjugated polymers and C60 for

their usage to become widespread.22 Initially, poly(p-phenylenevinylene) derivatives

were used, with efficiencies of 2.50% being achieved.23 However, polythiophene de-

rived polymers such as poly(3-hexylthiophene), commonly known as P3HT, quickly

became the material of choice thanks to their extensive π-electron delocalisation and

high thermal stability.24 Furthermore, P3HT can be synthesised on large scales, making

it a suitable candidate for commercial OPV devices.25

Often used alongside fullerene-based electron acceptor materials, such as [6,6]-

phenyl-C61-butyric acid methyl ester (PC61BM), device efficiencies increased from

around 0.6% to over 7%.26 However issues with P3HT, such as its mismatched ab-

sorption and high-lying HOMO energy level, limit the efficiency of P3HT/fullerene

devices. Due to these issues, attention has more recently been focused on low bandgap

donor-acceptor (D-A) type polymers.

D-A type polymers consist of alternating electron rich and electron deficient moi-

eties, which allow for greater tuneability of the absorption profile, energy levels and

transport properties. The lower bandgap originates from electron delocalisation across

the backbone as well as the hybridisation of frontier orbitals.27 A variety of different

moieties have been used to great success: for example, polymers based on thieno[3,4-

b]thiophene and diketopyrrolopyrrolle (DPP) units such as PTB7-Th and PBDTTT-

SeDPP have achieved efficiencies of 10.6 and 7.2%, respectively, when combined with

PC71BM.28,29 Since the introduction of small molecule non-fullerene acceptors, conju-

gated polymers based on benzothiophene repeating units, such as PBQx-TF and PM6,

have been used to achieve PCEs of over 17%.20,30

Whilst able to achieve high PCEs, conjugated polymer donor materials are not with-

out issues; they are often difficult and costly to synthesise. Furthermore, their synthesis

often produces toxic metallic by-products and so, at the current time, they are not vi-

able candidates for commercialisation.

These problems can be mitigated through the use of small molecule electron donors.
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These materials have a well defined structure and their properties exhibit no depen-

dence on the molecular weight resulting in better synthetic reproducibility when com-

pared to conjugated polymers. Small molecule electron donors encompass a wide va-

riety of materials ranging from pentacene derivatives31 to oligothiophenes,32 and they

have been used extensively in the OPV field since merocyanine was first used in 1978.33

Small molecule donors - cyanine dyes

Cyanine dyes, introduced here as they will be the focus of the third chapter of this

thesis, consist of a cationic chromophore paired with a counterion. They have been

used extensively in a variety of fields including as biomarkers,34 in the photographic

industry,35 in OPVs and in light emitting electrochemical cells.36 The characteristic

structure of a cyanine chromophore is two nitrogen atoms linked with a polymethine

chain. In the OPV field, it is typical for the nitrogen atoms to be part of a heterocycle,

an example of which is shown in figure 1.8.

N N

Figure 1.8: An example of a cyanine chromophore.

Although photoconductivity was first evidenced in cyanine thin films in 1956,37

their first widespread usage in the field of photovoltaics was in DSSCs. They proved

to be effective sensitisers thanks to their high molar extinction coefficients (typically

exceeding 100,000 L mol-1 cm-1)38 allowing the short circuit photocurrent to exceed

that of devices sensitised with ruthenium complexes.39

Furthermore, cyanine dyes are solution processable which led to them being used as

small molecule donors in OPVs alongside fullerene acceptors. In this case, their high

extinction coefficients meant that they could successfully be used in planar architecture

devices, as the active layer could be very thin (around 20 nm) whilst maintaining a high
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photon absorption thus overcoming the issue of excitons being generated too far from

the D/A interface.

Another benefit of cyanine dyes is that it is facile to tune their absorption spectrum.

This can be done by functionalising the heterocycles or the polymethine chain itself.

The latter is a technique which has been used extensively to shift the absorption spec-

trum into the near-IR for use in transparent OPVs, with efficiencies of such devices

reaching 2.2%.40

An alternative method of changing the properties of the cyanine dye involves chang-

ing the counterion, which is done using an ion exchange column. The synthesis of cya-

nine dyes often results in the counterion being a halide ion, such as Cl- or I-, which

often have a negative impact on redox stability and charge delocalisation. By exchang-

ing these anions for ones where the negative charge can be delocalised across several

atoms, such as bistrifilimide, it is possible to increase the OPV performance.41 This con-

cept has been further explored by employing ‘super weak’ coordinating anions such as

tetrakis(nonafluoro-tert-butoxy)aluminate, where the size of the anion results in highly

amorphous thin films and excited state stabilisation yielding improved device perfor-

mance.42

Cyanine dyes have also more recently been explored as suitable materials for use

in tandem OPVs,43 as well as being used to form hybrid organic-inorganic solar cells

via co-sensitisation by CdTe/CdS quantum dots.44 Furthermore, they have also been

incorporated into hybrid organic-inorganic perovskites.45

Small molecule donors - squaraine dyes

The second class of donor materials that will be focused on in this thesis are

squaraine dyes. They were first synthesised in 196546 and comprise of an electron de-

ficient squaryl ring flanked either side by donor aromatic/heterocyclic rings resulting

in a zwitterionic structure. Like cyanine dyes, they have several advantageous prop-

erties which make them promising candidates for OPVs. For example, they have high
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molar extinction coefficients and so the active layer can be thin and their bandgap can

be easily tuned via molecular design to ensure a good match with acceptor materi-

als. Furthermore, they can be synthesised easily without the need for expensive metal

catalysts.47

Squaraine dyes were first used as an active layer material in OPVs in 1976, where

one was sandwiched between an In2O3 and a metallic Ga electrode yielding a PCE of

0.02%.48 Whilst efficiencies of early squaraine devices left a lot to be desired, they were

still exploited to good effect in DSSCs as a result of their high extinction coefficients.49

Efficiencies of squaraine-based OPVs finally breached the 1% barrier in 2008,50 and

further optimisation and material design led to huge PCE increases up to 3.2% in

200951 and 5.2% in 201152 for planar heterojunction devices. Subsequent incorpo-

ration into tandem OPVs has seen device efficiencies breach over 8%.53 Currently, the

poor mobility in squaraine dyes is seen as the primary limiting factor to their device

performance in BHJ architecture devices. It is thought that by optimising the active

layer morphology, as well as the molecular ordering, the carrier mobility could improve

thus minimising charge recombination leading to an increase in device efficiencies.

Outside of the OPV field, squaraine dyes have recently attracted attention for

use in short-wave infrared (SWIR) photodetectors. Nucleophilic substitution of a

dicyanomethylene group resulted in the synthesis of dicyanomethylene squaraine

(DCSQ) dyes, allowing for the absorption to be shifted into the SWIR region. Typical

SWIR photodetectors are based on InGaAs and so are too expensive for low cost appli-

cations, and so the incorporation of SQ-based active layers into SWIR photodetectors

remains an attractive possibility.54,55

Fullerene acceptors

Fullerene-based electron acceptors, such as PC61BM and PC71BM, have been used

extensively as acceptor materials in the OPV field since the 1990’s. They became the

go-to acceptor material in this time period due to several advantageous properties such
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as (i) possessing a LUMO delocalised across the whole molecule allowing for efficient

charge separation and transport in three dimensions, (ii) high electron mobilities, (iii)

the ability to undergo multiple (reversible) reduction events and (iv) their ability to

form aggregates which form both pure and intermixed domains leading to a suitable

charge percolation pathway.56

Whilst competitive efficiencies (over 12% in a BHJ with two polymer donors)57 have

been achieved using PCBM, there are issues with stability as PCBM can aggregate

with thermal ageing which disrupts the charge percolation pathway thus causing a

reduction in the PCE.58 Furthermore, it is difficult to tune their electronic and struc-

tural properties. These issues have been alleviated, in part, by the development of

other fullerene-based acceptors such as indene-C60 bisadduct (ICBA), which possesses

a stronger absorption than PC71BM in the visible region, as well as a higher LUMO

energy level; when combined with P3HT, ICBA gave a higher PCE than comparable

PC71BM devices.59

Non-fullerene acceptors

Given the aforementioned disadvantages of fullerene-based acceptors, research into

non-fullerene acceptors (NFAs) has exploded in recent years. A wide variety of differ-

ent NFAs have been used, including in the first planar heterojunction in 198616; how-

ever, the majority of recent work in the NFA field has focused on fused ring electron

acceptors.60

Fused ring electron acceptors consist of two electron withdrawing moieties either

side of a fused ring core resulting in an A-D-A structure. By modifying the core itself, as

well as the two withdrawing groups, it is possible to tune the properties of the acceptor

to achieve a good energy level match with donor materials. The most well known

fused ring electron acceptor, ITIC,61 is based on an indacenodithienothiophene core

which has since been modified to yield devices with a PCE of over 12%.62 Other more

elaborate acceptors have since been synthesised pushing the device efficiency to over

18%.30
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1.3.4 Ultrafast studies in OPVs

Ultrafast charge transfer was first evidenced in OPV materials in 1992; spin res-

onance studies demonstrated that photoinduced electron transfer was occurring be-

tween a conducting polymer and C60.63 Although unable to precisely determine the

timescale of the charge transfer process, it was thought to occur on a sub-picosecond

timescale. This was confirmed in 2001 using transient absorption spectroscopy, where

it was found that the photoinduced electron transfer took place in 45 fs.64

As mentioned in section 1.3.2, excitons are generated following photon absorption

and can undergo separation at the D/A interface. Following this separation it is possi-

ble for charge transfer excitons (CTEs) to form, due to the coulombic attraction between

the electron and hole. As CTEs are formed at junctions/interfaces within a system, they

can also be termed interfacial CTEs. The dissociation of CTEs is a key step in the charge

generation process in OPVs and, as such, it is a topic that has been studied extensively

in recent years.

As CTEs are lower in energy when compared to excitons, hot CTEs are often formed;

however, the fate of these hot CTEs is still debated. Some studies have shown that

direct dissociation of hot CTEs can occur before the CTE can relax to the ground

state.65,66 Further studies have demonstrated that excess energy can result in an in-

crease in charge carrier generation, implying that the excess energy can provide the

driving force for CTE dissociation.67–69 On the other hand, studies on high perfor-

mance blends showed that the yield of free charge carriers was not dependent on the

excitation energy, implying that CTE dissociation must occur via a different mecha-

nism.70,71 It is thought that CTE delocalisation is dependent upon the blend morphol-

ogy, charge delocalisation and donor/acceptor energetics.

Cyanine and squaraine based OPVs

Historically, research involving the study of ultrafast processes in cyanine dyes has

focused on the photophysics of cyanine in solution, in particular examining the triplet
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state characteristics72 as well as the dynamics of excited states.73

Within the realm of photovoltaics, studies have focused on cyanine/C60 bilayers

as model systems for studying CTE dissociation given their simpler device architec-

ture. Time resolved electroabsorption measurements were used to show that interfacial

CTEs dissociated into free charge carriers in tens to hundreds of picoseconds.74 These

measurements were based on the Stark effect, which is where electronic transitions are

influenced by an electric field causing a measurable shift in the absorption spectrum.

The origin of the Stark effect will be explained fully in the following chapter. Blend

morphology has also been studied in cyanine-based OPVs, where it was found that the

phase morphology in cyanine/PCBM blends had a large impact on the efficiency of

photoinduced charge separation.75

Similar to studies done on cyanine dyes, research into squaraine dyes has focused

upon the excited state photophysics and exploring their fluorescence.76,77 However,

comparatively little work has focused on ultrafast charge generation in squaraine-based

OPVs. Studies which have been done tend to focus on squaraine/PCBM blends, where

it has been shown that CT states are formed with a lifetime of 550 ps.78

Symmetry-breaking charge separation

Symmetry-breaking charge separation (SB-CS) is a process which results in the sep-

aration of charges following excitation of a chromophore, M, yielding oxidised and

reduced species. SB-CS processes can be broadly grouped into two classes depending

on the system. The first class relates to M-Qn systems, whereby Q is a quencher, and in-

volves a charge transfer between the chromophore and the quencher. The second class,

on the other hand, involves charge separation between two identical chromophores.

It is also possible to further differentiate SB-CS processes into those that are intra-

molecular and those that are intermolecular.79 The remainder of this section will be

focused on intermolecular SB-CS between identical chromophores.

Intermolecular SB-CS can proceed via one of two mechanisms involving either the
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excitation of both reactant chromophores, or just one of the chromophores:

M∗ +M→M .+ +M .− (1.10)

M∗ +M∗→M .+ +M .− (1.11)

In the first scenario, the photoexcited molecule is electronically coupled to the neigh-

bouring chromophore allowing the charge transfer to take place. At first glance, it ap-

pears that SB-CS would be unfavourable as it is often the case that the energy levels of

the M +M∗ and M .+ +M .− are very similar and so it is difficult to see where the ther-

modynamic driving force for such a process would come from. However, in reality, the

solvation of the chromophores and electrostatic interactions help play a role in provid-

ing the driving force for SB-CS. As such, SB-CS is a process that has been studied in

great depth in solution, in particular in the presence of polar solvents where the polar

solvent helps to stabilise the CT state, thus making it more thermodynamically accessi-

ble.80 The free energy change for SB-CS, ∆GCS , is given by the Weller formulation81,82:

∆GCS = e[Eox −Ered]−E00 +C + S (1.12)

where e is the electronic charge, Eox and Ered are the half wave potentials for a one-

electron oxidation or reduction of the donor or acceptor, respectively, E00 is the energy

of the singlet excited state, C is the coulombic interaction between the two ions and

finally S is the solvation energies of the ions.

In spite of SB-CS being generally unfavourable in non-polar environments and the

solid state, it has been evidenced in both cases. For example, SB-CS has been observed

in 1,6,7,12-tetra(phenoxy)-perylene-3,4:9,10-bis(dicarboximide) (tpPDI) cyclophanes

in toluene where it is thought that the quadrupole moment of the toluene helps to

stabilise the charge transfer state.83 Similarly, the extensive π-conjugation in rylene di-

imide systems leads to them having an appreciable quadrupolar character which also

helps to stabilise the CT state making it more thermodynamically accessible.84
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Recently, SB-CS has become an attractive research topic in the OPV field as a way

of improving device efficiencies. OPVs are often limited by poor open circuit voltages

(VOC) which directly impacts upon the device efficiency. The VOC is related to the

difference in energy between the HOMO of the donor material and the LUMO of the

acceptor material (figure 1.9), and theoretically is maximised when the LUMO of the

donor and acceptor materials are the same. However, in this scenario, there would be

no driving force for charge separation, and so it would lead to a reduced proportion

of free charge carriers being generated as charge separation would struggle to compete

against exciton recombination. Therefore, a SB-CS process would provide a way for

charge separation to occur whilst maximising the VOC.

One example of this has been the use of zinc chlorodipyrrin as an acceptor alongside

tetraphenyldibenzoperyflanthrene (DBP). The inclusion of zinc chlorodipyrrin, which

can undergo SB-CS, resulted in a VOC increase of 0.45 V when compared to analogous

DBP/C60 devices (from 0.88 to 1.33 V), a difference which was ascribed to the ability

of the zinc chlorodipyrrin to undergo SB-CS.85

Donor

Acceptor

En
er

gy

VOC

Figure 1.9: Schematic showing how the open circuit voltage is related to the difference
in HOMO and LUMO energy levels of the donor and acceptor material.
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1.4 Perovskite solar cells

The final part of the introduction is focused on perovskite solar cells, a material

system which will be the focus of the final results chapter.

1.4.1 Structural overview

Originally the name of the mineral calcium titanate (CaTiO3), perovskite is now

used to refer to a material with the same ABX3 structure where A is a large monovalent

cation, B is a divalent metal cation and X is an anion. A wide variety of elements can

be combined to form a perovskite structure given they exhibit a suitable Goldschmidt

tolerance factor, t, which can be calculated with the following equation:

t =
RA +RX√
2(RB +RX)

(1.13)

where RA, RB and RX are the ionic radii of A, B and X, respectively. For example, halide

perovskites can be formed if t is between 0.81 and 1.11.86

As well as large elemental cations, such as Ca+, the perovskite structure can also ac-

commodate organic cations such as methylammonium, MA+ (CH3NH3
+), or formami-

dinium, FA+ (HC((NH)2)2
+).

When referring to perovskite solar cells, lead halide perovskites are usually the ma-

terials in question, with MAPbI3 being the most well known. MAPbI3 typically has a

tetragonal structure at room temperature, and can undergo phase changes to a cubic

structure at higher temperatures (above 330 K, figure 1.10) or an orthorhombic phase

at lower temperatures (below 160 K).87 The structure is important, as it can impact

upon the optical and electronic properties of the perovskite.

29



Chapter 1

A B X

Figure 1.10: Cubic perovskite structure typically seen in MAPbI3 at temperatures
above 330 K.

1.4.2 History in the solar field

Despite the discovery of MAPbI3 taking place in 1978,88 it wasn’t until 2009 that

it was first used in the solar field, being employed as a sensitiser in DSSCs yield-

ing a modest PCE of 3.8%.89 Subsequent improvements in the efficiency were made,

reaching 6.5% in 2011.90 However, issues arose with the perovskite that was adsorbed

onto the TiO2 surface undergoing dissolution into the liquid electrolyte. This issue

was overcome by replacing the liquid electrolyte with 2,2’,7,7’-tetrakis (N,N-di(4-

methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD), a solid state hole con-

ducting material. The result was a solid-state device which was far more stable than its

liquid electrolyte based counterpart with an efficiency of 9.7%.91 Soon after, a PCE of

10.9% was achieved by replacing the mesoporous TiO2 with mesoporous Al2O3.92

Given their high efficiencies, already surpassing that of solid state DSSCs, as well as
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their facile preparation, research in the field of hybrid organic lead halide perovskites

exploded. Through a combination of compositional tuning, the development of new

processing techniques, interface engineering and defect passivation the efficiency of

perovskite solar cells has reached over 25%, thus emerging as one of the most promis-

ing materials to challenge silicon-based solar cells.93

1.4.3 Charge generation and recombination in 3D perovskites

One of the main reasons behind the high efficiency of lead halide perovskites is their

strong optical absorption due to their high molar extinction coefficients as well as them

being direct bandgap semiconductors. The bandgap can also be tuned by changing the

halide used, going from 1.65 eV when using iodide to 3.15 eV when using chloride in

MAPbX3 systems. Changes in the A-site cation also influence the bandgap albeit to a

lesser extent.94

In contrast to what is seen in organic solar cells, the excitons generated in perovskites

such as MAPbI3 have a low exciton binding energy and so can readily dissociate into

free carriers at room temperature.

Another contributing factor to their high performance is that the photogenerated

carriers exhibit a longer than expected carrier lifetime (on the hundreds of ns to µs

timescale).95 To understand this, it is necessary to appreciate the different recombina-

tion mechanisms that can take place.

There are three recombination pathways in lead halide perovskites: Shockley-Read-

Hall recombination, radiative recombination and Auger recombination.

• Shockley-Read-Hall (SRH) recombination: Also known as trap-assisted recombi-

nation, this is a non-radiative mechanism whereby electrons in the conduction

band, or holes in the valence band, can become ”trapped” in energy levels which

exist within the bandgap as a result of crystal defects and impurities within the

structure. Once in the trap state, the electrons (or holes) can then undergo recom-
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bination with a hole (or electron) in the valence (or conduction) band. Traps can

be categorised as shallow or deep traps based on how close they are to either the

conduction or valence band. The rate of SRH recombination is dependent upon

the defect density of the material in question.

• Radiative recombination: Also termed bimolecular recombination, this is simply

when an electron in the conduction band recombines with a hole in the valence

band, emitting a photon.

• Auger recombination: Another non-radiative recombination mechanism, this oc-

curs when an electron recombines with a hole, but transfers its excess energy

to a third carrier (which can either be an electron or hole). This mechanism is

favoured under high photoexcitation intensities.

The evolution of charge carriers, N, over time can therefore be given by the following

equation:

dN (t)
dt

= −k3N
3 − k2N

2 − k1N (1.14)

where k1, k2 and k3 are the rate constants for SRH, radiative and Auger recombination,

respectively.

1.4.4 2D perovskites

In spite of 3D perovskites exhibiting high device efficiencies, as well as presenting

a low cost alternative to silicon solar cells, their primary drawback at the moment is

their stability.96 Intrinsic factors which impact their stability include ion migration

leading to potential collapse of the perovskite lattice, reactions between the metal

electrode and the perovskite layer and finally residual strain within the lattice which

leads to chemical degradation.97 Furthermore, light and moisture induced degrada-

tion, amongst other extrinsic factors, also impact the stability.98 Whilst these issues

can, in part, be mitigated via numerous different strategies such as compositional engi-
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neering, a promising strategy is to use a different perovskite structure altogether.99,100

2D perovskites are formed when large organic cations are included in the chemical

composition ensuring that the typical 3-dimensional structure cannot be formed. In-

stead, a layered structure is formed with layers of PbI6 octahedra being separated by

the aforementioned organic cations, also termed spacers. 2D perovskites have the gen-

eral chemical formula (A’)mAn-1BnX3n+1 where A’ is a divalent (m = 1) or monovalent

(m = 2) organic spacer cation.101

There are different orientations for 2D perovskites, with 〈100〉 being the most com-

mon. This class can be further sub-divided into Ruddlesden-Popper (RP), Dion-

Jacobsen (DJ) and alternating cations in the interlayer (ACI) phases (although at

present, this orientation can only be formed by guanidinium cations).102

RP perovskites (figure 1.11) are formed with monovalent spacers forming a bilayer

in between the inorganic layers which are offset laterally by half an octahedral unit. DJ

perovskites, on the other hand, are formed with divalent spacers undergoing hydrogen

bonding with the lead halide sheets. In this scenario, there is no lateral displacement

of the lead halide layers.

As well as having different crystal orientations, the number of perovskite layers that

form between the organic spacers, n, can be adjusted which has a significant impact

on their properties. As 2D perovskites can be thought of as consisting of alternating

lead halide sheets and organic spacer interlayers, they form multiple quantum well

structures. At low values of n there is a strong quantum confinement effect, which can

be seen by the blue shift of the band gap. As the value of n increases, the properties of

the 2D perovskite become more similar to that of 3D perovskites.103 Whilst the value

of n can be controlled, it can be difficult to obtain phase pure 2D perovskites.

The increased stability exhibited in 2D perovskites arises from their large organic

cations which provide a steric barrier for water adsorption onto their surface.104 How-

ever, whilst showing enhanced stability when compared to 3D perovskites, their effi-

ciencies are generally much lower (21% vs 25.5%). This is due to their wider optical
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n = 1

n = 2

Monovalent spacer

Figure 1.11: Structure of n = 1 (left) and n = 2 (right) 2D RP perovskites. The purple
arrow corresponds to the monovalent organic cation.

bandgap as well as a larger exciton binding energy resulting in excitons being the dom-

inant photoexcited species, as opposed to free charge carriers in 3D perovskites.93,105

Therefore, they are often used as a capping layer atop regular 3D perovskites in order

to benefit from their enhanced stability whilst maintaining a high efficiency.106

Asides from photovoltaics, the interesting properties of 2D perovskites have led

them to be used in other applications. For example, their high exciton binding en-

ergy can enhance radiative recombination allowing them to be used as light-emitting

diodes.107 Furthermore, their strong spin-orbit coupling and enhanced Rashba effect

make them good potential candidates for applications in the field of spintronics.108
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The purpose of this chapter is to give the reader an overview of the different ultra-

fast spectroscopic techniques used in this thesis. The first part introduces laser spec-

troscopy in general, before each experimental technique is presented with both the

experimental details and the theoretical background being covered.

2.1 An introduction to laser spectroscopy

Spectroscopy, a term that will be used throughout this thesis, refers to the study of

the absorption or emission of electromagnetic radiation by matter. In general, ultrafast

spectroscopy is used as a blanket term to refer to the study of processes which occur

on timescales ranging from attoseconds to nanoseconds. Depending on the time res-

olution and the energy of radiation required to excite the desired sample, a variety of

different laser systems can be used.

As suggested by their name, lasers produce radiation via stimulated emission. There

are three key components to a basic laser: the lasing medium, an excitation source and

finally the optical cavity. The lasing medium, also called gain medium, is a material

which emits radiation in all directions following excitation. The lasing medium is ex-

cited by the excitation source, typically a lamp or another laser, resulting in electrons

being excited within the lasing medium. Once a population inversion has occurred,

which is where a higher lying state is more populated than a lower energy state, spon-

taneous emission occurs. Neighbouring atoms within the lasing medium absorb the

spontaneously emitted photons, resulting in stimulated emission. The result is an op-

tical amplifier which when placed inside of an optical cavity results in a laser.

Lasers are either continuous wave (CW) or pulsed, the difference between them be-

ing that CW lasers produce an uninterrupted beam of radiation whilst pulsed lasers

emit a train of laser pulses. To obtain pulsed lasers, either Q-switching or mode-locking

is used. Q-switching is a technique whereby the laser radiation is kept inside the opti-

cal cavity until a sufficient population inversion is reached. Q-switched lasers generate

high energy pulses, typically with a nanosecond pulse duration. Conversely, mode-
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locking works by locking the phases of oscillating photons within the cavity to each

other, resulting in constructive interference eventually yielding pulses with a shorter

duration and a higher repetition rate than can be achieved with Q-switched lasers.1

Pulsed lasers operating at high intensities can cause damage to the amplifying

medium. To overcome this, a technique called chirped pulse amplification (CPA) was

developed. CPA refers to a technique whereby the laser pulse is stretched temporally

before passing through the amplifying medium.2 It is then directed through a com-

pressor, resulting in a beam with a short pulse duration but high power. Stretching the

pulse before amplification prevents damage to the amplifying medium. The advent of

CPA lasers paved the way for new experiments as a result of the high power and short

pulse duration that can be generated in comparison to conventional lasers.

2.2 Transient absorption spectroscopy

Transient absorption spectroscopy, shortened to TAS or TA, is a pump-probe tech-

nique which gives time resolved information on the transient species that are formed

upon photoexcitation of a sample. As such, it is a powerful technique which can be

used to study a variety of different systems and phenomena including, but by no means

limited to, photosynthetic systems,3 protein fluorescence4,5 and semiconductor thin

films.6

The premise of the technique is simple: first, the sample is excited by the pump

beam, the wavelength of which can be tuned according to the needs of the experiment.

Then, following this excitation, the perturbed sample is monitored by a low photon flu-

ence white light beam called the probe, which allows one to measure the absorption of

the sample after photoexcitation. By using a mechanical delay stage, the time delay be-

tween the pump and probe beam can be changed, which gives the time evolution of the

measurement. Therefore, we can follow the generation and decay of photogenerated

species within the sample. The temporal resolution of these measurements, limited by

the pulse width of the pump beam, is around 150 fs for our experimental setup; the
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time window of the measurement is 1.2 ns, and is limited by the length of the delay

stage.

TAS is a differential technique, and so the signal measured, ∆A, is given by the fol-

lowing equation:

∆A(λ,t) = A(λ,t)pump −A(λ,t)nopump (2.1)

where A(λ,t)pump is the absorbance of the probe in the presence of the pump, and

A(λ,t)nopump is the absorbance of the probe in the absence of the pump.

Processes which increase the amount of probe light reaching the detector appear as

negative features in a TA spectrum, whilst signals that diminish the amount of probe

light reaching the detector appear as positive features. A TA spectrum contains con-

tributions that arise from different processes, which all combine to give the overall TA

spectrum an example of which can be seen in figure 2.1.7 These processes are:

• Ground-state Bleaching (GSB): This occurs when the pump beam is absorbed by

the sample, thereby diminishing the population of the ground state. Therefore,

the probe beam cannot be absorbed, and so more probe light reaches the detector.

As a result, the GSB appears as a negative signal. As it arises from the absorption

of the pump beam, the shape of the GSB typically mirrors that of the steady-state

absorption spectrum.

• Stimulated Emission (SE): This occurs when the probe beam interacts with elec-

trons in the excited state causing them to recombine with holes in the ground

state, resulting in the emission of a photon. Because stimulated emission can

only occur for optically allowed transitions, the shape and position of the SE in

the TA spectrum is close to that of the steady state photoluminescence spectrum.

Like the GSB, SE results in more photons reaching the detector, and so it appears

as a negative signal.

• Excited State Absorption (ESA): After excitation by the pump, it is possible for
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excitation to higher-lying excited states to occur which leads to parts of the probe

being absorbed. The result is that fewer photons reach the detector, and so the

ESA appears as a positive feature.

• Product Absorption: After photoexcitation by the pump beam has occurred, it is

possible for reactions to take place that result in transient or long-lived molecular

states. For example, triplet state formation, photoisomerisation and the forma-

tion of reduced/oxidised species can occur, and the products of these reactions

can absorb part of the probe. As with the ESA, fewer photons reach the detector

in this case, and so product absorption appears as a positive feature.

 
A 

/ a
.u

.

 Wavelength / nm

 ESA
 GSB
 SE
 TA Signal

Figure 2.1: Contributions to the TA spectrum (dashed black line): ground-state bleach-
ing (green), stimulated emission (blue) and excited state absorption (red).

2.2.1 Experimental setup

The TA setup was built in our lab by S. Pelet,8 and subsequently developed over the

years.
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Laser source

The laser source used for the TA setup is a chirped pulse amplification (CPA)

Ti:Sapphire laser (CPA 2001, Clark MXR). The seed for the Ti:Sapphire is provided

by an erbium-doped fibre, which provides a frequency-doubled output of 775 nm.

This seed is stretched in time, in order to prevent energy damage. The Ti:Sapphire

is pumped by the frequency doubled output of a Nd:YAG laser (532 nm, 7.2 W), itself

being pumped by an arc lamp. The output of the Ti:Sapphire is then compressed, re-

sulting in a fundamental wavelength of 778 nm with a pulse length of approximately

120 fs and an average peak power of 930 µJ at a repetition rate of 1 kHz. A diagram of

the TA setup is shown in figure 2.2.

Wire Grid

CCD-S

ChopperCompressor Time Delay Stage

NOPA

Clark 1 kHz 
CPA laser SampleCaF2

crystal

/2 Wave
Plate

CCD-R

Figure 2.2: Schematic of the transient absorption spectroscopy setup.

White light generation

The output of the laser is subsequently split into two beams, with one beam provid-

ing the pump and the other the probe.

The broadband white light probe is generated by passing the fundamental through

a non-linear crystal (either a 4 mm thick sapphire window, or a 5 mm thick calcium

fluoride (CaF2) plate). The advantage of using CaF2 is that it generates a broader white

light, extending into the near-infrared (up to 1050 nm) and the UV, when compared

to the sapphire crystal. However, it is more susceptible to damage and so a function
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generator is used to oscillate the crystal to prevent damage.

The probe then passes through a polariser, in order to remove unwanted residuals,

and suitable bandpass filters (305-700 nm) which remove excess components of the

fundamental wavelength (778 nm).

Generating the pump

The second part of the fundamental is used to generate the pump. Tuning the pump

beam allows you to tune the excitation wavelength according to the absorption spec-

trum of the sample. The easiest method to pump the sample would be to simply use

the fundamental at 778 nm; however, many systems do not absorb at this wavelength

and so it is necessary to generate the pump wavelength which is typically done using

one of two methods. Firstly, it is possible to pump samples using the second harmonic

(389 nm) which is generated by passing the fundamental through a type-I β-barium

borate (BBO) crystal.

For excitation at wavelengths other than 389 nm, a 2 stage non-collinear optical

parametric amplifier (NOPA-Plus, Clark MXR) is used which allows for wavelengths

between 450 and 1520 nm to be achieved. The incoming fundamental is split into two

beams: the first provides the seed for the first stage, and is passed through a sapphire

crystal in order to generate a white light continuum. The second part passes through

a BBO crystal generating the second harmonic (389 nm). The 389 nm beam is then

further split into two parts which constitute the pump beams for the two stages of the

NOPA.

The first pump beam is overlapped with the white light seed in a second BBO crystal,

generating an output which can be tuned by changing the time delay and the BBO tilt

angle. This output is then used as the seed for the second stage, where it is spatially

and temporally overlapped with the remaining 389 nm pump in order to amplify the

output from the first stage. Due to the structure of the fundamental, it is difficult to

achieve a good NOPA output in the wavelength ranges 700-900 nm. To overcome this,
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a second white light generation stage, which is pumped by the near-infrared output of

the first stage, is added allowing for a better output in this range to be achieved. To

achieve NOPA outputs in the wavelength range 900-1500 nm, the idler is used as the

output.

If the desired pump beam is in the visible region, the output of the NOPA can be

compressed using a pair of SF10 prisms set at Brewster’s angle to reduce reflective

losses. These correct for group velocity dispersion; typically, pulse widths of around

50 fs can be achieved by careful optimisation of the distance between the two prisms.

If the desired pump beam is in the infrared there is no need to compress it, and so the

prisms can be bypassed.

A chopper set at 500 Hz (half the frequency of the fundamental) modulates the fre-

quency of the pump beam, enabling the absorption with and without the pump to be

acquired during the same measurement.

The polarisation of the pump relative to the probe can be adjusted, depending on

whether one wants to study anisotropic effects or not. Typically, the pump and probe

polarisation are set to magic angle so that effects due to anisotropy can be ignored.

Detection and data collection

Having generated the pump and the probe, the probe beam is subsequently split into

two, with one part going to the sample whilst the other passes directly to the reference

camera. This is to account for shot-to-shot variations in the white light.

The signal and reference beams are detected by two spectrographs (Princeton Instru-

ments, SpectraPro 2150) using 512 x 58 pixel back-thinned CCD cameras (Hamamatsu

S70-30-0906). Depending on the wavelength window being monitored, two different

gratings can be used: 500 nm blaze, suitable for analysis between 350 and 800 nm, and

800 nm blaze which operates from 800 - 1200 nm. For operation in the visible, 350 -

710 nm bandpass filters are used to discard the remainder of the fundamental, whilst

750 or 800 nm long-pass filters are used for detection in the near-IR.
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The probe beams are detected shot-to-shot, and typically 3000 shots are averaged

in order to obtain a good signal-to-noise ratio. Generally, if the signal of a sample is

particularly weak, it is better to increase the number of scans rather than increase the

number of shots. Dark counts are acquired before each measurement and subtracted

from the transmitted light intensity for each camera. Data are acquired using an in-

house developed LabVIEW program.

Data treatment

Before the dataset can be plotted and analysed, it must first be treated in order to

account for the chirp. The chirp arises due to group velocity dispersion, whereby dif-

ferent wavelengths of light travel at different speeds through dispersive media. Because

the probe consists of a broadband white light, the red light travels faster than the blue,

and so reaches the detector at a different time. To account for this, the dataset is fit-

ted to extract the time zero for each wavelength and set them to the same time. Once

corrected, the spectra and dynamics can be plotted.

Global analysis

TA spectra can be difficult to interpret, due to there being multiple contributions to

different peaks as well as features which overlap. Global analysis is a powerful tool that

can aide in the interpretation and analysis of transient spectra. The basic idea of global

fitting is that several different kinetic traces are fitted with the same multiexponential

function in order to find the parameters resulting in the best fit. Examples of the bi-

and tri-exponential functions used are shown below:

∆A(λ,t) = A0 +A1(λ) · exp
(
−t
τ1

)
+A2(λ) · exp

(
−t
τ2

)
(2.2)

∆A(λ,t) = A0 +A1(λ) · exp
(
−t
τ1

)
+A2(λ) · exp

(
−t
τ2

)
+A3(λ) · exp

(
−t
τ3

)
(2.3)
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In order to perform a global fit, the data must first be sampled with a suitable num-

ber of wavelengths extracted; typically, wavelengths every 5 nm are chosen and the

purpose of this is to ensure a good result whilst minimising the amount of computa-

tional power. A suitable kinetic model is then applied (typically a bi- or tri-exponential

function), with all of the traces forced to evolve with the same time constants. Once

a suitable fit has been achieved, the amplitude coefficients for each wavelength can be

extracted into a new data set, yielding the decay associated spectra (DAS).

2.3 Electroabsorption spectroscopy

Electro-modulated differential absorption (EDA or EA) and time-resolved electroab-

sorption spectroscopy (TREAS) are powerful spectroscopic techniques which can give

insight into the charge transport in a system, amongst other phenomena. For example,

they have been used to study carrier mobility in conjugated polymers,9 dissociation of

charge transfer states in bilayer organic solar cells10 and the dynamics of photocarriers

in perovskites.11

EDA measurements give the steady state electroabsorption spectrum of a sample,

which is the absorption spectrum of the sample under an applied electric field. TREAS

measurements, meanwhile, show how the electroabsorption spectrum evolves over

time.

Both techniques are based on the Stark effect. This is an effect whereby electronic

transitions within the system are influenced by the application of an electric field which

causes a shift in the absorption spectrum of the sample.12 The impact of the electric

field on the frequency of the transition is given by the following equation:

∆ν = −∆µ ·E − 1
2
∆α ·E2 (2.4)

where ∆µ corresponds to the change in the dipole moment, ∆α is the change in the

polarisability of the electronic transition and E is the applied electric field.
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The change in the absorbance of a sample upon the application of an electric field can

be expressed mathematically as a function of the frequency of electronic transitions.

The Taylor expansion of this yields the following expression:

A(ν,E) = A(ν,E = 0) +
dA
dν
dν +

1
2
d2A

dν2 dν
2 + .... (2.5)

Like TAS, both EDA and TREAS are differential techniques, and so the electroab-

sorption of a sample is given by:

EA = A(ν,E)−A(ν,E = 0). (2.6)

By utilising the expression given for the frequency of an electronic transition

(equation 2.4), and by substituting equation 2.5 into equation 2.6 and considering

only the first three terms of the Taylor expansion, the following mathematical expres-

sion for the electroabsorption signal is obtained13:

EA = −dA
dν

∆µ ·E +
1
2
d2A

dν2 E
2 ·∆µ2 − 1

2
dA
dν
E2 ·∆α (2.7)

The first term in this expression, dAdν∆µ ·E, is linear with respect to the electric field

and is therefore 0 in isotropic systems. As mentioned previously, ∆µ corresponds to the

change in the dipole moment. Therefore, the second term in equation 2.7 informs us

that changes in the dipole moment of the system are associated with the second deriva-

tive of the absorption spectrum. The third and final term in the equation demonstrates

that the change in the polarisability of the system is associated with the first derivative

of the absorption spectrum.

Therefore, by comparing the electroabsorption spectrum of a sample to the first and

second derivative of its absorption spectrum, it is possible to determine whether the

electroabsorption signals arise from changes in the dipole moment or the polarisability

of the system. However, it is often the case that the electroabsorption spectrum will be
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caused by changes in both the dipole moment and the polarisability of the system. As

a result, the electroabsorption signal will resemble a linear combination of the first and

second derivatives of the absorption spectrum.

Experimentally, EDA measurements consist of only the white light probe illuminat-

ing the sample, whereas TREAS involves the addition of the pump beam which excites

the sample. The electron-hole pairs generated upon photoexcitation generate their own

local electric field as they traverse the sample towards opposing electrodes. This local

field opposes that of the applied field, resulting in a lower effective electric field across

the sample. This leads to the spectral evolution that is seen in the measurements.

Experimental setup

The experimental setup for the EDA/TREAS experiments is, in the most part, iden-

tical to the TAS setup. Both experiments are run off the same Ti:Sapphire CPA laser

as used for the TAS experiments. The pump beam, used for TREAS, is once again gen-

erated by passing the 778 nm fundamental through a NOPA, whereas the white light

probe is generated by passing the remainder of the fundamental through a 4 mm sap-

phire crystal.

The one obvious experimental difference between TA and EDA/TREAS measure-

ments is the application of an electric field in the latter. In order for the field to be

applied, the thin film sample should be sandwiched between two electrodes. One of

the electrodes should be transparent, and is usually either fluorine- or indium- doped

tin oxide (FTO or ITO). The other electrode is metal (aluminium, gold etc.) which is

evaporated on top of the film. As a result, the measurements are done in reflectance

mode, with illumination coming from the glass side of the sample and the probe beam

reflecting off of the metal electrode. Furthermore, as can be seen in figure 2.3, an insu-

lating layer is required between the transparent conductive oxide and the active layer.

The purpose of this insulating layer is to prevent the active layer from being oxidised

or reduced at the electrodes.
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Figure 2.3: Cross section of a typical EDA/TREAS sample showing the different layers
as well as the path of the white light probe.

The electric field across the sample is modulated at half the amplifier frequency

(500 Hz) using square pulses generated by a function generator (Tektronix AFG 2001,

from -10 to 10 V, 100 µs duration), allowing for signal with and without the field to be

acquired simultaneously. The current responses across the samples are recorded using

a 50 Ω series load with a 400 MHz bandpass oscilloscope (Tektronix TDS 3044B). The

signal and reference beam are once again dispersed into two separate spectrographs

(SR163, Andor Instruments) and detected shot-to-shot at 1 kHz by 512 x 58 pixel back-

thinned CCD cameras (Hamamatsu S07030-0906).

2.4 Time-of-flight

Time-of-flight (TOF) is an experimental technique that can be used to monitor charge

transport in materials, allowing for the mobility of materials to be calculated.14 It is

of particular use in organic systems where the mobility is often too low to be found

using other experimental techniques such as TREAS or time-resolved terahertz spec-

troscopy.15

Unlike the techniques seen previously, TOF experiments involve measuring pho-

tocurrent. Upon photoexcitation of the sample, electron-hole pairs are generated and

are subsequently split into free charges by the applied electric field. This results in an

55



Chapter 2

increase in the photocurrent. Once split, one of the charges is immediately collected

by the nearby electrode, resulting in a partial decrease in the photocurrent. The other

charge traverses the sample to be collected at the counter electrode.

The time taken for the charges to travel across the sample, which is experimentally

seen as a decrease in the photocurrent, is called the transit time. This can be used in

the following equation to calculate the mobility, µ:

µ =
d2

E · ttr
(2.8)

where d is the sample thickness, E the voltage applied across the sample and ttr the

transit time obtained from the TOF measurement.

As well as giving information on the mobility of the sample, the shape of the pho-

tocurrent curve can also give insight into the transport regime (dispersive vs non-

dispersive).

The main difficulty with TOF measurements is being able to fabricate a suitable sam-

ple, consisting of the active layer sandwiched between two electrodes. The difficulty

in sample preparation comes from the active layer thickness - typically it should be on

the order of microns. This is necessary as it results in a homogeneous layer of charges

being created upon photoexcitation, as the penetration depth of the light is far smaller

than the overall sample thickness.

Experimental setup

The excitation source was provided by a Nd:YAG Q-switched laser (Continuum

Powerlite-7030) with a frequency-tripled output (355 nm) and a repetition rate of 0.2-

20 Hz. This output was used to pump a broadband optical parametric oscillator (OPO-

355, GWU) allowing for the excitation wavelength to be tuned. For TOF measurements,

the laser was operated in a single shot mode. A 24 V series battery was used to apply a

voltage across the sample during the measurement.
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Typically, measurements were averaged over 10 shots in order to minimise the im-

pact of oscillations, and between each measurement the voltage was switched off allow-

ing the carriers to return to equilibrium. The photocurrent response from the sample

was reported using an oscilloscope (DPO 7104, Tektronix, 1 MΩ). A capacitor and a

variable resistance box were placed in parallel to the battery in order to adjust the RC

constant of the circuit. A diagram of the circuit can be seen in figure 2.4.
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Figure 2.4: Scheme representing the circuit used for TOF measurements. The values
of the variable capacitor and resistance box represent typical values used during TOF
measurements, although they could be altered to adjust the RC constant of the circuit.
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(9) A. Deviźis, A. Serbenta, K. Meerholz, D. Hertel and V. Gulbinas, Phys. Rev. Lett.,

2009, 103, 1–4.
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O. Ouellette, P. Ahlawat, V. Škorjanc, E. John, B. Yang, L. Pfeifer, C. E. Avalos,

L. Pan, M. Mensi, P. A. Schouwink, J. E. Moser, A. Hagfeldt, U. Rothlisberger,

S. M. Zakeeruddin and M. Grätzel, ACS Energy Lett., 2021, 6, 3650–3660.

60



3 Mechanism of ultrafast intrinsic charge

generation in pentamethine cyanine dyes

-

+

+

+

+

+

-

-

-

-

+

-

1

2

H-aggregate Monomer

580 nm 
excitation

Charge 
transfer 

quenching

61



Chapter 3

This chapter is based on the publication “Critical role of H-aggregation for high-

efficiency photoinduced charge generation in pristine pentamethine cyanine salts”.1

Transient absorption spectroscopy is used to unravel the intrinsic charge generation

mechanism in a neat pentamethine cyanine dye, providing the first direct proof of high

efficiency intrinsic charge generation. Following this, the impact of the counterion on

the charge generation process is assessed; finally, electroabsorption spectroscopy and

time-of-flight were employed to determine the impact of the counterion size on charge

transport within the dyes.

The contributions from collaborating co-authors is gratefully acknowledged. J. M.

Moreno-Naranjo aided with time-of-flight measurements. A. Billion and D. Kratzert

synthesised and performed x-ray crystallography and Hirshfeld analysis on the Cy5-

[Al(pftb)4] and Cy5-[Al(pfad)4] dyes. E. Hack performed ellipsometry measurements

and Linfeng Pan acquired the SEM images.

3.1 Introduction

Cyanine dyes are a class of material that have a long history in the field of organic

photovoltaics.2 The first evidence of photoconductivity in cyanine thin films was pre-

sented in 1965. Since this period, they have been used extensively in organic photo-

voltaics, typically in combination with fullerene-based acceptors such as C60. One ben-

eficial property of cyanine dyes is their high extinction coefficient (typically exceeding

105 L mol-1 cm-1),3 which allows them to be successfully used in bilayer architecture

devices. The active layer can be thin enough to circumvent issues that typically thwart

the performance, such as exciton recombination before diffusion to the donor/acceptor

interface has occurred.4,5 This makes them ideal systems for studying ultrafast charge

transfer processes, as the morphology is far simpler than in bulk heterojunction de-

vices.

As mentioned in the introduction, cyanine dyes comprise of a positively charged

chromophore paired with a counterion which can be easily exchanged using ion ex-
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change techniques.6 This allows for a wide variety of counterions to be employed, in-

cluding weakly coordinating anions (WCAs).7 By changing the counterion, it is possible

to impact the thin film properties as well as the device performance.8,9

In the past, studies focused on exploring the ultrafast processes in cyanine dyes

have tended to concentrate on the fundamental photophysics of cyanine dyes in solu-

tion, such as its triplet state characteristics10 and the dynamics of higher-lying excited

states.11 Meanwhile, in the OPV field, the majority of studies pertaining to ultrafast

processes in cyanine-based OPVs have been focused on cyanine/C60 bilayers.12 More

recently, however, evidence has shown that photocurrent generation can occur in a neat

cyanine thin film in spite of the absence of a donor/acceptor interface.13 Furthermore,

the charges that are generated exhibit a long carrier lifetime as a result of reduced

recombination, thus providing potential material design concepts for future photodi-

odes. Cyanine dyes have already been used in different photodiode designs because of

their narrow-band absorption, ability to form J-aggregates and the possibility of tuning

their absorption spectra for high absorption in the near-infrared.14–18

Previously, intrinsic photogeneration of charges has been seen in single layer SubNc

and SubPc devices, where the charge generation was attributed to the high dielectric

constant resulting in efficient screening thus allowing free carrier generation.19,20 How-

ever, their performance is still limited, and so cyanine dyes could be used as a suitable

alternative for single layer photodiodes.
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3.2 Results and discussion

3.2.1 A comparison between solution and thin film

Initial thoughts on the charge generation process in neat pentamethine cyanine

dyes focused on the role of H-aggregates, and in particular the impact they could

have on the charge carrier lifetime. Therefore, it was first necessary to deter-

mine which spectral features arise due to aggregation. The first cyanine dye stud-

ied was 1,3,3-trimethyl-2-[5-(1,3,3-trimethyl-1,3-dihydro-indol-2-ylidene)-penta-1,3-

dienyl]-3H-indolium hexafluorophosphate, which will from now on be referred to as

Cy5-P. A solution and thin-film sample of Cy5-P were compared in order to determine

the spectral characteristics arising due to aggregation of the Cy5 chromophore, the

structure of which is shown in figure 3.1.

NN

Figure 3.1: Structure of the Cy5 chromophore.

The normalised absorption spectra of the Cy5-P solution and thin film can be seen

in figure 3.2. The sharp peak at around 640 nm in the solution spectrum corresponds

to the Cy5 monomer (0,0) transition, whilst the shoulder peaks at wavelengths < 600

nm can be assigned to vibronic transitions.

In comparison, the absorption spectrum of the thin film shows two distinct peaks.

The first of these, at 680 nm, corresponds to the Cy5 monomer and is red shifted as

expected. The second peak, at 620 nm, is assigned to the absorption of the Cy5 dimer;

this peak is broadened in the blue region due to higher order H-aggregates present in

the film.21 When comparing the steady state absorption spectrum with the absorption

coefficient, as measured using ellipsometry, it is evident that there is little difference
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(figure B.1). This allows us to conclude that reflectance and interference only represent

minor contributions to the absorption spectrum.
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Figure 3.2: Absorption spectra of Cy5-P in acetonitrile (blue) and as a thin film (red).

Following on from the steady state absorption spectra, transient absorption (TA)

spectra were measured for both the solution (figure 3.3 a) and the thin film (figure 3.3

b) with both samples being excited at 580 nm.

In the TA spectrum of the solution, four main features are present: two positive

features at 450 and 500 nm, alongside two negative features at 540 – 615 nm and 650

nm. The two positive peaks can be assigned to the same species, as they show the same

temporal dependence. Furthermore, they also exhibit no fluence dependence (figure

3.3 c and figure B.2), and so can be assigned to S1 → Sn transitions. This excited

state absorption (ESA) feature is also similar to those that have been seen previously.22

Previous studies have also shown the presence of another positive feature, appearing

further into the red region, corresponding to trans-cis photoisomerisation occurring

on a nanosecond timescale.23 This is not present in these spectra, however, due to the

shorter time window of the measurements. The broad negative band between 540 and

615 nm is assigned to the ground state bleaching (GSB), due to its resemblance to the

steady state absorption spectrum. Finally, the feature at 650 nm is assigned to the
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stimulated emission (SE).

Focusing now on the TA spectrum of the thin film, only three features are present.

The two negative features, at 550 - 670 nm and 680 - 720 nm, can be assigned to the

GSB of the H-dimer and a combination of the GSB and SE, respectively. The positive

feature, unlike in the solution spectrum, consists of a single peak at 470 nm which

also undergoes a red-shift over time (from 470 nm at 0.1 ps to 495 nm at 1000 ps).

Furthermore, the kinetics of this feature are also different to that of the ESA feature

seen in the solution spectrum.
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Figure 3.3: Transient absorption spectra of Cy5-P (a) in solution and (b) as a thin film.
Samples were excited at 580 nm, and are normalised for ease of comparison. c) Kinetic
traces, taken at 500 nm, of Cy5-P in solution measured at different fluences.
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3.2.2 The search for oxidised species

Considering that the previously proposed mechanism for intrinsic charge generation

in Cy5-P involved the generation of redox species, it was postulated that the single

positive feature in the TA spectrum of the Cy5-P thin film could arise as a result of

absorption from oxidised Cy5 chromophores.

In order to confirm this hypothesis, nitrosyl tetrafluoroborate (NOBF4) was used to

oxidise Cy5-P in solution before spincasting to yield a thin film. The absorption spec-

trum of the film, shown in figure 3.4, shows a single peak at 470 nm which corresponds

to the positive feature seen in the TA spectrum. After de-doping for several hours, the

absorption spectrum of the Cy5 monomer reappears. Seeing as the film was spincast

from a 1:2.5 mol/mol solution of Cy5-P:NOBF4 in acetonitrile, the large amount of salt

present inhibits higher order Cy5 H-aggregates from forming, thus explaining the lack

of peak broadening of the H-dimer peak after de-doping in air.
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Figure 3.4: Absorption spectra of a thin film of Cy5-P:NOBF4 1:2.5 mol/mol blend
ratio at different times after sample preparation.

Therefore, due to its similarity to the peak present in the TA spectrum, we are

tempted to assign this feature in the TA spectrum to oxidised monomer species (Cy5+)
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formed upon photoexcitation. However, previous studies on electrochemically reduced

pentamethine cyanine dyes revealed similar spectra for the neutral and dicationic rad-

icals and so we are unable to completely exclude the possibility of the positive feature

arising from reduced cyanine chromophores (Cy5-).24 Neutral cyanine radicals are un-

stable and promptly dimerise, which would explain why we are unable to see them in

steady state measurements.

3.2.3 Impact of interchromophore distance

Having established the presence of redox cyanine chromophores upon photoexci-

tation, the next step was to explore the impact of the interchromophore distance on

the charge generation process. To achieve this, polymethylmethacrylate (PMMA) was

added to Cy5-P in various molar ratios and the steady state absorption spectra of the

resulting films were measured.
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Figure 3.5: Normalised absorption spectra of varying ratios of PMMA:Cy5-P (left). Ra-
tio of H-dimer:monomer peak height as a function of the PMMA:Cy5-P blend ratio
(right).

As the proportion of PMMA increases (figure 3.5), there are three changes that oc-

cur to the absorption spectrum of the Cy5-P. Firstly, there is a blue shift in the Cy5

monomer peak. Secondly, there is a decrease in the H-dimer peak height. Finally, there

is also a decrease in the broadening of the Cy5 H-dimer peak. These three changes are

caused by a decrease in the degree of aggregation within the film.
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From the TA spectra shown in figure 3.6 a and figure B.3, it is evident that as the pro-

portion of PMMA in the PMMA:Cy5-P blend increases from 0:1 to 12:1 the positive fea-

ture transforms from one to two peaks, which corresponds to the singlet excited state

absorption as observed previously in solution. This confirms that the single positive

peak in the TA spectrum of a thin film of neat Cy5-P occurs when the chromophores

are closely packed allowing for a charge transfer process to take place resulting in the

generation of redox species. Global analysis was carried out, with the data being fitted

with a bi-exponential function (figure B.4), yielding the decay associated spectra seen

in figures 3.6 b-e. The first component, in red, corresponds to the decay of the excited

state absorption, whilst the second component in blue can be assigned to the decay of

the oxidised/reduced species following hole transfer from the aggregate excited state

to a monomer in the ground state. As the proportion of PMMA increased, there is an

increase in both of the time constants, and the rate constants for the different blends

display a linear dependence with increasing proportion of PMMA (figure 3.6 f).

Since the charge transfer kinetics are very sensitive to the intermolecular distance be-

tween the donor and acceptor, these results allow us to confirm our hypothesis that the

positive feature corresponds to photoinduced charge separation within the films. Fur-

thermore, it is evident from the decay associated spectra that the charge transfer con-

tinues to occur in spite of the fact that the degree of aggregation is radically changed.

These results led us to propose two possible mechanisms for the intrinsic charge

generation in Cy5-P, both of which involve H-aggregates. The first mechanism, shown

in equation 3.1, involves direct excitation of H-aggregates into higher energy exciton

bands, from which reductive quenching by the monomer species occurs.

Cy5 + (H)Cy5 + hν→ Cy5 + (H)Cy5*→ Cy5++ (H)Cy5- (3.1)

Cy5 + (H)Cy5 + hν→ (H)Cy5 + Cy5*→ Cy5+ + (H)Cy5- (3.2)

69



Chapter 3

-1.0

-0.5

0.0

0.5

1.0

A
/A

 (N
or

m
al

is
ed

)

550500450400
Wavelength / nm

750700650

 0:1
 1:1
 8:1
 12:1

0.3

0.2

0.1

0.0

-0.1

A 
/ 1

0-3
550500450400

Wavelength / nm
750700650

 1 = 0.85 ps
 2 = 47 ps

0.3

0.2

0.1

0.0

-0.1

-0.2

-0.3

A 
/ 1

0-3

550500450400
Wavelength / nm

750700650

 1 = 2.0 ps
 2 = 62 ps

-0.2

-0.1

0.0

0.1

0.2

A 
/ 1

0-3

550500450400
Wavelength / nm

750700650

 1 = 3.4 ps
 2 = 75 ps

-0.2

-0.1

0.0

0.1

0.2

A 
/ 1

0-3

550500450400
Wavelength / nm

750700650

 1 = 8.4 ps
 2 = 103 ps

25

20

15

10

5

R
at

e,
 k

 / 
ns

-1

14121086420
PMMA:Cy5-P Ratio

a) b)

c) d)

e) f)

Figure 3.6: a) Normalised TA spectra for 0:1, 1:1, 8:1 and 12:1 blends of PMMA:Cy5-P
taken at a time of 1 ps. Samples were excited at 580 nm with a fluence of 30 µJ cm-2.
(b)-(e) Global fits for different PMMA:Cy5-P blends (1:1, 4:1, 8:1 and 12:1). (f) Plot
showing the rate of electron transfer as a function of PMMA:Cy5-P blend ratio.
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The other possibility is that the charge transfer can proceed via electron transfer

from the photoexcited monomer species (equation 3.2). Both of these symmetry-

breaking charge separation mechanisms involve H-aggregates and result in the for-

mation of the redox species that we see as the positive feature at 470 nm in the TA

spectrum. H-aggregates play a vital role in the charge generation process, as they en-

sure the necessary symmetry-breaking and the thermodynamic driving force to yield

the charge separated pair. Upon the formation of H-aggregates, the anions are situated

outside of the positively charged stack, giving rise to a local electric field which lowers

the energy levels of the H-aggregates with respect to those of the Cy5 monomers.

After undergoing charge separation onto well separated sites, the positively charged

hole is shielded from recombination by the negatively charged anions which surround

the aggregates. One would expect this to lead to an increase in the charge carrier life-

time, as reported previously.13 However, this long charge carrier lifetime is not seen

in these measurements as a result of a much larger concentration of charge carriers

produced at the laser excitation intensity, resulting in increased bimolecular charge

recombination.

3.2.4 Changing the counterion

Having determined the presence of aggregate oxidised species within the photoex-

cited film and elucidated the charge transfer process, the impact of the counterion on

the charge generation process was subsequently investigated.

Alongside the original hexafluorophosphate anion (Cy5-P), three other counterions

were studied in combination with the same cationic chromophore: chloride (Cy5-Cl),

tetrakis(nonafluoro-tert-butoxy)aluminate (Cy5-[Al(pftb)4]) and tetrakis(perfluoro-1-

adamantoxy)aluminate (Cy5-[Al(pfad)4]). The structure of the four counterions are

shown in figure 3.7, and their volume increases from 0.029 nm3 for the chloride coun-

terion up to 1.194 nm3 for the largest [Al(pfad)4] counterion.
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Figure 3.7: Structures of the different counterions: Cl-, PF6
-, [Al(pftb)4]- (left) and

[Al(pfad)4]- (right).

Hirshfeld analysis was conducted on the crystal structures of the different Cy5 dyes

in order to generate potential surfaces of the dyes.25 These were in turn used to generate

the fingerprint plots shown in figure B.5.26

Fingerprint plots show the different distances of inter- and intra-molecular contacts,

as well as the distribution of the distances. From these plots, it is evident that as the

anion size increases the mean inter-chromophore distance increases. In addition, the

dominating H-H cation-cation intermolecular contacts in Cy5-P (accounting for 51.7%

of the intermolecular interactions) are replaced by other inter-molecular interactions

as the anion size increases, evidenced by the H-H cation-cation intermolecular contacts

only accounting for 13.6% of the contacts in the largest Cy5-[Al(pfad)4] dye.

This increase in inter-chromophore distance results in a decrease in the degree of

aggregation within the film. This is evident from the steady state absorption spectra

(figure 3.8 a), where we see a blue shift in the Cy5 monomer peak, as well as a decrease

in the ratio of the H-dimer:monomer peak height and a reduced full width at half

maximum (FWHM) upon an increase in anion size.
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Figure 3.8: (a) Normalised absorption spectra and (b) normalised transient absorption
spectra of Cy5 thin films incorporating different counterions. (c)-(f) Global fits for Cy5
thin films incorporating different counterions (Cl-, PF6

-, [Al(pftb)4]- and [Al(pfad)4]-).
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The anion size also has a notable impact upon the TA spectra (figure 3.8 b). With

increasing anion size, there is an increase in the relative intensity of the stimulated

emission which is caused by a decrease in energetic disorder thus leading to a decrease

in self quenching.27 Such an increase is also seen in the steady state photoluminescence

spectra (figure B.6). Furthermore, as the anion size increases, there is a slight shift in

the positive feature at 470 nm, and a second peak begins to be resolved. This can be

explained by a diminishing contribution of the H-aggregates, and reflects the results

obtained for the PMMA:Cy5 blends. The fabricated thin films were reproducible, with

the absorption spectra being identical between batches. Therefore, we can conclude

that any differences in the photophysics between the dyes incorporating the different

counterions are due to differences in aggregation, and not due to any structural defects

that may occur during film formation.

Global analysis was once again conducted on the TA spectra, with the data being

fitted with a tri-exponential function (figure B.7) yielding the decay associated spectra

shown in figures 3.8 c-f; these spectra allowed us to estimate the quantum yield for

the charge separation process in each of the dyes. A tri-exponential function was used

as there are three components which contribute to the TA spectrum. As before, the

first two components correspond to the decay of the excited state absorption (in red)

and the decay of the oxidised/reduced Cy5 chromophore (in blue). The final compo-

nent, in green, can be assigned to the recombination of the separated charges. In order

to estimate the quantum yield of the charge separation process, the area beneath the

positive feature of the curve for the red and blue components, Ar and Ab, was found

and divided by the extinction coefficients of the Cy5 chromophore and the oxidised

chromophore, respectively. This gives the following expression for the quantum yield:

Quantum Yield (%) =

Ab
εox

Ar
εch

+ Ab
εox

(3.3)

where εch and εox are the extinction coefficients of the Cy5 chromophore and its ox-

idised chromophore, respectively. The extinction coefficient of the Cy5 chromophore

was taken as 2.1 x 105 L mol-1 cm-1. The extinction coefficient of the oxidised species
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was estimated from the oxidation experiments with NOBF4, where it was found that

the extinction coefficient was ∼ 52% of that of the Cy5-P dye in the ground state. This

gives an extinction coefficient of ∼ 1.1 x105 L mol-1 cm-1 for the purpose of the quan-

tum yield calculation.

The quantum yield of the charge separation process was found to be 83% and 86%

for the Cy5-Cl and Cy5-P systems, respectively. The yield then decreases to 71% and

78% for the two aluminium-based analogues Cy5-[Al(pftb)4] and Cy5-[Al(pfad)4]. This

decrease in yield for the larger counterions further confirms that the interchromophore

distance, and as a consequence the degree of aggregation, plays a key role in the in-

trinsic charge generation process. In the films with the larger counterions, the coun-

terions are sufficiently large to ensure that higher order H-aggregates do not readily

form which leads to a reduction in electron transfer from photo-excited monomer chro-

mophores to the aggregates.

3.2.5 Charge transport

The final part of this chapter focuses on the impact of anion size on charge transport

within neat pentamethine cyanine dyes. In order to achieve this, electroabsorption and

time-resolved electroabsorption spectroscopy (TREAS) were used.

The electroabsorption spectra of the Cy5 dyes incorporating the different counte-

rions all display similar shapes (figure 3.9), although there is a clear red shift in the

positive feature from 475 nm to 550 nm as the anions increase in size from Cl- to

[Al(pfad)4]-. As the shape of the electroabsorption spectrum is directly related to the

derivative of the absorption spectrum, this red shift arises from a decrease in higher

order H-aggregates upon increasing anion size.

The electroabsorption spectra were fitted with a linear combination of the zeroth,

first and second derivative of the absorption spectrum of each dye. The accuracy of the

fit is determined by the number of transitions behind each absorption band. The fits

(figure B.8) for the Cy5-Cl and Cy5-P dyes are reasonably accurate. However, the fits
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Figure 3.9: Electroabsorption spectra (red) alongside the first and second derivatives
of the absorbance spectra (dashed black and purple lines, respectively) of Cy5 thin
films incorporating different counterions: (a) Cl-, (b) PF6

-, (c) [Al(pftb)4]- and (d)
[Al(pfad)4]-.

for the Al-based analogues are inaccurate, which implies that in the two films incorpo-

rating the larger anions there is inhomogeneity in the polarisability and the permanent

dipoles on a short length scale (tens of nm) and that the film is locally disordered.

Furthermore, any aggregates that are present in these films do not exhibit uniform

properties.28

The results from the TREAS measurements, which were carried out to determine the

mobility in each dye, proved inconclusive. This is because of the poor carrier mobility

in the cyanine dyes resulting in there being minimal evolution in the electroabsorption

spectra over the time window of the measurement (approximately 1.2 ns). This issue

could possibly be overcome by decreasing the layer thickness or increasing the voltage;
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however, as the films were already very thin (20-50 nm) and high voltages leave the

samples susceptible to short-circuits, neither of these solutions were feasible in this

scenario. Therefore, time-of-flight was used instead.

Due to issues with sample preparation for the Cy5-[Al(pfad)4] dye, only the mobility

of the Cy5-Cl, Cy5-P and Cy5-[Al(pftb)4] dyes were investigated. The samples, consist-

ing of a glass/FTO/Al2O3/Cy5-X/Al structure, were excited at 630 nm with an applied

voltage of 8 V yielding a photocurrent curve for each sample (figure B.9). By construct-

ing asymptotes on the graphs, it was possible to estimate the transit time, whereby the

intersection of the asymptotes corresponds to the transit time.29 This was used, along-

side the sample thickness determined by cross-sectional scanning electron microscopy

(SEM) (figure 3.10 and figure B.10), to calculate the carrier mobility of each dye:

µ =
d2

E · ttr
(3.4)

where d is the sample thickness, E the voltage applied across the sample and ttr the

transit time.

165 nm

Figure 3.10: Cross-sectional SEM image of a Cy5-[Al(pftb)4] TOF sample, with the
Cy5-[Al(pftb)4] layer marked in red.
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As evident from Table 3.1, the mobility values are reasonably similar irrespective

of counterion size, and are similar to those found in other organic salt photovoltaic

systems.2 This is an interesting result as one would expect there to be a decrease in

mobility with increasing anion size as a result of the chromophores being further apart,

thus reducing the rate of charge hopping.

Table 3.1: Transit times and mobility values for different Cy5-X salts

Anion Transit Time / µs Mobility / 10-6 cm2 V-1 s-1 Thickness / nm

Cl- 2.47 ± 0.04 6.12 ± 0.09 110

PF6
- 2.75 ± 0.13 3.69 ± 0.18 90

Al(pftb)4
- 5.92 ± 0.30 5.75 ± 0.29 165

However, whilst the average interchromophore distance increases with increasing

anion size and the percentage of interacting cation-cation surfaces is reduced by a fac-

tor of 4 (from 51.7 to 13.6%), the sections of cation that allow charge transfer remain

intact. As a result, even with the largest anions, it is not possible to completely break

the interaction paths across the entire film. Therefore, we can conclude that the carrier

mobility of the dyes with the larger anions are similar to that of the dyes incorporat-

ing smaller counterions, as the larger inter-chromophore distance is mitigated by the

decrease in the degree of aggregation and subsequent minimisation of charge trapping

by H-aggregates. Due to limitations with sample preparation, it was not possible to

conclusively determine the transport regime (dispersive vs. non-dispersive) as it was

difficult to get a sufficiently thick active layer. This also results in a certain amount

of uncertainty with regard to the mobility values found. However, whilst the absolute

values may not be correct, we believe that the mobility values of the three cyanine dyes

tested are similar and so the conclusions drawn remain valid.
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3.3 Conclusion

Here it has been shown, using transient absorption spectroscopy, that photogenera-

tion of oxidised Cy5 monomer species can occur in cyanine dyes incorporating small

counterions such as chloride or hexafluorophosphate. This has allowed us to confirm

the charge generation mechanism in these materials, providing the first direct proof of

high efficiency intrinsic charge generation in organic salt semiconductors. There are

two possible mechanisms: the first proceeds via photoexcitation of monomer species

followed by electron transfer to ground state aggregated chromophores, whilst the sec-

ond involves direct excitation of H-aggregates followed by reductive quenching by the

monomer species. The charge transfer process in these dyes can occur with a yield of

up to 86%. The involvement of H-aggregates is vital, as they ensure the necessary sym-

metry breaking and provide the thermodynamic driving force for the charge transfer

process. The impact of the counterion size on the charge transfer process was then de-

termined, with two large aluminium based counterions, [Al(pftb)4]- and [Al(pfad)4]-,

being studied alongside the chloride and hexafluorophosphate anions. Both steady

state and transient absorption measurements demonstrated that monomer oxidised

species were present to a lesser extent in the samples containing the two larger anions

as well as in measurements where the cyanine dye was diluted in PMMA. These results

allowed us to conclude that in pentamethine cyanine dyes, where the dye is sufficiently

large, higher order H-aggregates are not present in high concentration due to the spatial

separation of the Cy5 chromophores, thus diminishing the process of charge genera-

tion. However, despite this increase in spatial separation, time-of-flight measurements

showed that the carrier mobility remains similar irrespective of the counterion used.

This is because the increased interchromophore distance, which one would expect to

lead to a reduction in the charge carrier mobility, is counterbalanced by the decrease in

charge trapping due to the suppression of H-aggregates.
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3.4 Sample preparation and experimental methods

The cyanine dyes 1,3,3-trimethyl-2-[5-(1,3,3-trimethyl-1,3-dihydro-

indol-2-ylidene)-penta-1,3-dienyl]-3H-indolium chloride and its hexaflu-

orophosphate analogue were purchased from FEW chemicals, Germany.

The tetrakis(nonafluorotertbutoxy)aluminate and tetrakis(perfluoro-1-

adamantoxy)aluminate analogues were synthesised and provided by the group of

Prof. Ingo Krossing (University of Freiburg, Germany).

Solutions of Cy5-Cl and Cy5-P were prepared by dissolving the dye in acetonitrile

(8 mg/mL), whilst the two Al-based analogues were prepared by dissolving the dyes in

ethanol (8 mg/mL).

Thin films for TAS were prepared by spincasting the prepared solutions of Cy5-X

dyes onto cleaned glass substrates at 6000 rpm for 60 s inside a glovebox.

Samples for EDA and TREAS were prepared on FTO-patterned glass. Spincasting

aluminium sec-butoxide (0.25 M) in 2-methoxyethanol, burning at 500 °C for 1 hour,

and repeating 3 times yielded a 30 nm thick Al2O3 insulating layer. The cyanine dyes

were then deposited as mentioned above, followed by thermal deposition of an alu-

minium top electrode.

Samples for time-of-flight were also prepared on FTO patterned glass substrates with

6 layers of alumina prepared as above. The cyanine dyes were deposited by spincasting

the Cy5-X solutions at 2000 rpm for 60 s.

Thin film thickness was determined using both ellipsometry (J.A. Woollam M2000-

VI) and cross-sectional SEM (Zeiss Merlin).
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J. Heier, ChemPhysChem, 2018, 19, 3356–3363.
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4 Charge separation processes in squaraine

dyes and spiro-OMeTAD
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In the previous chapter, intrinsic photoinduced charge generation proceeding via a

symmetry-breaking process was evidenced in neat cyanine dye thin films. The first part

of this chapter focuses on whether such a symmetry-breaking charge separation (SB-

CS) process could occur in other materials such as neat squaraine dye thin films. Steady

state and ultrafast transient absorption techniques were used to probe the impact of

sample preparation and aggregation on the photogenerated species in neat squaraine

dye thin films and to determine if redox species were generated after photoexcitation.

Following this, the transient spectra of squaraine/C60 bilayers were recorded to conclu-

sively determine that intrinsic charge generation is not possible in the neat squaraine

dyes studied.

The second part of this chapter is focused on the photochemistry of spiro-OMeTAD,

a material which has been used extensively in solid state DSSCs as well as perovskite

photovoltaics. TAS was used to determine that oxidised spiro-OMeTAD is formed upon

photoexcitation, even in the absence of metal-TFSI additives, as a result of a SB-CS

process.

4.1 Introduction

Squaraine dyes were first synthesised in 19651 as a result of a condensation reaction

between pyrrole and squaric acid, and their general structure consists of an electron

deficient aromatic squaric acid core with two aromatic electron donating groups at

opposite sides of the 4-membered ring.2 This gives them a donor-acceptor-donor form

thus yielding a zwitterionic structure. This structure results in squaraine dyes having

a strong absorption in the visible to near infrared region (with extinction coefficients

typically exceeding 105 L mol-1cm-1).3

Like cyanine dyes, it is also possible to tune the optical properties of squaraine dyes

enabling them to be used to good effect in organic solar cells4 and as light sensitisers

in DSSCs.5,6 The two aromatic groups can be altered and it is also possible to modify

the squaric core via nucleophilic substitution of a dicyanomethylene group, resulting
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in dicyanomethylene squaraine (DCSQ) dyes (figure 4.1). Here, the addition of the

dicyanomethylene group leads to a red shift in the absorption spectrum of the dye, due

to it being locked in the cis conformation.7

N+
C8H17

O-

CNNC

N
C8H17

Figure 4.1: Structure of the DCSQ1 dye which is locked in the cis conformation.

Outside of the field of photovoltaics, squaraine dyes have also been utilised in light-

emitting diodes,8,9 for bio-imaging10 and as short-wave infrared (SWIR) upconvert-

ers.11 There is a demand for organic based SWIR devices for a variety of applications,

as they are a more economical option when compared to the current indium gallium

arsenide (InGaAs) photodetectors.12

With respect to studying the photophysics of squaraine dyes, previous studies have

focused on investigating fluorescence lifetimes in squaraine polymer films,13 study-

ing the role of squaraine dyes in singlet oxygen production and removal14 and explor-

ing the excited state photophysics of squaraine dyes.15,16 If intrinsic charge generation

were to be possible in neat squaraine thin films, it would have important design impli-

cations for future SWIR photodiodes and OPV applications.

The second part of this chapter is focused on the organic hole transporting mate-

rial 2,2’,7,7’-tetrakis (N,N-di(4-methoxyphenylamine)-9,9’-spirobifluorene, more com-

monly known as spiro-OMeTAD. Initially used as a hole transporting material (HTM)

in solid state DSSCs,17 it has since been exploited in perovskite solar cells where its

inclusion led to improved device efficiency and stability.18,19 To alleviate the issue of

poor hole mobility, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is often added
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alongside 4-(tert-butyl pyridine), tBP, to improve device efficiency via p-doping. How-

ever, the increase in efficiency is accompanied with a decrease in device stability as the

additives lead to degradation of the perovskite layer.20

In spite of their almost universal inclusion in high efficiency perovskite solar

cells,21,22 the role of additives/dopants on the spiro-OMeTAD HTM is not fully un-

derstood; furthermore, surprisingly little work has been undertaken to explore the

photophysics of the spiro-OMeTAD itself. It is thought that the lithium cations pro-

mote p-doping of the spiro-OMeTAD by oxygen, ensuring a high conductivity via

trap-filling,23,24 whilst tBP aides in the morphological control of the spiro-OMeTAD

layer.25–27 Due to their impact on the stability, it is necessary to find other additive

materials which can have a similar p-doping effect whilst having less of a detrimental

impact on the device stability.28–30
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4.2 Results and discussion

The squaraine dye studied in this chapter, DCSQ1, is a dicyanomethylene substi-

tuted squaraine dye and its structure is shown in figure 4.1. The first results presented

here are focused on characterising thin films of DCSQ1 using steady state absorption in

order to determine their morphology, as well as factors which impact the morphology

as this could play a key role in any potential intrinsic charge generation process.
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Figure 4.2: Absorption spectrum of DCSQ1 (a) in solution and (b) as a fresh thin film,
after ageing and after annealing. Thin films were spincast from solutions of chloroben-
zene. (c) Comparison of solvent choice on the absorption spectrum. Films were spincast
from solutions of chlorobenzene and dichloroethane with (dashed line) and without
(solid line) annealing.
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The solution spectrum of DCSQ1 (figure 4.2 a) shows a main peak at 960 nm which

can be assigned to the (0,0) transition. The shoulder, appearing at 855 nm, corresponds

to a vibronic transition and is characteristic of squaraine dyes in solution.31 Further-

more, the small peaks appearing between 450 and 600 nm can be assigned to higher

order HOMO→ LUMO+1 transitions.11 In comparison, the absorption spectrum of the

neat DCSQ1 thin film has two main peaks at 995 and 845 nm which can be assigned to

the DCSQ1 monomer and H-aggregates, respectively.32 Once again the smaller peaks

between 400 and 600 nm can be assigned to higher order transitions.

Annealing the film at 70 °C for 15 minutes resulted in a decrease in the amplitude

of the DCSQ1 monomer peak relative to that of the H-aggregate peak; a similar effect

is also seen when the film was left in ambient air, with the amplitude of the monomer

peak steadily decreasing over a period of tens of hours. This allows us to conclude that

H-aggregates are the thermodynamically stable form of DCSQ1.

As well as annealing, other aspects of sample preparation can be used to alter the

degree of H-aggregation within the film. For example, by changing the solvent from

dichloroethane (DCE) to chlorobenzene (CB) it is possible to further increase the pop-

ulation of H-aggregates relative to the monomer (figure 4.2 c).

4.2.1 Understanding the transient absorption spectrum

Having acquired the steady state absorption spectra and understood the impact of

solvent choice and annealing/ageing on the degree of aggregation within the film, TAS

was conducted on the DCSQ1 thin film sample. As previously mentioned in the ”Ex-

perimental methods” section, it is possible for the detectors to be operating either in

the visible (400 - 770 nm) or the near-infrared (850 - 1050 nm). To change between

the two measurement regions, the grating for the detectors along with the bandpass

filters need to be changed; the result is that by combining two TAS measurements it

was possible to obtain the complete TA spectrum of the DCSQ1 thin film from 400 -

1050 nm which is shown in figure 4.3.
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The TA spectrum has three main features: two negative features, the first centred at

550 nm and the second ranging from 850 to over 1050 nm, alongside a broad positive

feature from 570 to 750 nm. Due to its resemblance to the steady state absorption

spectrum, the broad negative band from 850 to over 1050 nm can be assigned to the

ground state bleaching of the monomer. This feature would also be expected to overlap

with bleaching from the H-aggregates, with the overall GSB extending down to 750 nm.

The other negative peak, centred at 550 nm, corresponds to bleaching occurring as a

result of S0 → S2 transitions. Given that this squaraine dye is a potential candidate

for intrinsic charge generation, we postulated that the broad positive feature could

correspond to the formation of oxidised chromophore species, similar to what was seen

in the TA spectrum of the Cy5 thin films.
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Figure 4.3: Transient absorption spectrum of a neat pristine DCSQ1 thin film spincast
from DCE. The sample was excited at 780 nm with a fluence of 3 µJ cm-2.

In order to determine whether the positive feature corresponded to oxidised DCSQ1

species, oxidation experiments were once again carried out using nitrosyl tetrafluorob-

orate (NOBF4) and bromine vapour. Unfortunately the NOBF4 was unable to oxidise

the DCSQ1 dye in solution (figure B.11). On the other hand, the absorption spectrum

of the film following exposure to bromine vapour (figure 4.4) shows a broad positive

feature between 600 and 800 nm, which could correspond to oxidised DCSQ1. How-

ever, given the typically harsh nature of the oxidation process using bromine vapour,
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this feature could also correspond to the absorption of fragments of DCSQ1 following

destruction by the oxidation process. Therefore, both of these oxidation experiments

proved inconclusive.
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Figure 4.4: Absorption spectrum of a DCSQ1 thin film before (blue) and after (red)
exposure to bromine vapour.

4.2.2 Investigating the impact of aggregation

To assess the impact of aggregation on the TA spectrum of DCSQ1, polymethyl-

methacrylate (PMMA) was once again added in various blend ratios to DCSQ1 in solu-

tion and thin films were fabricated. Interestingly, unlike what was seen with the Cy5

dyes, the addition of PMMA had no effect on the degree of aggregation - the ratio of the

monomer and the H-aggregate peak remained more-or-less constant and all that was

observed was a dilution effect (figure 4.5 and figure B.12).

This could be caused by the DCSQ1 dye having a strong affinity for forming the

more thermodynamically stable H-aggregates, as shown by its tendency to form H-

aggregates upon annealing or ageing. Therefore, the addition of PMMA is not able to

disrupt the H-aggregates which form in the film. As a result, the TA spectra of the

resultant PMMA:DCSQ1 thin films are practically identical (figure B.13).
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Figure 4.5: Absorption spectrum of thin films of various ratios of PMMA:DCSQ1.

Having seen the impact that annealing has on the degree of aggregation in figure 4.2

c, this was instead used as a method to determine whether the degree of H-aggregation

leads to differences in the TA spectra. Pristine and annealed films, spincast from a solu-

tion of DCSQ1 in DCE, were prepared and were excited at both 780 nm and 1000 nm.

The purpose of this was to see if there were any differences when selectively exciting

the monomers vs the H-aggregates.

From figure 4.6, it is clear that in the pristine film there is little difference between

exciting at 780 and 1000 nm. Furthermore, when compared to the annealed film, the

TA spectra have the same shape, with the only difference between them being a blue

shift in the positive feature in the annealed TA spectra. This shift can be explained by

the difference in the absorption spectra of the two films (figure 4.2 b), thus causing

a change in the ground state bleaching, and therefore a shift in the isosbestic point

which arises due to the overlap of the GSB and the ESA. Given that the driving force

for the charge generation process in cyanine dyes was determined, in part, to be as a re-

sult of symmetry-breaking charge separation, the fact that the degree of H-aggregation

appears to have little impact on the TA spectrum gives another strong indication that

intrinsic charge generation does not occur in DCSQ1.
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Figure 4.6: TA spectra of thin films of (a) pristine DCSQ1 excited at 780 nm, (b) pristine
DCSQ1 excited at 1000 nm, (c) annealed DCSQ1 excited at 780 nm and (d) annealed
DCSQ1 excited at 1000 nm. Kinetic traces of the ESA feature of (e) pristine DCSQ1
and (f) annealed DCSQ1.
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4.2.3 Bilayers with C60

To conclusively determine whether intrinsic charge generation could occur in neat

DCSQ1 thin films via the generation of redox species, DCSQ1/C60 bilayers were fabri-

cated. The reasoning behind these experiments was that there should be electron trans-

fer occurring from the photoexcited DCSQ1 donor to the C60 acceptor which would

result in the formation of oxidised DCSQ1 chromophores. Therefore, the spectral sig-

natures obtained in TA measurements of DCSQ1/C60 bilayers could be compared to

those obtained for neat DCSQ1 allowing one to determine whether intrinsic charge

generation is occurring within the DCSQ1 dye.

Bilayers were fabricated with both the DCSQ1 on top of the glass (glass/DCSQ1/C60

sample structure) and C60 on top of the glass (glass/C60/DCSQ1). Both of these sam-

ples gave the same absorption spectra which can be seen in figure 4.7, along with the

TA spectra of the glass/C60/DCSQ1 bilayer and the neat C60 film. As expected, when

exciting at 780 nm the TA spectrum of C60 is almost flat and so it is possible to con-

clude that features arising from C60 excitation will not contribute to the TA spectrum

of the bilayer.

The TA spectrum of the bilayer has four main features - two negative features at 700

nm and 850 - 1050 nm alongside two positive features at 600 and 725 nm. As before,

the broad negative feature above 850 nm can be assigned to the ground state bleach-

ing. The positive feature, which spans from 725 to 850 nm appears to be made of two

separate components, each with different kinetics; furthermore, the two features at 600

and 700 nm display the same kinetic dependence as the feature at 725 nm (figure 4.7

d). This indicates that a single process is responsible for the three features at 600, 700

and 725 nm whilst a separate process is responsible for the second part of the positive

peak, centred at 820 nm. The three features at 600, 700 and 725 nm arise due to a pho-

toinduced Stark effect; following photoexcitation, charge transfer excitons (CTEs) are

formed at the interface between the DCSQ1 and the C60. These CTEs generate a pho-

toinduced electric field which gives rise to the transient Stark effect. Furthermore, they

also lead to the formation of oxidised DCSQ1, the absorption of which is responsible
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for the positive feature centred at 820 nm.

Interestingly, such a TA spectrum was only seen in the glass/C60/DCSQ1 sample

- the inverted structure gave the same TA spectrum as the neat DCSQ1 film. When

spincast on top of the C60, the DCSQ1 partially washes away the C60 resulting in a

‘melt’ morphology (more similar to that of a bulk heterojunction) as opposed to the

strict bilayer morphology achieved in the reverse structure. The more intimate mixing

of DCSQ1 and C60 domains present in the ‘melt’ morphology means that bulk Frenkel

excitons formed in the DCSQ1 can more easily undergo diffusion and charge transfer

to the C60, yielding the oxidised DCSQ1.
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Figure 4.7: (a) Absorption spectrum of the DCSQ1/C60 bilayer. Transient absorption
spectra of (b) C60 and (c) the DCSQ1/C60 bilayer. Samples were excited at 780 nm
with a fluence of 3 µJ cm-2. (d) Kinetic traces extracted from the TA spectrum of the
DCSQ1/C60 bilayer.
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4.2.4 A comparison with the cyanine system

Returning now to the TA spectrum of the neat DCSQ1 thin film, it is evident from

the lack of a positive peak at 750 - 850 nm, which would correspond to oxidised

DCSQ1 species, that there is no intrinsic charge generation process occurring within

the DCSQ1 thin films and so this feature can be assigned to excited state absorption.

Curiously, this is in contrast to the Cy5 thin films, where intrinsic charge generation

was evident. There were two contributions to the driving force for this process: firstly,

the presence of H-aggregates provides the necessary symmetry-breaking for the charge

separation to occur and, importantly, it is possible for the monomers to be in contact

with the H-aggregates ensuring sufficient orbital overlap between them. Secondly, the

H-aggregates form a cation stack with the anions on the outside, resulting in the forma-

tion of local electric fields which lead to energy level shifts thus making charge transfer

more favourable.

Given the neutral nature of the DCSQ1 dye, it is not possible for the formation of

intrinsic electric fields to occur; as a result, there is a more homogeneous energy land-

scape in the DCSQ1 dye when compared to that of the Cy5 dyes. Therefore, it is un-

likely that sufficient shifts in the HOMO and LUMO energy levels of nearby DCSQ1

chromophores could occur that would provide a thermodynamic driving force for the

charge separation process.

Furthermore, given that H-aggregate formation is thermodynamically favourable,

it is likely that there would be phase separation between the H-aggregates and the

DCSQ1 monomers. Such a phase separation would result in sufficient spatial separa-

tion between the monomers and aggregates ensuring that a SB-CS process could not oc-

cur. In the Cy5 films, it is likely that there is greater mixing between the Cy5 monomer

and H-dimer domains, ensuring that SB-CS can take place.
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4.2.5 Spiro-OMeTAD redox photochemistry

So far we have seen two different organic systems relevant to the field of organic pho-

tovoltaics and optoelectronics which differ in their ability to undergo intrinsic charge

generation. This section focuses on spiro-OMeTAD (figure 4.8) which, as mentioned in

the introduction to this chapter, is not a dye but rather a material frequently used as a

HTM in perovskite solar cells as well as in solid-state DSSCs and OPVs.

N NMeO

OMe OMe

OMe

N NMeO

OMe OMe

OMe

Figure 4.8: Structure of spiro-OMeTAD.

During the preparation of spiro-OMeTAD thin films, it was seen that if the solution

was exposed to light for 20 minutes whilst still in an argon atmosphere, a colour change

occurred. The steady state absorption spectra of two spiro-OMeTAD solutions, with

one being exposed to light and the other not, are shown in figure 4.9. Despite sample

preparation taking place in the absence of oxygen, it is evident that a photooxidation

process takes place resulting in the solution changing colour from colourless to light-

red

To explain the mechanism of anaerobic photooxidation of spiro-OMeTAD, TA was

used and the resulting spectra of thin films of neat spiro-OMeTAD and with La(TFSI)3
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added are shown in figure 4.10. Metal-TFSI salts are commonly used additives in spiro-

OMeTAD to improve device efficiency; here, La(TFSI)3 was used in place of LiTFSI due

to it enhancing the device stability whilst maintaining a high efficiency.
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Figure 4.9: Absorption spectra of spiro-OMeTAD in chlorobenzene before (green) and
after (red) exposure to light. The solution was prepared in the absence of oxygen.

The two TA spectra are remarkably similar, both displaying a broad positive feature

between 460 and 650 nm. This positive feature is thought to possibly be a combination

of the excited state absorption and product absorption resulting from the generation of

photooxidised spiro-OMeTAD. Global analysis was therefore used to disentangle the

various spectral components which contribute to the overall spectral shape, as well as

give the lifetimes of the photogenerated species.

A bi-exponential function was used to fit the TA data, giving the decay associated

spectra. Of the two absorption bands present, the one centred at 525 nm can be as-

signed to the decay of the oxidised spiro-OMeTAD+, whilst the red shifted band cor-

responds to the decay of the excited state absorption. The time constants extracted

from the global analysis procedure indicate that in the neat spiro-OMeTAD film, the

excited state absorption features give way to the product absorption of the oxidised

spiro-OMeTAD on the picosecond timescale; the absence of an oxidant in the system

implies that the spiro-OMeTAD+ must be generated via an intrinsic charge separation
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process.
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Figure 4.10: TA spectra of (a) neat spiro-OMeTAD, (b) with La(TFSI)3 added, (c) with
tBP added and (d) with La(TFSI)3 and tBP added. Samples were excited at 389 nm with
a fluence of 12.5 µJ cm-2. Decay associated spectra obtained by fitting the TA data of
spiro-OMeTAD (e) with tBP added and (f) with tBP and La(TFSI)3 added. The spectra
were fitted with a bi-exponential function.
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As was the case with the cyanine thin films, the spiro-OMeTAD can undergo a pho-

toinduced SB-CS process resulting in the generation of redox spiro-OMeTAD species

as shown in the following equation:

2 spiro-OMeTAD + hν→ spiro-OMeTAD+ + spiro-OMeTAD- (4.1)

It is expected that the reduced spiro-OMeTAD- absorbs further in the UV, and so the

product absorption feature arising from its generation is outside the window of these

TA measurements. The generation of oxidised spiro-OMeTAD occurs in 17 ps, and

is unaffected by the addition of tBP. The oxidised spiro-OMeTAD decays with a time

constant of 560 ps and, due to the fluence independence of this feature (figure 4.11),

we can conclude that the oxidised species undergoes geminate recombination with the

as-of yet spectrally unseen reduced species.
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Figure 4.11: Kinetic traces extracted at 510 nm, showing the fluence dependence of the
oxidised spiro-OMeTAD feature.

The thermodynamic driving force for the SB-CS could arise from intermolecular

interactions within the thin film which could lead to small shifts in the HOMO and

LUMO energy levels - this is shown in figure 4.12, where the molecule with the shifted

energy levels is denoted as spiro’.
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Upon addition of La(TFSI)3 to the spiro-OMeTAD, there is little difference in the TA

spectrum and kinetics, as mentioned previously. However, when tBP is added along-

side the La(TFSI)3, the time constant for the generation of oxidised spiro-OMeTAD+

reduces to 2.6 ps. This reduction implies that there is a larger thermodynamic driving

force for SB-CS; this can be explained by the fact that the metal can form complexes

with tBP which enhances the energy level shift of spiro’, thus resulting in an increased

driving force and therefore a faster rate of charge separation. A similar catalytic effect

is seen when other M3+(TFSI)3 salts are added, alongside tBP, to the spiro-OMeTAD

(figure B.14).

Spiro

h

e-

e-

x
Spiro’

[ M(tBP)n ]3+

Figure 4.12: Scheme showing the symmetry-breaking charge separation process in
spiro-OMeTAD. The curved blue arrow shows the scavenging of reduced spiro-
OMeTAD by the trivalent lanthanide ions.

The high efficiency of the perovskite devices is maintained as the trivalent metal ions

are able to scavenge the reduced spiro-OMeTAD anions (shown by the blue arrow in

figure 4.12) resulting in efficient p-doping of the spiro-OMeTAD layer and thus leading

to an increase in the hole conductivity. Meanwhile, the enhanced stability comes as a

result of reduced ion migration when compared to Li+.
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4.3 Conclusion

In this chapter we have seen that intrinsic charge generation is not possible in the

dicyanomethylene substituted squaraine dye DCSQ1. Transient absorption measure-

ments on DCSQ1/C60 bilayers gave information on the spectral signatures expected

from oxidised DCSQ1, which were absent in the TA spectra of both pristine and an-

nealed films of neat DCSQ1.

The absence of oxidised DCSQ1 in the transient spectra demonstrates that intrinsic

charge generation is not possible, in contrast to what was seen in neat cyanine dye

thin films. This difference can be explained by the neutral nature of the DCSQ1 dye

resulting in a more homogeneous energy landscape ensuring that there are insufficient

shifts in the HOMO and LUMO energy level of the DCSQ1 to make charge separation

favourable.

In addition, given that the formation of H-dimers and higher order aggregates is

strongly thermodynamically favoured, it is possible that there is a phase separation

between the H-aggregates and the DCSQ1 monomers, resulting in too much spatial

separation for a symmetry-breaking charge separation process to occur.

The second part of the chapter focused on spiro-OMeTAD, where transient absorp-

tion spectroscopy was used to demonstrate the formation of oxidised spiro-OMeTAD+

via a symmetry-breaking charge transfer process. When La(TFSI)3 was added to spiro-

OMeTAD, the oxidised spiro-OMeTAD+ was generated faster (in 2.6 ps vs 17 ps for

neat spiro-OMeTAD) which could be explained by the La3+ acting as a catalyst for the

photoinduced symmetry-breaking charge separation. Such an effect was also seen with

other M3+(TFSI)3 salts.
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4.4 Sample preparation

Squaraine Experiments

The squaraine dye DCSQ1 was provided by the group of Prof. Frank Nüesch

(EMPA, Switzerland). DCSQ1 solutions were prepared by dissolving the dye in ei-

ther chlorobenzene or 1,2-dichloroethane with a concentration of 5 mg per mL. These

solutions were then spincast onto clean glass substrates inside a glovebox to give thin

films for steady state absorption and TA measurements. Annealed films were prepared

by annealing at 60 °C for 20 minutes. Aged films were prepared by leaving the film in

ambient air for tens of hours.

C60/DCSQ1 bilayers were prepared via thermal deposition (Denton Benchtop

Turbo) of C60 (100 nm thickness) onto cleaned glass substrates followed by the spin-

casting of DCSQ1.

Spiro-OMeTAD Experiments

La(TFSI)3 and Y(TFSI)3 salts were provided by the group of Prof. Nam-Gyu Park

(Sungkyunkwan University, South Korea), whilst the spiro-OMeTAD and LiTFSI were

purchased from Sigma Aldrich. All chemicals were used as received.

Spiro-OMeTAD stock solutions were prepared by dissolving 72.3 mg of spiro-

OMeTAD in chlorobenzene. Depending on the measurements, tBP (28.8 µL) and/or

metal-TFSI solutions (17.5 µL) were added to the spiro-OMeTAD stock solutions.

Metal-TFSI solutions were prepared by dissolving LiTFSI (520 mg/mL), Y(TFSI)3 (561

mg/mL) or La(TFSI)3 (591 mg/mL) in acetonitrile.

Prepared solutions were spincast onto cleaned glass substrates at 3000 rpm for 20 s

inside a glovebox.
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The latter part of the previous chapter introduced perovskite solar cells, in particular

exploring the mechanism of anaerobic photooxidation of spiro-OMeTAD. This chap-

ter examines the formation of charge transfer excitons (CTEs) in 2D perovskites and

determines the impact of spacer size and layer orientation on CTE formation. Ultra-

fast transient absorption spectroscopy (TAS) is used to provide evidence of the pho-

toinduced Stark effect which is subsequently quantified using electroabsorption spec-

troscopy. Following this, the possibility of charge transfer between the perovskite layer

and the spacer material is examined.

This chapter is based on the following publications: “Investigating the Impact of

Spacer Size and Layer Orientation on Charge Transfer Excitons in 2D Perovskites” and

“Naphthalenediimide/Formamidinium-Based Low-Dimensional Perovskites”.1 The

contribution of collaborators is gratefully acknowledged. Algirdas Dučinskas and

Masaud Almalki provided the perovskite thin film samples and Xia Meng acquired

the SEM images.

5.1 Introduction

The field of lead halide perovskites (LHPs) has exploded over the past decade with

them quickly becoming one of the most sought after materials for optoelectronic appli-

cations. Despite efficiencies north of 25% being achieved for single junction perovskite

solar cells,2 they are still plagued with poor stability (both intrinsic and extrinsic), in

particular with respect to humidity.3,4

One strategy to overcome this issue is through the use of hybrid two-dimensional

(2D) perovskites, where the A-site cation is replaced with a larger organic cation such as

phenethylammonium (PEA).5,6 The large cation prevents the formation of the typical

ABX3 3D crystalline structure, instead yielding a layered structure consisting of planes

of PbI6 octahedra separated by an organic spacer, S.

Often categorised by the crystallographic planes of their parent 3D structure, the

〈100〉 orientation is the most common for 2D perovskites. This category can be further
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sub-divided, based on the spacer, into Ruddlesden-Popper (RP) and Dion-Jacobsen (DJ)

phases. RP perovskites, formed with a monovalent spacer, have the chemical formula

S2An-1BnX3n+1 and have a staggered structure, whereas DJ perovskites (SAn-1BnX3n+1)

are formed with a divalent organic spacer with no lateral displacement between the

PbI6 layers.7,8

The optoelectronic properties of 2D perovskites can be tuned, to a degree, by chang-

ing the number of PbI6 layers between the organic spacers as well as by changing the

spacer itself. For example, the optical band gap and the exciton binding energy can be

easily modified.9–11 Despite the improvement in device stability, the efficiency of 2D

devices is well below that of 3D perovskites, primarily due to a wider optical bandgap

and larger exciton binding energy when compared to their 3D counterparts. Further-

more, it is possible for the organic spacer cations to act as barriers to charge extraction.

One strategy to overcome this would be via the use of a spacer material through which

charge transfer from the perovskite layer could occur.

Despite a wide array of spacer materials being implemented in 2D perovskites in-

cluding aromatic,12 polycyclic aromatic13 and aliphatic molecules,14 the impact of

changing the spacer on the photophysics of the system is often overlooked. At the cur-

rent time, photophysical studies have utilised a wide variety of ultrafast techniques to

explore different phenomena including the use of time-domain terahertz spectroscopy

to investigate hot carrier cooling and charge carrier evolution,15,16 as well as electroab-

sorption to study the quantum confined Stark effect in 2D perovskites of varying lay-

ers.17

There is, however, still uncertainty surrounding the role of the layer orientation (RP

vs DJ) and spacer size on the formation of photoexcited species. Shedding light on

this would provide new information regarding the choice of spacer in 2D perovskites,

whilst the possibility of charge transfer between the PbI6 and organic spacer could

stimulate new research avenues in other optoelectronic applications.1
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5.2 Results and discussion

5.2.1 Impact of interlayer distance

In order to determine the impact of the interlayer distance on the photophysics in 2D

perovskites, two samples were fabricated incorporating different spacer materials: 1,4-

phenylenedimethylammonium (PDMA) and 1,4-phenylenediethylammonium (PDEA).

The structure of these two cations are shown in figure 5.1. As both are divalent, they

form DJ perovskites with the formulae (PDMA)PbI4 and (PDEA)PbI4. For clarity, the

two perovskite samples will from now on be referred to by the spacer material.

NH3

H3N

NH3

NH3

Figure 5.1: Structure of the PDMA (left) and PDEA (right) organic spacers.

Firstly, the phase purity of the 2D perovskite thin films was assessed using steady

state absorption spectroscopy. From figure 5.2 a, it is evident that there is a single sharp

peak present at 495 nm for the PDEA sample and 510 nm for the PDMA sample. This

feature is characteristic of 2D perovskites and can be assigned to the excitonic band.

An absence of additional peaks/features further in the red region (from 550 - 600 nm)

indicates that the samples exhibit a pure n = 1 2D perovskite structure, with no higher

order phases present. It is important to establish this, as it means that features present

in the subsequent transient absorption and electroabsorption measurements only arise

from the n = 1 layer and thus there are no contributions from higher order phases.
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Figure 5.2: a) Steady state absorption spectra of (PDMA)PbI4 (red) and (PDEA)PbI4
(orange). Transient absorption spectra of (b) (PDMA)PbI4 and (c) (PDEA)PbI4. Samples
were excited at 390 nm with a fluence of 2.5 µJ cm-2.

Transient absorption spectra of both the PDMA and PDEA samples, exciting at 390

nm, were then recorded and are shown in figures 5.2 b and c. The spectra of both

samples are similar in shape, each presenting a negative feature flanked by two pos-

itive absorption features. First focusing on the PDMA TA spectrum, it is tempting to

assign the negative feature (at 508 nm) to the bleaching of the ground state, given its

similarity to the steady state absorption spectrum that was presented earlier. However,

it is evident that the peak exhibits a red shift over time, from 508 to 513 nm over the

1 ns duration of the measurement, which is indicative of there being more than one

contribution to this feature with each contribution having a different lifetime.

A second contribution to the negative peak could arise due to the photoinduced Stark
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effect - such an effect could also explain the origin of the two positive features either

side of the negative peak. By examining the kinetics of the three features (taken at 479,

508 and 522 nm, figure 5.3), it is evident that they all exhibit identical initial decays,

implying that a single process contributes to each of them; this provides more evidence

that a photoinduced Stark effect could be present in the system.
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Figure 5.3: Kinetic traces for the three features in the PDMA TA spectrum (at 479, 508
and 522 nm), normalised to show the similarity of the early time dynamics of the three
features.

As mentioned in chapter 2, the Stark effect arises when an electric field induces a

shift in the absorption spectrum of the sample. The signal obtained from such a field

induced shift is given by the following equation18:

Signal = −dA
dν
µ ·E +

1
2
d2A

dν2 E
2 ·∆µ2 − 1

2
dA
dν
E2 ·∆α (5.1)

The first term is linear with respect to the electric field, and so is 0 and does not

contribute to the electroabsorption signal in isotropic systems. The second term indi-

cates that changes in the dipole moment, µ, are associated with the second derivative

of the absorption spectrum, whilst the third term indicates that the first derivative of

the absorption spectrum is associated with changes in the polarisability. In the case
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of the photoinduced Stark effect, the electric field, E, is generated intrinsically within

the sample upon photoexcitation, and so these signals can be seen in TA measurements

even when no external field is applied.

Through comparing the shape of the PDMA TA spectrum to the first and second

derivative of its absorption spectrum (figure B.15) it is evident that the TA spectrum

closely resembles that of the second derivative of the absorption spectrum. Therefore,

it is possible to conclude that the photoinduced Stark effect predominantly arises from

changes in the dipole moment. The electric field which is induced upon photoexcita-

tion arises as a result of the formation of charge transfer excitons (CTEs). CTEs form

following photoexcitation as it is possible for the charges to tunnel through the spacer

resulting in a CTE being formed across the organic spacer.

Due to its similarity to the PDMA spectrum, the features in the PDEA TA spectrum

can be assigned in the same manner. When comparing the PDMA and PDEA TA spec-

tra, it is evident that the intensity of the photoinduced Stark effect feature, relative to

that of the negative bleaching feature, is different in each case. The relative intensity of

the Stark effect is lower in the PDEA system compared to the PDMA system; this can be

explained by the longer alkyl chain length of the PDEA spacer resulting in an increase

in the inter-layer separation and thus a reduction in the local electric field generated

upon the formation of CTEs.19 As the amplitude of the photoinduced Stark effect is

dependent on the electric field strength, the reduction in the local electric field results

in a reduction in the photoinduced Stark effect feature.

The formation of CTEs, for both systems, occurs within the instrument response of

our setup (and so is less than 200 fs). Furthermore, global analysis of the TA data fit-

ting with a tri-exponential function (figure B.16), yielding the decay associated spectra

shown in figure 5.4, revealed that the lifetime of the CTEs is linked to the spacer size.

It was found that CTEs in the PDMA system had a lifetime of 240 fs compared to 350

fs for those in the PDEA system. This difference can potentially be explained by the

smaller PDMA spacer resulting in less spatial separation of the electron and hole thus

increasing the rate of charge recombination. However, this cannot be conclusively de-
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termined, because as well as undergoing recombination, the CTEs can also separate

into free charges. The two other components in the decay associated spectra can be

assigned to the ground state bleaching and stimulated emission, both of which also

contribute to the negative feature in the TA spectra.
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Figure 5.4: Decay associated spectra (DAS) following global analysis on the TA spectra
of (PDMA)PbI4 (top) and (PDEA)PbI4 (bottom).

Following this, the electroabsorption (EA) spectra of the two samples were recorded

and, as is evident from figure 5.5, the spectra have the same shape as the TA spectra;

this further confirms the hypothesis that there is a photoinduced Stark effect present

in the TA spectra as a result of CTE formation. However, the principle motivation
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for conducting the EA measurements was to estimate the photoinduced electric field

strength. This can be done by comparing the signal obtained in the TA measurements

to that obtained from the voltage dependent EA measurements. This then allows one to

estimate the voltage of the photoinduced field, and from this the electric field strength

can be estimated.
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Figure 5.5: Electroabsorption spectra of (a) (PDMA)PbI4 and (b) (PDEA)PbI4. Spectra
were recorded at an applied voltage of -10 V. Graphs demonstrating the voltage depen-
dence of the (c) (PDMA)PbI4 and (d) (PDEA)PbI4 samples taken at 526 nm and 512
nm, respectively.

As the samples for EA measurements had a glass/FTO/Al2O3/perovskite/gold

structure, in order to know the exact voltage applied across the perovskite layer it is

necessary to calculate the voltage drop across the aluminium oxide layer. Experimen-

tally, this layer was required to ensure that the perovskite was not oxidised or reduced

at the interface with FTO. Assuming that both the FTO and perovskite layers act as
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capacitors, the following equation can be used to calculate the voltage drop across the

perovskite layer20:

∆Ui =Uapp ·
di
εi
· 1∑ di

εi

(5.2)

where Uapp is the applied potential, di the thickness of the layer i (obtained via cross-

sectional SEM, figure B.17) and εi the relative permittivity of the material. The relative

permittivity was taken to be 9 for Al2O3
21 and 25 for the perovskite materials.22,23

As the second positive peak in the TA spectra only contains contributions from the

photoinduced Stark effect these were used to estimate the photoinduced voltage. For

the PDMA sample, the signal obtained in the TA measurement would correspond to

an applied potential of 2.1 V and a photoinduced electric field of 10.2 x 104 V cm-1.

In comparison, the photoinduced electric field in the PDEA sample was estimated to

be 0.35 x 104 V cm-1, a difference which can be rationalised by the larger spacer size

resulting in an increased electron-hole distance within the CTE.

Temperature dependent steady state absorption and TA measurements were then

carried out on the two different perovskite samples (figure 5.6). Looking at the steady

state absorption spectra of the PDMA sample, it is evident that as the temperature

decreases there is a decrease in the broadening of the excitonic band, an effect which

has been seen previously.24 The same effect is seen in the PDEA sample, but to a lesser

extent. In the TA spectra, with decreasing temperature there is a blue shift in the peaks

at 520 and 500 nm as well as an increase in intensity which is more apparent in the

PDMA sample when compared to the PDEA sample.

The blue-shift is caused by a narrowing of the excitonic peak in the absorption spec-

tra as the temperature decreases, which also explains why the shift is smaller in the

PDEA TA spectrum as the narrowing in the absorption at lower temperatures is less

prominent. Furthermore, the increase in TA signal intensity, as the temperature de-

creases, can be rationalised by an increase in the transient Stark effect.

This increase in intensity with decreasing temperature can be rationalised by an in-
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crease in the transient Stark effect arising from crystal contraction resulting in a de-

crease in the interlayer spacing. This leads to an increase in the strength of the pho-

toinduced electric field thus causing the signal increase in both the PDMA and PDEA

TA spectra.
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Figure 5.6: Temperature dependent steady state absorption spectra (top) and transient
absorption spectra (bottom) of (PDMA)PbI4 (a and c) and (PDEA)PbI4 (b and d). For
the TA spectra, the samples were excited at 390 nm with a fluence of 6.25 µJ cm-2 and
the transient traces shown were taken at 0.5 ps after photoexcitation.

Further assessment of the TA spectra reveals that the intrinsic electric field increases

by 97% in PDMA as the temperature decreases from 290 to 160 K, implying a decrease

in the interlayer distance of the same percentage. Similarly, an increase of 67% is seen

in the intrinsic field of the PDEA sample. Unfortunately, due to limitations of the

setup it is not possible to determine the impact of temperature on CTE formation, as

they are generated on a shorter timescale than the resolution of the TA setup. However,
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it is possible to determine that there is an increase in the CTE lifetime with decreasing

temperature, an observation that can be explained by a reduction in electron-phonon

coupling at lower temperatures and thus a retardation of the CTE recombination.

5.2.2 Comparing Dion-Jacobsen and Ruddlesden-Popper perovskites

Having studied the impact of spacer size on CTE formation, this section compares

DJ and RP 2D perovskites to determine what impact, if any, the layer orientation has

on the photophysics. In order to form a RP perovskite, the monovalent organic spacer

phenylethylammonium (PEA) was used (figure 5.7) resulting in a 2D perovskite with

the formula (PEA)2PbI4.

NH3

Figure 5.7: Structure of PEA.

As before, the steady state absorption spectrum allows us to determine that the sam-

ple is an n = 1 phase pure sample (figure 5.8 a). Furthermore, the TA spectrum exhibits

the now characteristic photoinduced Stark effect feature arising from the formation of

CTEs. The lifetime of the CTEs is longer than in the PDMA system (500 fs vs 240 fs), a

difference that can once again be explained by the larger interlayer distance.

At room temperature, the layer orientation appears to have little impact on the

steady state absorption and TA spectra. This, however, changes at low temperatures

where a new feature appears in the PEA TA spectrum (at 485 nm in the spectrum at

160 K) which is not seen in the DJ samples (figure 5.8 c). This feature can be explained

by fitting the transient spectrum with a linear combination of the first and second

derivative of the steady state absorption spectrum (figure B.18). Interestingly, there is
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a 30% increase in the contribution of the first derivative component to the fit at 160 K

when compared to the room temperature measurement.
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Figure 5.8: (a) Absorption spectrum of (PEA)2PbI4. (b) TA spectrum of (PEA)2PbI4 at
room temperature exciting at 390 nm with a fluence of 2.5 µJ cm-2. (c) TA spectrum of
(PEA)2PbI4 at 160 K taken at 0.5 ps. The sample was excited at 390 nm with a fluence
of 2.5 µJ cm-2.

This increase in the contribution from the first derivative indicates that, with de-

creasing temperature, there is a contribution to the TA spectrum arising from the quan-

tum confined Stark effect (QCSE) which is absent in DJ perovskites. Furthermore, the

QCSE contribution also explains the red shift in the negative peak seen with decreasing

temperature.17,25
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5.2.3 Evidencing charge transfer to electroactive spacers

The final part of this chapter is focused on the possibility of charge transfer

between the lead halide perovskite slabs and the organic spacer material. An

electroactive naphthalenediimide-based organic spacer, 2,2’-(1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8]-phenanthroline-2,7-diyl)bis(ethylammonium) (NDIEA,

figure 5.9), was employed as the organic spacer in a formamidinium lead halide

(FAPbI3) based Dion-Jacobsen 2D perovskite with the formula (NDIEA)FAn-1PbnI3n+1

where n is the number of perovskite layers.

NN
NH3

H3N

O

O O

O

Figure 5.9: Structure of NDIEA.

This study will focus on the n = 1 and n = 2 phases, which were shown to sta-

bilise the photoactive α-FAPbI3 phase. The stability of this phase, relative to the room-

temperature stable δ-FAPbI3 phase,26,27 is an issue that has led to MA-based 2D per-

ovskites being preferred and thus more widely studied, despite the higher thermal

stability of FA-based 2D perovskites.28–30

TA was used to see if charge transfer could occur between the perovskite and the

NDIEA spacer; such an electron transfer process would be beneficial for improving

charge extraction in 2D perovskites. Four different thin film samples were measured:

two perovskite samples incorporating the NDIEA spacer (with n = 1 and n = 2), a neat

(NDIEA)I2 reference and finally a PDMA-based 2D perovskite reference.

Firstly, the (NDIEA)I2 reference TA spectrum was recorded by exciting at 390 nm.

The resulting spectrum, shown in figure 5.10, exhibits a broad positive feature centred

at around 500 nm which can be assigned to the NDIEA radical anion formed upon pho-

toexcitation.31,32 Following this, the TA spectrum of the (NDIEA)PbI4 was measured
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exciting at 510 nm. This wavelength was chosen in order to selectively excite the per-

ovskite and avoid excitation of the NDIEA. A positive feature is seen between 450 and

550 nm, and it appears within the first 500 fs. Due to its similarity to the peak seen in

the NDIEA reference sample, it is likely that this feature once again corresponds to the

radical NDIEA anion formed as a result of electron transfer from the perovskite to the

NDIEA spacer.
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Figure 5.10: TA spectra of (NDIEA)I2 (top) and (NDIEA)PbI4 (bottom). (NDIEA)I2
was excited at 390 nm whilst (NDIEA)PbI4 was excited at 510 nm. Both samples were
excited with a fluence of 16 µJ cm-2.
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However, it is possible that the feature could be a transient Stark effect feature arising

from CTE formation, as seen earlier in this chapter, with the bleaching being covered

by the pump. In order to eliminate this as a possibility, the (NDIEA)PbI4 sample was

also excited at 450 nm and the resulting TA spectra yielded the same positive feature

centred around 500 nm (figure 5.11).
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Figure 5.11: TA spectra of (NDIEA)PbI4 (top) and (NDIEA)I2 (bottom). The
NDIEA)PbI4 sample was excited at 450 nm whilst the (NDIEA)I2 was excited at 510
nm.

To finally confirm that the positive feature was due to electron transfer between the

perovskite and the NDIEA spacer, the TA spectrum of the NDIEA reference was mea-

sured with an excitation wavelength of 510 nm. As seen in figure 5.11, there are no
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appreciable features present in the spectrum, as expected, due to NDIEA not absorb-

ing at the excitation wavelength. Therefore, this allows us to conclude that electron

transfer takes place between the perovskite and the NDI-based spacer in less than 500

fs.

TA measurements on the (NDIEA)FAPb2I7 (n = 2) sample also exhibited the same

broad positive feature arising from the formation of NDIEA radical anions following

electron transfer from the perovskite to the NDIEA spacer (figure B.19). A bleaching

feature between 625 and 750 nm is also present in this sample, which is characteristic

of the 3D perovskite phase.33 Such an electron transfer process does not take place in

the PDMA-based system, thus demonstrating that the choice of spacer plays an impor-

tant role in whether charge transfer is possible between the perovskite and the organic

spacer.
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5.3 Conclusion

In this chapter, different ultrafast spectroscopic techniques, namely TA and EA, have

been employed together to explore CTEs in 2D perovskites, as well as to determine

the possibility of electron transfer from the lead halide layer to electroactive organic

spacers.

The first part of this chapter focused on the impact of the spacer size on the photo-

physics of 2D perovskites. A clear photoinduced Stark effect feature was seen in the

DJ 2D perovskite samples arising due to the formation of CTEs within 200 fs after

photoexcitation. By comparing the TA spectra of (PDMA)PbI4 and (PDEA)PbI4, it was

possible to determine that the strength of the photoinduced Stark effect is dependent

upon the size of the organic spacer used, with larger spacers resulting in a smaller tran-

sient Stark effect; the lifetime of CTEs was also found to be dependent on spacer size,

with larger spacers resulting in a longer CTE lifetime. Furthermore, a combination of

EA and TA were used to estimate the strength of the photoinduced electric field which

was found to be 10.2 x 104 V cm-1 for (PDMA)PbI4. The photoinduced electric field

strength was found to decrease for larger spacers. Temperature dependent TA mea-

surements revealed that there was an increase in the Stark effect as the temperature

decreases, as a result of crystal contraction.

The second part of this chapter compared RP perovskites to the aforementioned

DJ perovskites. Once again, CTE formation was evident in the TA spectrum of the

(PEA)2PbI4 sample. However, the key difference came at low temperature where an

additional peak appeared in the TA spectrum of the (PEA)2PbI4 sample which was

attributed to a contribution from the quantum confined Stark effect visualised as an

increase in the first derivative contribution to the TA spectrum.

Finally, the last part of this chapter focused on whether charge transfer could be ev-

idenced between the perovskite and an electroactive NDI-based spacer. By selectively

exciting the perovskite, it was possible to show that NDIEA radical anions were formed

within the first 500 fs as a result of electron transfer from the perovskite to the NDIEA
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spacer.

These results demonstrate that changing the spacer can have a significant impact

on the photophysics of 2D perovskites, in particular the formation of CTEs, which is

a fact that could be exploited in the future to further their application in the field of

optoelectronics.

127



Chapter 5

5.4 Sample preparation

PDMA and PDEA precursor solutions were prepared by dissolving either (PDMA)I2

or (PDEA)I2, alongside PbI2 in a 1:1 ratio, in a 4:1 volumetric ratio of DMSO and DMF.

The PEA precursor solution was prepared by dissolving (PEA)I and PbI2 in a 2:1 ratio

in the same DMSO:DMF solvent mixture. The three solutions were then heated to 60

°C and spincast onto cleaned glass substrates at 1000 rpm for 10 s followed by a fast

spin at 4000 rpm for 20 s, before undergo annealing at 150 °C for 10 minutes yielding

the 2D perovskite thin films.

Electroabsorption samples were fabricated by first depositing Al2O3 (30 nm) via

atomic layer deposition onto clean FTO patterned glass substrates, before spin coat-

ing the same precursor solutions as above. Finally, a gold electrode was deposited by

thermal evaporation.

The (NDIEA)FAn-1PbnI3n+1 precursor solution was prepared by dissolving stoichio-

metric quantities of (NDIEA)I2, FAI and PbI2 in a 4:1 volumetric ratio of DMF and

DMSO. The solution was then spincast onto cleaned glass substrates following the same

procedure as above, before also being annealed at 150 °C for 15 minutes.

Thin film thickness was determined using cross-sectional SEM (Zeiss Merlin).
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6 Conclusion and outlook

In this thesis, ultrafast spectroscopic techniques, principally transient absorption

and electroabsorption spectroscopy, have been used to probe the photophysics of dif-

ferent materials relevant to the field of photovoltaics ranging from infrared absorbing

organic dyes to two-dimensional perovskites.

The first results chapter focused on pentamethine cyanine (Cy5) dyes, where TAS

was used to evidence high efficiency intrinsic photoinduced charge generation. Two

different mechanisms were proposed, proceeding either via the excitation of Cy5

monomers followed by electron transfer to H-aggregates or via the direct excitation

of H-aggregates followed by quenching by monomers. This symmetry-breaking charge

separation process proceeded with a quantum yield of up to 86%, and the efficiency of

the charge separation process was shown to be dependent upon the interchromophore

distance, and therefore the choice of anion. The driving force was proposed to come

from local electric fields arising from the arrangement of anions on the outside of H-

aggregate cation stacks, as well as the intermixing of aggregate and monomer domains

which provide the breaking of symmetry. Whilst the impact of anion size was investi-

gated, this work could be further extended to see if intrinsic charge generation could

also occur in cyanine dyes with longer polymethine chains (i.e. Cy7 dyes); these sys-

tems are currently being explored for use in transparent OPVs, and so such a study

could provide important implications for such uses.
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The second results chapter investigates if symmetry-breaking charge separation can

also take place in other organic materials used in photovoltaics; the first part is ded-

icated to dicyanomethylene substituted squaraine (DCSQ) dyes, where it was found

that intrinsic charge generation was not possible. This was determined by TA mea-

surements on DCSQ1/C60 bilayers which gave the spectral signatures of oxidised

DCSQ1 which were absent from TA spectra of the neat dye. The lack of symmetry-

breaking charge separation was proposed to be due to phase separation between the H-

aggregates and the DCSQ1 monomers, as well as the neutral nature of the dye leading

to an absence of local electric fields forming. Having explored dicyanomethylene sub-

stituted squaraine dyes, it would be interesting to determine whether intrinsic charge

generation would be possible in other squaraine systems as they have been used exten-

sively alongside PCBM in bulk heterojunction OPVs, and so if SB-CS were possible it

could open the door to increase the PCE of such devices through improving the VOC.

Furthermore, having established that the presence of counterions played a role in the

intrinsic charge generation mechanism in cyanine dyes, it would be interesting to ex-

plore this in the context of squaraine dyes.

The second half of this chapter, on the other hand, is focused on the HTM spiro-

OMeTAD; here, symmetry-breaking charge separation was used to explain the anaero-

bic photooxidation of spiro-OMeTAD. The mechanism provided to explain the anaer-

obic photooxidation results in the formation of reduced spiro-OMeTAD- species - fur-

ther work could be undertaken to determine if it is indeed formed upon photoex-

citation, which would provide more evidence for the suggested mechanism. Spec-

troelectrochemistry could be used to isolate the absorption spectrum of the reduced

spiro-OMeTAD-. Transient absorption spectroscopy, covering a wider range from the

deep-UV to the near-infrared could then be undertaken (dependent on the absorption

spectrum of spiro-OMeTAD-) to determine if the reduced species is formed upon pho-

toexcitation.

The final results chapter is focused on two-dimensional (2D) perovskites, and it was

shown that both the size of the organic spacer and the layer orientation impact upon the

ultrafast photophysics. 2D perovskites with smaller spacers exhibited a larger photoin-

134



Chapter 6

duced Stark effect, as a result of the larger photoinduced electric field, whilst low tem-

perature TA measurements revealed that the photoinduced Stark effect in Ruddlesden-

Popper 2D perovskites has a contribution from the quantum confined Stark effect

which increases with decreasing temperature. This work could be built upon in the

future by determining what happens to the charge transfer excitons, i.e. whether they

undergo recombination, or separate into free charges, and whether the fate of charge

transfer excitons is influenced by the interlayer distance. Finally, TA was also used to

evidence electron transfer from the perovskite to a NDI-based electroactive spacer, a

feature which could be exploited in future optoelectronic applications. It would be in-

teresting to conduct further experiments to determine the rate of the electron transfer

between the perovskite and the organic spacer, as well as determine whether the size

of spacer has an impact on this rate.
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A List of abbreviations and chemical names

Abbreviations

BHJ Bulk heterojunction

CPA Chirped pulse amplification

CTE Charge transfer exciton

D/A Donor/acceptor

DAS Decay associated spectrum

DJ Dion-Jacobson

DSSC Dye-sensitised solar cell

EA/EDA Electroabsorption/electro-modulated differential absorption

Eg Bandgap

Ep Phonon energy

ESA Excited state absorption

FF Fill factor

FRET Förster resonance energy transfer

GSB Ground state bleaching

HOMO Highest occupied molecular orbital

HTM Hole transport material

IC Internal conversion

ISC Inter-system crossing
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LUMO Lowest unoccupied molecular orbital

NOPA Non-collinear optical parametric amplifier

OPV Organic photovoltaic

PCE Power conversion efficiency

RP Ruddlesden-Popper

SB-CS Symmetry-breaking charge separation

SE Stimulated emission

SEM Scanning electron microscopy

Sn nth singlet electronic state

SWIR Short wave infrared

TA(S) Transient absorption (spectroscopy)

Tn nth triplet electronic state

TOF Time-of-flight

TREAS Time resolved electroabsorption spectroscopy

VOC Open circuit voltage

VR Vibrational relaxation
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Chemical names

Al(pfad)4 Tetrakis(perfluoro-1-adamantoxy)aluminate

Al(pftb)4 Tetrakis(nonafluoro-tert-butoxy)aluminate

CB Chlorobenzene

Cy5 1,3,3-Trimethyl-2-[5-(1,3,3-trimethyl-1,3-dihydro-indol-2-ylidene)

-penta-1,3-dienyl]-3H-indolium

DCE 1,2-Dichloroethane

DCSQ Dicyanomethylene substituted squaraine

FA+ Formamidinium

FTO Fluorine-doped tin oxide

ITO Indium-doped tin oxide

MA+ Methylammonium

NDIEA 2,2’-(1,3,6,8-Tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8]

-phenanthroline-2,7-diyl)bis(ethylammonium)

NOBF4 Nitrosyl tetrafluoroborate

P Hexafluorophosphate

PC61(/71)BM Phenyl-C61(/71)-butyric acid methyl ester

PDEA 1,4-Phenylenediethylammonium

PDMA 1,4-Phenylenedimethylammonium

PEA Phenylethylammonium

PMMA Poly(methyl methacrylate)

Spiro-OMeTAD 2,2’,7,7’-Tetrakis (N,N-di(4-methoxyphenylamine)-9,9’

-spirobifluorene

SQ Squaraine

tBP 4-tert-Butylpyridine

TFSI Bis(trifluoromethanesulfonyl)imide
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Figure B.1: Optical constants k and n as measured by ellipsometry.

146



Appendix B

4

2

0

-2

 
A 

/ 1
0-3

560520480440400
 Wavelength / nm

760720680640

 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

a)

-8
-6
-4
-2
0
2
4
6
8

 
A 

/ 1
0-3

560520480440400
 Wavelength / nm

760720680640

 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

b)

-10

-5

0

5

10

 
A 

/ 1
0-3

560520480440400
 Wavelength / nm

760720680640

 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

c)

Figure B.2: Transient absorption spectra of a solution of Cy5-P in acetonitrile measured
at different fluences.
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Figure B.3: Transient absorption spectra of different PMMA:Cy5-P blends: (a) 1:1, (b)
4:1, (c) 8:1 and (d) 12:1. Samples were excited at 580 nm, and the spectra have been
normalised to the signal at 100 fs for ease of comparison between the different blends.
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Figure B.4: Kinetic traces at 470 (blue), 520 (red) and 700 nm (green) for different
ratios of PMMA:Cy5-P thin films. The dashed lines show the result of the global fitting
procedure.
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a)

b) c)

Figure B.5: Fingerprint plots showing the distribution of inter-cationic H-H contacts
for (a) Cy5-PF6, (b) Cy5-[Al(pftb)4] and (c) Cy5-[Al(pfad)4].
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Figure B.6: Steady state photoluminescence spectra for different Cy5 thin films.
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Figure B.7: Kinetic traces of different Cy5 blends incorporating different counterions:
(a) Cl-, (b) PF6

-, (c) [Al(pftb)4]- and (d) [Al(pfad)4]-.
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Figure B.8: Electroabsorption spectra of Cy5-PF6 (left) and Cy5-[Al(ptbf)4] (right) fit-
ted with a linear combination of the first and second derivative of their absorption
spectra.
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Figure B.9: An example of a photocurrent curve from a TOF measurement on Cy5-PF6.
The sample was excited at λ = 630 nm, with an applied voltage of 8 V and a resistance
of 120 Ω. The transit time was found via the intersection of two asymptotes, shown by
the blue dashed line.
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Figure B.10: Cross-sectional SEM images of Cy5-Cl (top) and Cy5-PF6 TOF samples.
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Figure B.11: Absorption spectra of solutions of various DCSQ1:NOBF4 mol/mol blend
ratios.
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Figure B.12: Ratio of H-aggregate:monomer peak height as a function of the
PMMA:DCSQ1 blend ratio.
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Figure B.13: Transient absorption spectra of 1:0 (top) and 1:12 DCSQ1:PMMA thin
films. Samples were excited at 780 nm.
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Figure B.14: Transient absorption spectrum of a thin film of spiro-OMeTAD with
Y(TFSI)3 and tBP added (top) exciting at 389 nm with a fluence of 12.5 µJ cm-2. De-
cay associated spectra associated with fitting the TA spectrum with a bi-exponential
function (bottom).
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Figure B.15: TA spectrum of (PDMA)PbI4 (red) alongside the first (green) and second
(blue) derivative of the PDMA steady state absorption spectrum.
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Figure B.16: Kinetic traces for the three peaks in the TA spectrum of (PDMA)PbI4
(top) and (PDEA)PbI4 (bottom). The dashed lines show the result of the global fitting
procedure.
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Figure B.17: Cross-sectional SEM images of (PDMA)PbI4 (top) and (PDEA)PbI4 (bot-
tom). The samples were the same as used for the EA measurements and had the fol-
lowing sample structure: glass/FTO/Al2O3/perovskite/Ag.
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Figure B.18: TA spectrum of (PEA)2PbI4 (blue) fitted with a linear combination of the
first and second derivative of its absorption spectrum (red).
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Figure B.19: TA spectrum of (NDIEA)FAPb2I7, exciting at 510 nm with a fluence of 16
µJ cm-2.
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