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RÉSUMÉ

La compréhension des interrelations entre la microstructure et les processus élec-

troniques dans les polymères semi-conducteurs est d’une importance primordiale pour

leur utilisation dans des hétérostructures volumiques. Dans cette thèse de doctorat, deux

systémes diffèrents sont étudiés ; chacun de ces systèmes représente une approche diffè-

rente pour optimiser les matériaux en termes de leur microstructure et de leur capacité à

se mettre en ordre au niveau moléculaire.

Dans le premier système, j’ai effectué une analyse complète des principes de fonc-

tionnement d’une cellule photovoltaïque hybride à base des nanocristaux d’oxyde de

zinc (ZnO) et du poly (3-hexylthiophène) (P3HT) par absorption photoinduite en régime

quasi-stationnaire (PIA) et la spectroscopie PIA en pompage modulé dépendant de la

fréquence. L’interface entre le donneur (le polymère P3HT) et l’accepteur (les nanopar-

ticules de ZnO), où la génération de charges se produit, joue un rôle important dans

la performance des cellules photovoltaïques hybrides. Pour améliorer le mécanisme de

génération de charges du P3HT :ZnO, il est indispensable de modifier l’interface entre

ses constituants. Nous avons démontré que la modification d’interface moléculaire avec

cis-bis (4, 40 - dicarboxy-2, 20bipyridine) ruthénium (II) (N3-dye) et a-Sexithiophen-2

yl-phosphonique (6TP) a améliorée le photocourant et la performance dans les cellules

P3HT :ZnO. Le 6TP et le N3 s’attachent à l’interface du ZnO, en augmentant ainsi l’aire

effective de la surface donneur :accepteur, ce qui contribue à une séparation de charge

accrue. De plus, le 6TP et le N3 réduisent la densité de pièges dans le ZnO, ce qui réduit

le taux de recombinaison des paires de charges.

Dans la deuxième partie, jai introduit une matrice hôte polymérique de polystyréne à

masse molaire ulra-élevée, qui se comporte comme un solide pour piéger et protéger une

solution de poly [2-méthoxy, 5- (2´-éthyl-hexoxy) -1,4-phénylènevinylène- PPV] (MEH-

PPV) pour utilisation dans des dispositifs optoèlectroniques quantiques. Des travaux an-

térieurs ont montré que MEH-PPV en solution subit une transition de conformation,

d’une conformation enroulé à haute température (phase bleue) à une conformation de

chaîne étendue à basse température (phase rouge). La conformation de la chaîne étendue
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de la solution MEH-PPV favorise les caractéristiques nécessaires à l’amélioration des

dispositifs optoélectroniques quantiques, mais la solution ne peut pas être incorporées

dans le dispositif. J’ai démontré que la caractéristique de la phase rouge du MEH-PPV

en solution se maintient dans une matrice hôte polymérique de polystyrène transformé de

masse molaire très élevée, qui se comporte comme un solide (gel de MEH-PPV/UHMW

PS), par le biais de la spectroscopie de photoluminescence (PL) dépendant de la tem-

pérature (de 290 K à 80 K). La phase rouge du gel MEH-PPV/UHMW PS se manifeste

par des largeurs de raie étroites et une intensité augmentée de la transition 0� 0 de la

progression vibronique dans le spectre de PL ainsi qu’un petit décalage de Stokes entre

la PL et le spectre d’absorption à basse température.

Ces approches démontrent que la manipulation de la microstructure et des propriétés

électroniques des polymères semi-conducteurs ont un impact direct sur la performance

de dispositifs pour leurs développements technologiques continus.

Mots clés : polymères semi-conducteurs, exciton, polaron, microstructure, modifica-

tion d’interface, spectroscopie, P3HT :ZnO, MEH-PPV, photoluminescence, absorption

photoinduite



ABSTRACT

Understanding the interrelations between microstructure and electronic processes in

polymeric semiconductors is of great importance for their use in bulk heterostructures,

as the active part of power-converting devices such as organic photovoltaic cells or light

emitting diodes, as well as for quantum optoelectronics applications. In this doctoral

thesis, two different systems are investigated; each of these systems represents a differ-

ent approach to optimize materials in terms of microstructure and their ability to order

on the molecular level. In the first system, by means of quasi-steady-state photoinduced

absorption (PIA) and pump-modulation-frequency-dependent PIA spectroscopy, I per-

formed a comprehensive analysis of the working principles of a hybrid photovoltaic cell

based on nanocrystals of zinc oxide (ZnO) and poly(3-hexylthiophene) (P3HT). The in-

terface surface area between donor (polymer P3HT) and acceptor (ZnO nanocrystals),

where charge generation occurs, plays a significant role in the performance of the hy-

brid photovoltaic cells. To improve the charge generation mechanism of P3HT:ZnO,

it is therefore essential to modify the P3HT:ZnO interface area. We demonstrated that

molecular interface modification with cis-bis(4,40-dicarboxy-2,20bipyridine) ruthenium

(II) (N3-dye) and a-Sexithiophen-2-yl-phosphonic Acid (6TP) as interface modifiers en-

hanced the photocurrent and performance in P3HT:ZnO cells. 6TP and N3 attach to the

ZnO interface, thus increasing the donor:acceptor interface area that contributes to en-

hanced charge separation. Furthermore, 6TP and N3 reduce the ZnO traps that reduces

recombination.

In the second part, I introduced a processed solid-like ultra-high-molecular-weight

polystyrene polymeric host matrix to trap and protect poly [2-methoxy, 5-(2’-ethyl-

hexoxy)-1,4-phenylene vinylene-PPV] (MEH-PPV) solution for use in quantum opto-

electronic devices. Previous work by others has shown that MEH-PPV in solution

undergoes a conformation transition from coiled conformation at high temperatures

(blue-phase) to a chain-extended conformation at low temperatures (red-phase). The

chain-extended conformation of MEH-PPV solution favours the characteristics needed

to improve quantum optoelectronic devices, however the solution cannot be incorporated
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into the device. We demonstrated that the red-phase feature of MEH-PPV in solution

maintains in a processed solid-like ultra-high-molecular-weight polystyrene polymeric

host matrix (MEH-PPV/UHMWPS gels), by means of temperature-dependent photo-

luminescence (PL) spectroscopy (ranged from 290 K down to 80 K). The red-phase of

MEH-PPV/UHMW PS gels manifest itself as narrow linewidths and enhanced 0�0 line

strength in the PL spectrum as well as a small stokes shifts between the PL and ab-

sorption spectra at low temperatures. These approaches demonstrate that microstructure

manipulation and electronic properties of polymeric semiconductors have a direct im-

pact on the device performance for their continued technological developments.

Keywords: polymeric semiconductors, exciton, polaron, microstructure, interface mod-

ification, P3HT:ZnO, MEH-PPV, spectroscopy, photoluminescence, photoinduced ab-

sorption.
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CHAPTER 1

INTRODUCTION

Polymeric semiconductors have emerged as a new class of solution processable film-

forming semiconductors and been used as active components in a range of optoelec-

tronics devices including light harvesting and emitting systems. The application of

polymeric semiconductors are extremely divergent, ranging from organic light-emitting

diodes (OLED) to organic photovoltaic cells (OPV), organic field-effect transistors, sen-

sors, quantum optoelectronics and photonics. Polymeric semiconductors have been

widely used as insulating materials for a long period of time. Later in the 1970s the

conductivity of oxidised polyacetylene was discovered by Heeger et al. [1] and more

organic semiconductors based on conjugated molecules and polymers were developed

since. The appeal of polymeric semiconductor devices is clear, but technology such as

solar cells are limited by relatively low efficiencies of such devices, due to the limitations

in electro-optical properties of these materials.

Polymeric semiconductors are disordered systems in which charge carriers experi-

ence many trap states and random potential landscape during the transport causing the

efficiency of such devices to be affected by structural and energetic disorder. [2] In spite

of more than two decades of intensive work, the influence and the mechanism of the

disorder, in its broad definition, on different processes such as charge transport, charge

transfer, energy transfer, exciton migration, etc. in devices is yet to be fully understood.

The disorder is strongly dependent on the microstructure. As the active component of

polymeric semiconductor devices are typically made into thin-films, the performance

of devices is consequently critically dependent on the morphology through disorder and

film structure. Controlling the solid-state microstructure (including crystallite size, chain

orientation, p-stacking length, degree of crystallinity, domain size and the thermody-

namics of the phase separation in donor/acceptor blends, etc) of this interesting class of

materials has been found to be one of the key challenges in the field of organic optoelec-

tronics.
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In fact, development of a rigorous understanding of the intimate relationship be-

tween microstructure and electronic properties of the active component of polymeric

semiconductor devices is a critical first step to further improve organic optoelectronics.

Fundamental understanding can be gained by employing a series of optical spectroscopy

tools and applying them on model systems with carefully-controlled structures.

1.1 Contribution and objectives of this work

The work presented in this thesis addresses this obvious need through the study of

excitonic behaviour in polymeric semiconductors by relating molecular order and con-

formational arrangements in polymeric semiconductors with optoelectronic characteris-

tics. This knowledge contributes to render device fabrication reproducible and reliable,

limiting empirical procedures towards device optimisation.

The aim of this work is to develop an understanding of elementary excitations and

dynamics in polymeric semiconductors by adopting steady-state optical spectroscopy.

Steady-state optical spectroscopy is a valuable tool to explore the link between electronic

structure and solid-state microstructure/phase morphology. This is done through inter-

preting spectral line-shapes revealing the nature of intra- and intermolecular electronic

coupling, the spatially correlated disordered energy landscape, and relate information on

exciton spatial coherence lengths, charge generation and recombination. The complex

microstructure exists in both neat polymers (e.g. P3HT in amorphous and crystalline

phase) and blended polymers (e.g. P3HT: PCBM). More specifically two different sys-

tems are investigated; each represents a different approach to optimise materials in terms

of microstructure and their ability to order on the molecular level.

The first part of this work investigated the effect of the compositions of heterostruc-

tures on their morphology through the focus on the organic photovoltaic cells. The con-

cept of the organic bulk heterostructures photovoltaic cells, where two organic semicon-

ductors are blended to form an interpenetrating network to facilitate exciton dissociation

have led to intensive research activities. It is important to note that the donor-acceptor

interface in bulk heterostructure determines the kinetics of charge carrier recombination
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and how efficiently excited states can be separated into free charge carriers.

Inorganic semiconductors have several advantages compared to organic semiconduc-

tors, such as the broader absorption spectrum, energy can be tuned through the quantum

confined effect and nanocrystals can be doped to a specific level. Therefore, it is possible

to take the advantage of both materials with combining polymeric semiconductors and

inorganic semiconductor nanocrystals for photovoltaic applications, while the advan-

tages of a bulk heterostructures can be preserved. In spite of their potential, to date such

cells display lower efficiency, especially lower photocurrent, compared to fully organic

cells. [3, 4]

The question is that can the efficiency of hybrid photovoltaic cells be improved by

using the interface modification procedure?

Therefore, it is our attempt to answer this question in chapter 4. The active com-

ponent of the organic photovoltaic cells can be either the blend of conjugated polymers

or polymer-nanocrystals (will be discussed in chapter 2.3), we investigated the influ-

ence of the interface modification on the hybrid photovoltaic cells based on polymer

P3HT and ZnO nanocrystals. This part of the work is motivated by Fig. 1.1, as an

experimental preview of chapter 4, that shows how the open circuit voltage and short

circuit current have changed after interface modification. Hence, it is essential to study

the electrical and photovoltaic characterisation of the hybrid photovoltaic cells (shall be

discussed later in chapter 4). As demonstrated by the current density-voltage character-

istics, both the short-circuit current (Jsc), and the open circuit voltage (Voc) are signifi-

cantly improved through the molecular interface modification by attaching cis-bis(4,40-

dicarboxy-2,20bipyridine) ruthenium (II) (N3-dye) and a-Sexithiophen-2-yl-phosphonic

Acid (6TP) molecules to the interface of ZnO. In order to study the phenomenon that sup-

port this improvement, an essential requirement is to understand the response of the poly-

mer to photon absorption and also investigate charge dynamics at the interface of P3HT:

ZnO by performing a series of steady-state absorption and photoluminescence measure-

ments. Combination of those measurements and microstructure characterisation enable

us to relate the microstructure changes after interface modification to the electronic and

optical properties of the bulk heterostructure. That also allows us to understand the
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Figure 1.1 – Current density-voltage characteristics of hybrid photovoltaic cells based on
P3HT: ZnO, with and without N3 and 6TP interface modifiers under solar illumination
intensity of ⇠ 100 mW/cm2.

mechanism of charge generation and recombination (unimolecular and bimolecular) at

the interface. Moreover, it enables us to identify the life time of the long-lived polarons

and demonstrate that the average lifetime of polarons become longer after the interface

modification. We conclude that interface modification reduces the traps and decreases

recombination of the charges at the interface and increases the open circuit voltage.

This knowledge, ultimately, leads to the advancement of the power conversion effi-

ciency of organic solar cells and the answer to the first question is yes.

The second part of this work investigated the development of solution-based process-

ing materials for quantum-optoelectronics applications. Controlling the conformational-

dependent properties of a conjugated polymer as well as understanding of the interac-

tions between conjugated polymer chains in high-concentration solutions or films are

important in optimising deposition and processing techniques of films for conjugated

polymer-based quantum-optoelectronic devices such as optically active materials to be

used in photonics. Poly(2-methoxy, 5-(2’-ethyl-hexoxy)-p-phenylenevinylene) (MEHP-

PV) polymer has shown interesting conformation properties in solution such that proven

to be potential candidate for quantum-optoelectronic applications. Given that the solu-

tion can not be incorporated in the devices, I have thus processed a potentially alternative
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gel-processed MEHPPV in ultrahigh-molecular-weight polystyrene (UHMW PS). The

viscosity of the gels was characterised by the rheology tests.

The question is that can the interesting conformational properties of MEHPPV solu-

tion be retained in UHMW PS gels?

In order to relate the microstructure of MEH-PPV to the electronic and optical prop-

erties to conclude that MEH-PPV polymer shows J-aggregate type behavior we adopted

a series of steady-state absorption and temperature-dependent photoluminescence mea-

surements. Figure 1.2, as an experimental preview of chapter 5, represents the PL spec-

tra of MEH-PPV/UHMW PS gels at room temperature versus at 80 K. It is clear that
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Figure 1.2 – Franck-Condon analysis
to the spectra at 290 K (a) and at 80 K
(b) for MEH-PPV/UHMW PS gels wt%
3.0 solution containing 5.0 ⇥ 10�5 M.
The PL spectra (circles), and the solid
line shows the Frank-Condon fit. The
0 � 0, 0 � 1 and the 0 � 2 peaks are
shown.

the PL spectral shape as well as the ratio of vibronic progressions undergo a change by

decreasing temperature. Due to the fact that the excitonic coupling corresponds to the

orientation of the electronic dipole moments of the choromophores, it is possible to relate

those features to the microstructure of MEH-PPV polymer in the gels. The hybrid "HJ"

aggregate model relates the microstructure to the ratio of the vibronic progressions and

provide tools to distinguish between the polymer H- and J-aggregation from absorption
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and PL spectra. In addition Franck-Condon principle supports the origin of the vibronic

progressions. These theories assist us with analysing all theses characteristics and in-

terpret the results of absorption and temperature-dependent PL measurements. Various

parameters such as Huang-Rhys parameter, electronic transition peak energy (E0�0), and

the Gaussian line width can be excluded via a fit with Franck-Condon model. Moreover,

calculation of the exciton coherence length contributes to respond to the second question

and the answer is yes.

In this thesis I am going to first present the fundamental notion of the excitation

(excitons) in polymeric semiconductors and how the excitonic behaviour is dependent

on the microstructure, as well as how it is possible to control this behaviour. In fact,

the major part of my study can link material processing to the device fabrication, i.e.

fundamental study of interrelation between the microstructure and electronic properties

of active layers of polymeric semiconductors and/or their blends before being translated

into devices. In a big picture, the two sections of my works come together and I conclude

that it is possible to control charge generation and recombination dynamics as well as

the conformation and aggregations of the active layers of polymeric semiconductors by

tailored morphology.
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1.2 Organisation of this thesis

Chapter 2 provides the general definition and concepts that represent the theoretical

basis of the experimental results discussed in chapters 4 and 5. Chapter 2 is divided into

three sections.

1) Polymeric semiconductors: that comprises an overview of the polymeric semiconduc-

tors, excitons type and major photoexcitation in polymeric semiconductors.

2) Excitonic behaviour in aggregated polymers: that comprises how the transition dipole

moment orientations of chromophores contributes to the formation of H- and J-aggregates

and different excitonic couplings and behaviors in polymeric semiconductors. Moreover,

the Franck-Condon principle and the concept of polaronic excitons due to the presence

of combination electronic and vibrational degrees of freedom is discussed. This part is

the basis of the "HJ" hybrid model mainly discussed and used in chapter 5. That enables

us to interpret the origin of strong vibronic progressions in the absorption and photolu-

minescence spectra of polymeric semiconductors with p-conjugation. This knowledge

is required to distinguish the H and J-aggregated polymers and relate the microstructure

to the electronic properties, specifically in chapter 5 of this thesis.

3) Heterostructures: that comprises the background of polymeric active layers in organic

devices. Firstly, the single and bilayer active layers and their problem related to the

charge dynamics and separation in organic photovoltaic cells is overviewd. This section

also presents the concept of bulk heterostructures as well as the advantages of blended

polymers in bulk heterostructures versus the single and bilayer active layers. Moreover,

two types of bulk heterostructures; pure organics and organic-inorganic has been dis-

cussed. This part has been expanded in chapter 4 through the focus on the interface

of the bulk heterostructures with the ultimate goal to modify the interface and improve

charge separation in organic photovoltaic cells based on P3HT: ZnO.

Chapter 3, explains the required experimental techniques to characterise the optical

and electronic properties of the samples in chapters 4 and 5 of this thesis.

Chapter 4, firstly, introduces the materials which were used during the course of this

part of the work. Material processing for hybrid bulk heterostructures is described. Ad-
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ditionally, experimental results related to the microstructure characterisation before and

after interface modification are explained in this chapter. The working principle of hy-

brid photovoltaic cells as well as the photovoltaic characteristics of the cell is discussed.

The results of electrical characterisation of P3HT:ZnO hybrid photovoltaic cells before

and after interface modification is demonstrated. The interrelation between the improve-

ment of power conversion efficiency of the solar cells and the microstructure alteration

after interface modification is investigated in this chapter. This study has been conducted

through the study of photophysical properties of those materials. Charge generation and

recombination processes have been discussed through the rate equation model. This

enables us to interpret and analyse the pump modulation frequency dependent measure-

ments as well as pump intensity dependent measurements. The combination of these two

experiments and the data analysis assist in investigation of charge dynamics in P3HT:

ZnO cells before and after interface modification. The discussion at the end of the chap-

ter provides a response to the question.

Chapter 5, introduces processing protocols for ultra high molecular weight polystyrene

gels as well as preparation of MEH-PPV/ ultra high molecular weight polystyrene gels.

The "HJ" hybrid model as well as Franck-Condon analysis has been discussed. The re-

sults of temperature-dependent PL spectroscopy have been analysed to ultimately relate

the excitonic behaviour in the gel to the microstructure changes due to the temperature.

At the end it is concluded that interesting red-phase properties of MEH-PPV solution

can be retained in the gel.

In chapter 6 the results are summarised. Moreover, an outlook is given.



CHAPTER 2

THEORETICAL FRAME WORK AND BACKGROUND

2.1 Polymeric semiconductors

A conjugated polymer is a long chain of repeating subunit molecules connected by

covalent chemical bonds which is mostly composed of carbon, such that the ground

state electronic configuration of carbon is 1s22s22p2. A particular molecular structure

combination of s and p orbitals favours formation of hybrid orbitals which support a

different spatial energy orientation compared to non-hybrid orbitals. The bond between

carbon atoms can be single, double, or triple depending on the type of hybridization.

In sp2 hybridisation the bond between carbon atoms is double consisting of s - and p-

bonds. The remaining two valence electrons from each carbon atom make s -bonds with

side groups. The s -bonds lie in the same plane whilst the p-bond is perpendicular to

that plane. The s -bonds are strong and determine the shape of the backbone, whereas

p-electrons of 2pz-orbitals are loosely bound, delocalised over a number of intrachain

carbon atoms, and primarily responsible for the electronic and optical properties of the

polymers. Polymeric semiconductors form molecules similar to benzene with filled and

vacant molecular orbitals, analogous to valence and conduction bands of inorganic semi-

conductors.

According to the Pauli exclusion principle, the hybrid bonds are filled up to the high-

est occupied molecular orbital (HOMO). The next molecular orbital above HOMO is

called the lowest unoccupied molecular orbital (LUMO). Therefore the electronic tran-

sition occurs where the photon is absorbed between the HOMO and LUMO. The gap

between HOMO and LUMO is comparable with the band gap of most of the semi-

conductors (⇠ 2 eV) [5] which is matched to the photon energy in the visible range of

electromagnetic spectrum (⇠ 1.60� 3.25 eV). Fig. 2.1 shows Ethene as a conjugated

p-electron system with s - and p-bonds along with the energy levels of a p-conjugated

molecule. The lowest electronic excitation is between the bonding p-orbital and the anti-
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bonding p⇤-orbital. The transition between s and s⇤ bonds requires much higher energy

than transition between the p and p⇤ due to the differences in their coupling strengths.

Figure 2.1 – (a) Ethene is the most simple example of a conjugated p-electron sys-
tem with s - and p-bonds. (b) The scheme shows the energy levels of a p-conjugated
molecule. The lowest electronic excitation is between the bonding p-orbital and the
antibonding p⇤-orbital.

2.1.1 Absorption in polymeric semiconductors

p-electrons can interact with electromagnetic radiation with incident photon energy

higher than the energy bandgap in polymeric semiconductors i.e. h̄w >ELUMO�EHOMO.

The absorption of a photon has the effect of exciting a p-electron of the HOMO band

to the LUMO band of a molecule. This interaction refers to the perturbation of the

ground state hence it can be evaluated in the framework of the perturbation theory. The

electromagnetic perturbation is simply given by

Hdipole =~µ.~E. (2.1)

This Hamiltonian describes the coupling between the electric field of the incident

light, ~E = E0cos(wt) k̂, and the electric dipole moment of the molecule, ~µ = �eÂ j~r j.

The spatial dependence of the electric field is negligible due to the extended excitation

wave length (l ) compared to the intermolecular distance. Based on the Fermis’s golden

rule, the rate of transition from initial (ground) to final (excited) state is given by

Ti! f =
2p
h̄
��⌦y f

��Ĥdipole
��yi
↵��2 r f d

�
E f �Ei � h̄w

�
, (2.2)
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where yi and y f indicate the initial and final states wave functions respectively, r f is

density of final state, E f and Ei the energy of final and initial state respectively, h̄w
the energy of incident light. If the symmetry of the initial and final state cause the
��⌦y f

��Ĥdipole
��yi
↵��2 to be zero, thus the electronic transition is forbidden by symmetry.

2.1.2 Excitons in polymeric semiconductors

"An exciton is a quasi-particle that forms when Coulomb-interacting electrons and

holes in semiconductors are bound into pair states". [6] Excitons are therefore classified

as Frenkel and Wannier-Mott. When an excited electron resides within its molecule or

chromophore, the exciton is called a Frenkel exciton. When the excited electron has

the ability to range over the molecules surrounding the ionised molecule, it is called a

Wannier-Mott exciton. See Fig. 2.2.

Figure 2.2 – Scheme of the Bohr radius a0 in Wannier-Mott and Frenkel excitons. a is
lattice constant. Wannier-Mott exciton characterises a0 � a while in Frenkel exciton
a0 ⇠ a.

Due to the low dielectric constant in polymeric semiconductors, the Coulomb attrac-

tion between electrons and holes is not effectively screened compared to inorganics. This

results in a more tightly bound exciton with higher binding energy in polymeric semi-

conductors, known as Frenkel exciton. Hence, the exciton in polymeric semiconductor

is a Frenkel exciton.
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2.1.3 General description of Frenkel excitons

To explain the concept of Frenkel exciton in an aggregated molecule, we consider a

linear crystal containing N identical molecules such that interactions exist between the

nearest neighbours in the linear crystal. Only one molecule is assumed to be electron-

ically excited while all others remain unexcited in the ground state. When the inter-

molecular interaction is negligible, the wave function of N aggregated molecules within

the crystal is the product of the excited state molecule and other N � 1 molecules re-

siding in the ground state. The identical probability of the excitation of each molecule

contributes to a N-fold degenerate band. The electronic state of the system gives rise to

|ni= |gi1 |gi2 ... |ein ... |giN�1 |giN , (2.3)

where |ni is the state of nth molecule where is in the excited state, whilst the other N-1

molecules are in the ground state, the subscripts indicate molecular sites and g and e are

electronic ground and excited states respectively on a single molecule. It is therefore

possible to write the total wave function of the system as a linear combination of the

states

|yi=
N

Â
n=1

Cn |ni , (2.4)

where C is a complex coefficient such that ÂN
n=1CnC⇤

n = 1. When the size (N) of the

chain is large, periodic boundary conditions can be applied. In this case, the eigenstates

are expressed as Bloch wave functions with a wave vector k:

|yki=
1p
N Â

n
exp(ikn) |ni , (2.5)

where k = 2p
N j, j = 0,1,2, ...N �1. When the nearest neighbour interactions (excitonic

coupling J0) are activated, the degeneracy between the states will be removed and all the

states will form delocalised excitonic states. The interaction Hamiltonian is given by

Hinteraction = Â
n

J0 {|nihn+1|+ |nihn�1| } . (2.6)
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Therefore, solution to the eigenfunction equation Hyk = Ekyk gives rise to

Ek = hyk0 |Hinteraction|yki= 2J0cos(k)dk,k0 , (2.7)

the bandwidth W equals 4J0 due to the range of eigenvalues, �2J0 < Ek < 2J0 that is

independent of the aggregates size i.e. N as long as N > 2. For the dimer N = 2, the band

width is W = |2J0| since there is only one nearest neighbour for each molecule. There-

fore, exciton coupling, J0, between the molecules in the crystal raises the energy levels

compared to the non-interacting crystal. [7] Fig. 2.3 shows the impact of intermolecular

coupling on the energy levels of molecular crystals as well as how the nearest neighbour

coupling between molecules shifts the energy levels of the isolated crystal and the band

width becomes 4J0.

Figure 2.3 – Scheme of the impact of intermolecular coupling on the energy levels of
molecular crystal. Nearest neighbour coupling between molecules shifts the energy lev-
els of the isolated crystal and the band width becomes 4J0.

2.1.4 Major photoexcitation in polymeric semiconductor

As discussed before understanding of the intimate relationship between morphology

and photo-carrier generation mechanisms is the core of this study. Understanding the el-

ementary excitations and dynamics in polymeric semiconductors is therefore essential to

advancements in organic photovoltaic. Polymeric semiconductors are highly disordered,

incorporating crystalline and amorphous regions. To improve the photo-carrier gener-

ation mechanisms, it is necessary to consider exciton motion along and between the
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polymer chains and also the complex boundaries established by the multiple numbers of

phases (discussed in chapter 2.3.3). Hence, understanding of primary photoexcitation in

polymeric semiconductor is significant.

Singlet and triplet excitons: Photoexcitation of an electron to a higher energy level

- using above-gap photon energy - in polymeric semiconductors results in the formation

of an exciton. The binding of an electron and hole means there are four possible orienta-

tions of their spins states. Excitons are classified as singlet and triplet excitons in terms

of their spin and optical activity. Of the four possible spin orientations, only one is anti-

symmetric with total spin 0 and this is the singlet state. The three remaining orientations

all have spin 1 and are called triplet states. Singlet excitons are initial photoexcitation

in polymeric semiconductors. Absorption of a single photon promotes the electron from

lower energy level to a higher energy level and creates exciton in a spin-less singlet

alignment.

Polarons: In the language of chemistry, once the excited electron resides in p⇤

energy level, the bonds in the benzene rings rearrange to adopt to the new configura-

tion, which changes the molecular geometry. In fact lattice distortion is mainly due to

the electron-electron correlation or electron-phonon interaction that exist in polymeric

semiconductor, known as low-dielectric constant materials. According to tight bind-

ing Hamiltonian, polarons support two energy levels in the middle of the band gap, as

shown in Fig. 2.4. Tight binding approximation by only taking the nearest-neighbours

Figure 2.4 – Scheme of the energy lev-
els of polarons, the allowed transition
illustrated through blue arrows, g (u) in-
dicate even (odd) parity of the levels, P1
and P2 characterises the low energy and
high energy polarons respectively.

interactions straightforwardly explains the electronic properties of conjugated polymer

systems. The p-electron wave function can be written as the Bloch wave function, when
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considering the polymer as a periodic system [8]

yn (x) = Â
n

exp(ikna)j (x�na) , (2.8)

where a is the lattice constant and is j (x�na) carbon 2pz orbital wave function on the

n-th atomic site. The detail calculation can be found in reference [9] as final result as the

solution to the Schrödinger equation, at the boundaries is given by

E (p/2a) = e ±
q

t2
1 + t2

2 �2t1t2 = e ±|t1 � t2| , (2.9)

where e = hji |H|jii (we can set e = 0) and ti,i±1 = hji |H|ji±1i with the energy gap

Eg = 2 |t1 � t2| = 2D. In polyacetylene the dislocated atoms (due to any perturbation

like electron-phonon coupling) form the alternating single (longer) and double (shorter)

bonds, and lower the symmetry of the system; this process is called dimerisation. Hence,

some atoms become closer leading to stronger hopping which creates the gap. As such

t1 and t2 are the transfer integrals for single and double bond nearest neighbour in poly-

acetylene. A model introduced by Su, Schrieffer, and Heeger (the SSH model), supports

the role of electron-phonon interaction to the Hamiltonian to describe the interactions

and primary excitations in polymeric semiconductors, according to this model the po-

laron has two bound states with a pair of states having energies as

Ep =± Dp
2
, (2.10)

split off from the continuum and symmetric with respect to the gap center . These two

states can be considered as the bonding and antibonding combinations of the two midgap

states. As such the lower state is split off from the top of the valence band and the up-

per state is split off from the bottom of the conduction band, the detail calculation can

be found in reference [10]. Fig. 2.4 shows the energy level of the polarons along with

allowed transition. Formation of polarons creates two absorption band in the absorption

spectrum observed in in mid IR (⇠ 0.35 eV) and in near IR (⇠ 1.4 eV). [11] If the con-

jugated length is large compared to lattice distortion, for example in PPV polymer the
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levels are reported to be ⇠ 0.15 to ⇠ 0.2 eV. [12]

2.2 Excitonic behaviour in aggregated polymers

2.2.1 Microstructure dependence of excitons

Coherence of excitons inside a molecule or chromophore depends strongly on the mi-

crostructure of the polymeric semiconductors. Materials incorporated in optoelectronic

devices possess more complex morphologies than simple isolated molecules studied in

section 2.1.3. As explained in the Frenkel exciton model, exciton coupling shifts the

eigenstates energies of the isolated crystal as well as the oscillator strength redistribu-

tions compared to the non-interacting molecules. The origin of the shift is associated

with the sign of the Coulombic coupling connecting the two molecules (the excitonic

coupling) that was first recognised by Kasha et al.. [13, 14] In a simple dimer consisting

of two rigid chromophores, the sign of the coupling is mainly due to the relative orien-

tation of the two chromophores that stems from two types of morphologies. Due to the

Coulomb interaction between the chromophores, the excitonic coupling, V12, could be

approximated as a point dipole- dipole interaction given by:

V12 =
1

4pe0

~µ1.~µ2 �3(~µ1.~r)(~µ2.~r)
R3 , (2.11)

µi is the transition dipole moment of the ith chromophore, R and r the distance between

the two chromophores and the connecting unit vector respectively. Fig. 2.5 shows two

different orientations for two chromophores with given µ1 = µ2. A "side-by-side" con-

figuration 1 of the molecules, classified as a H-aggregate, contributes to a positive cou-

pling whereas a "head-to-tail" configuration 2, classified as a H-aggregate, contributes to

a negative coupling. Fig. 2.6 shows the energy level ordering for an H- and J-aggre-

gate dimer. A dimer consists of two-level chromophores, each of them supports a single

ground state (g), and a single excited state (e). In the absence of the coupling V12 = 0 or

1. where q = 90, µ1 = µ2 that results in V12 =
1

4pe0

µ2

R3 > 0.

2. where q = 0, µ1 = µ2 that results in V12 =
1

4pe0

�2µ2

R3 < 0.
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Figure 2.5 – Scheme of transition
dipole moment orientations for H- and
J-aggregates consisting of two chro-
mophores (a dimer). According to the
point dipole-dipole approximation, the
side-by-side orientation (left) makes the
coupling positive, contributing to the
formation of an H-aggregate. The head
to tail orientation (right) makes the cou-
pling negative, which contributes to the
formation of a J-aggregate.

J0 = 0 the eigenstates corresponding to a single molecular excitation are localised and

denoted as |1i ⌘ |e1g2i and |2i ⌘ |g1e2i. In the presence of coupling the symmetric (+

state) and anti-symmetric (� state) eigenstates are given by

|y±i=
1p
2
{|1i±|2i} . (2.12)

In an H-aggregate when J0 > 0 the higher energy state is symmetric and the lower

energy state is anti-symmetric whereas it is opposite in a J-aggregate when J0 < 0. The

symmetric and anti-symmetric eigenstates result from the behaviour of the state under

a symmetry operator (i.e. reflection through a plane bisecting the dimer pair) therefore

the k = 0 state resides at the top of the band in an H-aggregate and at the bottom of the

band in a J-aggregate. Note that because the oscillator strength exists in the transition

from the ground state |g1g2i to the symmetric state, the absorption spectrum is therefore

blue-shifted in the H-aggregate and red-shifted in the J-aggregate relative to the single

molecule, as shown in the Fig. 2.6. However, the red or blue shifts in the oscillator

strength cannot be the only characteristic of J- or H-aggregation. Spano et al. address

the additional spectral signatures caused by influence of vibronic coupling [15], shall

be discussed later in this chapter. In short, in an H-aggregate polymer the interchain

interaction (through space) is dominant whilst in a J-aggregate polymer the intrachain

interaction (through bond) is dominant . Different microstructures contribute to different
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Figure 2.6 – Scheme of energy levels of two chemically identical two-level molecules.
When the molecules are isolated (on the left and right sides). Electronic interactions
result in an exciton-coupled state, shown in the center. When the (+) state is the top
state, it becomes an H-aggregate. When the (+) state is the bottom state, it becomes a
J-aggregate. For the H-aggregate, the optical allowed state is higher in energy, making it
blue-shifted with respect to the monomer. On the other hand, the J-aggregate has its op-
tically allowed transition at lower energy, making it red-shifted relative to the monomer.
Figure adapted from reference [16].

excitonic behaviours.

2.2.2 Franck-Condon principle

Electron-phonon coupling in a conjugated polymer leads to the alteration of the poly-

mer backbone or rotation of repeat units about the axis defined by the backbone. This

coupling contributes to a planarisation of the polymer backbone and stiffening of the

chemical bonds (Fig. 2.7 shows simulated ground and excited state geometry). [17, 18]

An excited molecule forms a new potential compared to its ground state potential, hence

the geometry of the excited state and ground state potentials is not the same and there

is a non-zero overlap between ground and excited state. Given that the time required

for the molecule to adopt to its new equilibrium configuration is long compared to the

time required for electronic transition (1 ps compared to 1 fs), therefore any electronic

transitions can be considered to occur instantaneously in comparison to the structural re-

arrangements. Hence the response of nuclei to the change of electronic structure occurs

on much longer timescales compared to the electronic transition such that molecule does
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not have time to move within the nuclear potentials during the short time of the optical

excitation; this is assigned to the Franck-Condon principle. [17, 19, 20]

Figure 2.7 – Simulated ground and
excited state geometries of poly(p-
phenylene-vinylene) oligomers. The
evidences of planarization of the chem-
ical bonds is shown in the excited state.
Figure adapted from Reference [17].

Fig. 2.8 shows the nuclear potential that is assumed to be harmonic i.e. VR = 1/2k f R2
0

where k f is the force constant. The lower potential is the electronic ground state and

the upper is electronic excited state displaced by R0. The vibrational frequency w0 ⇠
1400 cm�1 corresponds to the vinyl stretching mode. Therefore, h̄w0�0 is molecular ex-

citation energy. The absorption transitions are shown with blue arrows and the emission

transitions are shown with green arrows. An electronically excited molecule quickly re-

organises its geometry to establish its minimum energy. The released energy is known as

relaxation energy: VR = 1/2k f R2
0 ( ⇠ 0.1�0.2 eV in p-conjugated polymers [5]). There-

fore it emits from lower energy state that cause a Stokes shift between the absorption and

emission spectra.

Franck-Condon principle permits to separate the wave functions describing the initial

(yi) and final states (y f ) into electronic and vibronic wave functions such that

yi = yelec,iyvibr,i y f = yelec, f yvibr, f (2.13)

where yelec,i and yelec, f describes only the electron motion whereas yvibr,i yvibr, f de-

scribes just the nuclei vibrational motion. Given that the absorption rate (the transition

rate) is µ
��⌦y f |eX |yi

↵��2, where eX is the electric dipole moment (interaction Hamilto-

nian), within the Franck-Condon approximation, it is possible to write

⌦
y f |eX |yi

↵
!
⌦

yelec,i |eX |yelec, f
↵Z

Y⇤
vibr,i (X)Yvibr, f (X)dX , (2.14)
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Figure 2.8 – Nuclear potential that is assumed to be harmonic i.e. VR = 1/2k f R2 where
k f is the force constant. The lower potential is the electronic ground state and the upper
is electronic excited state displaced by R0. The vibrational frequency w0 ⇠ 1400 cm�1

corresponds to the vinyl stretching mode. h̄w0�0 is molecular excitation energy. The
absorption transitions are shown with blue arrows and the emission transitions are shown
with green arrows.

where
⌦

yelec,i |eX |yelec, f
↵

is the matrix element between two electronic states i.e.

yelec,i,yelec, f . yvibr,i,yvibr, f are vibrational wave functions of the lattice.
R

y⇤
vibr,i (X)

yvibr, f (X)dX⌘
��⌦yvib,i|yvib, f

↵�� is the overlap integral assuming that the electronic dipole

moment is independent of the vibrational modes. Following the fast reorganisation,

whilst the vibrational level n = 0 in the excited state remains occupied, the Franck-Con-

don factor (that supports the strength of electro-phonon coupling) for a transition from

n = 0 to n 6= 0 is given by [5]

��⌦yvib,0|yvib,n
↵��2 =

exp
�
�l 2�l 2n

n!
, (2.15)

where l 2 is Huang-Rhys factor given by l 2 =
k f R2

2h̄w0
where n is the number of quanta

involved in transition or number of quanta that shifts the excited state potential.

2.2.3 Polaronic excitons

In 2005, Spano studied the photophysics of aggregated polymers theoretically and

introduced a model i.e. weakly coupled H-aggregate model that takes into account ex-
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citonic intermolecular coupling, exciton-phonon coupling and disorder, within a gen-

eralised Holstein Hamiltonian. [21] The absorption and photoluminescence spectra of

polymeric semiconductor with p-conjugation supports the idea of strong vibronic pro-

gressions involving mainly the symmetric vinyl stretching mode with an energy of about

1400 cm�1. Furthermore, in the excited state the vibrational coordinate is slightly elon-

gated along one or more symmetric vibrational coordinates, the coupling between the

electronic and nuclear degrees of freedom is local. Combination of electronic and vibra-

tional degrees of freedom for the excited state favours the concept of polaronic excitons

for Frenkel excitons in polymeric semiconductors. In 2012, Yamagata and Spano intro-

duced a new model for analysing the absorption and photoluminescence of aggregated

polymers i.e. "HJ" hybrid model. In the "HJ" hybrid model the authors considered the

competition between intrachain (through-bond) coupling, and interchain (through-space)

coupling and incorporated local exciton-vibrational coupling into the exciton Hamilto-

nian by including intra- and intermolecular exciton coupling, electron vibrational cou-

pling and energetic disorder. The authors used a Holstein model Hamiltonian to inves-

tigate exciton-phonon coupling in H- and J-aggregates. [15] Excited state comprised of

electronic and vibrational degrees of freedom can be viewed as polaronic excitons, where

the electron/hole is surrounded by a vibrational distortion field or phonon cloud [22]. In

order to account for exciton-vibrational coupling it is assumed that the nuclear potential

relative to the ground state S0 is shifted with respect to the nuclear potential relative to

the excited state S1; the shift is quantified by Huang-Rhys factor. The Holestein Hamil-

tonian to treat vibronic coupling is given by

H = w0 Â
n

b†
nbn +w0l Â

n
|nihn|

⇣
bn +b†

n

⌘
+Â

n
J0 {|nihn+1|+ |nihn�1|}

+w0l 2 +w0�0 +D,

(2.16)

where h̄ = 1, the first term is the vibrational energy, bn and b†
n are responsible for cre-

ation and annihilation of vibrational excitations on the nth molecule. w0 is the vibra-

tional frequency of the high frequency vinyl-stretching mode with a value of ⇠ 0.174 eV

(1400 cm�1). The second term is vibronic coupling and the third term is the excitonic
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coupling. J0 is the nearest neighbour excitonic coupling. w0l 2 is the relaxation energy.

The last term w0�0 +D is the molecular excitation transition frequency and the gas-to-

crystal shift sourced by non-resonant interactions set to zero. This Hamiltonian, based

on multi-particle basis set is developed by Philpott for Frenkel polarons. [23] Within a

single-particle basis picture (|n, ñi) there is an electronically excited molecule at nth site

with n vibronic quanta in the excited-state nuclear well (see Fig. 2.9 bottom), whilst

all the other molecules are in the electronically and vibrationally ground state. A two-

particle state, (|n, ñ ;n+ s,ni) (see Fig. 2.9 top), has one electronical excited molecule

at the nth site with n vibronic quanta in the excited well, and one vibrational exited

molecule at the (n+ s)th site. All the other molecules remain unexcited in the ground

state and s measures the displacement between the vibronic and vibrational excitations.

The eigenfunction correspond to the Hamiltonian is given by

Figure 2.9 – Examples of the fun-
damental excitations in ordered
organic assemblies. The vi-
bronic (single-particle) excitation
shown is |n, ñ = 1i, while the vi-
bronic/vibrational pair (two-particle
state) is |n, ñ = 1;+1,n = 2i, figure
adopted from reference [22].

|yai= Â
n,ñ

ca
n,ñ ,s,n |n, ñ ;n+ s,ni , (2.17)

where the a = 1,2, ... indicates eigenstates in increasing order of energy and (a = 1)

indicates the lowest energy excitonic polaron or exciton. The off-diagonal elements of

Hamiltonian are represented by the usual excitonic Hamiltonian

Hex = Â
m,n

Jmn |mihn| , (2.18)
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where |mi represents a pure S1 electronic excitation at site n and Jmn is the excitonic cou-

pling between the mth and nth molecules. The off-diagonal matrix elements of Hamilto-

nian connecting one-particle states allow for resonant energy transfer in the conventional

Frenkel exciton theory. In the weak coupling regime where W <̃w0l 2 the exciton band

(W) can be viewed as a series of vibronic sub-bands, each identified with the number

of quanta n which characterises the one-particle states with the greatest admixture, and

with a bandwidth of approximately, W = e�l 2l 2ñ/ñ!. The sum of the sub-band widths

is equal to W (Franck-Condon factor of unity). The optical response from the excitons

in equation 2.17 derives from the following basic properties: (i) Only one-particle states

are optically allowed, these states contribute to the 0�0 emission from the vibrationless

ground state. (ii) Both one- and two-particle states radiatively couple to the electronic

ground state with one or more vibrational excitations. Thus, sideband emission involves

both one- and two-particle states. (iii) In the absence of disorder only nodeless excitons

k = 0 can be optically excited from the vibrationless ground state where n = 0 consistent

with transition selection rule DK = 0. [22]

In disorder free aggregates such states are delocalised over the entire p-stacks whereas

disorder causes the excitation to be localised. [24] This formalism is required to de-

scribe the spatial extent of the vibrational excitons’ wave function and a key concept for

describing the relationship between optical properties and microstructure of polymeric

semiconductors.

2.2.3.1 The "HJ" hybrid model

As discussed in section 2.2.1 different arrangements of chromophores dipole mo-

ments contribute to different microstructures in terms of H- and J-aggregation behaviour.

Any change in microstructure contributes to different photophysics. The photolumines-

cence spectrum is more sensitive, with H or J behaviour than the absorption spectrum,

hence the absorption spectral line shape can still be well-analysed by the conventional

H-aggregate model (by Spano). In fact photoluminescence is more sensitive with the

interplay between the intra- inter-chain interactions. Long range intrachain order (or

weaker interchain interactions) induces J-aggregate behaviour, whilst short range intra-
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chain order (or stronger interchain coupling) induces H-aggregate behaviour. The "HJ"

hybrid model enables us to interpret the steady-state absorption and photoluminescence

spectra of aggregated polymers and their blends and to relate those signatures to the

microstructure. The "HJ" hibryd model describes photophysics of p-conjugated aggre-

gates, such as molecular crystals and polymer thin films. In polymer p-stacks Coulombic

interaction between the chains competes with through-bond interactions within the chain

that contributes to hybrid HJ-aggregate photophysics. The inter- intrachain interaction

occurs between different chromophores in the p-stacks. With "HJ" hybrid model Yama-

gata and Spano address the additional spectral signatures (an analysis with line strength

ratio of the absorption and photoluminescence (PL) spectra) caused by influence of vi-

bronic coupling to distinguish H- vs. J-aggregation. [15] The details of optical properties

of aggregated polymers shall be discussed later in chapter 5.5.2.

2.2.3.2 Short-range charge transfer and long-range Coulombic couplings

In 2014, Yamagata et al. has developed the discussion of hybrid coupling by using

a Holstein-style Hamiltonian including both Frenkel and charge-transfer (CT) excitons.

In the recent discussion the hybrid HJ coupling consists of the long-range interactions,

characterised by Frenkel exciton dipole coupling, and short-range interactions, charac-

terised by charge-transfer (CT) interactions. Charge transfer interactions, like dipole-

dipole coupling can be classified as either J-type (negative coupling constant) or H-type

(positive coupling), see Fig. 2.10. [25, 26]

Figure 2.10 – Scheme of long range
dipole-dipole coupling (in blue) and
short range charge transfer coupling
(in red) in polymer p-stacks. Figure
adapted from reference [26].

Yamagata et al. considered short-range coupling induced by HOMO/HOMO (and

LUMO/LUMO) wavefunction overlap between neighbouring chromophores. [27] Vi-
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bronic signatures identical to those caused by Coulombic coupling has been identified.

In this classification the J- or H-type aggregate occurs depending on the relative sign

between the electron (te) and hole transfer integrals which connect adjacent LUMO

(HOMO) orbitals. The sign and magnitude of te and th are sensitive to changes in the

intermolecular orientation i.e. slip-stacking and sub-Angstrom displacements of neigh-

bouring. The short-range charge transfer coupling is given by

JCT =� 2teth
ECT �EF

, (2.19)

where ECT and EF represent the energies of charge transfer state and Frenkel state. The

H- J-aggregates photophysical behaviours are identified by JCT > 0 and JCT < 0 respec-

tively. Therefore, the interference between short and long-range coupling in organic

materials can be classified as either H-H, H-J, J-H, or J-J where the first label refers

to the sign of the dipole-dipole interaction, and the second refers to the charge transfer

coupling.

Moreover, recently (2015) Hestand et al. considered the interference between the

two couplings when defining H and J-aggregates based on short- and long-range cou-

plings. The coupling results in "null-aggregates" when both the Coulomb coupling and

charge transfer coupling are strong but interfere destructively which spectroscopically

resembles uncoupled molecules. [25] Hestand et al. developed the discussion by us-

ing Frenkel/charge transfer Holstein Hamiltonian that takes into account both sources of

electronic coupling as well as intramolecular vibrations. For integrated Frenkel/charge

transfer systems vibronic spectral signatures are manifested by perturbative and reso-

nance regimes. In the perturbative regime, the sign of the lowest exciton band cur-

vature, is related the ratio of the first two vibronic peak intensities and defines J- and

H-aggregation. The vibronic ratio also remains useful to evaluate the J or H nature of

the system in the resonance regime.
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2.2.4 Converting H and J by processing

The solid state microstructure of conjugated polymeric semiconductors can be ex-

tremely sensitive to processing conditions. Controlling structure-property relationships

of melt- or solution-processed conjugated polymers have strong impact on the intra-

chain (chain conformation) and interchain (packing) order. An aggregated polymer

characterises excitation that supports delocalised p-electrons in both ground and excited

states, over several chromophores located on adjacent polymer chains. Providing poly-

mers of different molecular weights, as well as degrees of polydispersity, regioregularity

and chemical purity can further affect the structure/property relationship. It has been

demonstrated that molecular weight -average length of polymer chains- plays a signifi-

cant role in controlling the solid-state crystalline packing and microstructure as well as

optoelectronic properties of polymers. [28] Moreover, given that the interchain bonding

in polymers is relatively weak, fabrication and processing protocols becomes very cru-

cial in determining microstructure and optoelectronic properties. Solid-state parameters

including crystallinity and macromolecular orientation is strongly dependent on the fab-

rication protocols. Macromolecular orientation or crystallinity is caused by inter-chain

order while a distinct ordered chain conformation is caused by intra-chain order. Note

that the formation of intra-chain-ordered chain segments contributes to supramolecular

aggregation/crystallisation. [28]

In a polymer p-stack the photophysical properties is mainly dependent on the com-

petition between intrachain electronic coupling, which favours J-like behaviour, and in-

terchain coupling, which favours H-like behaviour. Processing conditions, mentioned

above, can manipulate this interplay between the H- J-aggregations such that either J-

or H-aggregation is dominant. Therefore, polymer p-stack is termed as an HJ-aggre-

gate. [29]

Clark et al. showed that spin-cast films of P3HT with low boiling point solvents,

such as chloroform, show larger exciton band width (i.e. W extracted from the absorption

spectra), indicating a shorter conjugation lengths and lower crystalline quality. However

spin-cast films of P3HT with high boiling point solvents show lower W with correspond-
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ingly longer conjugation lengths and higher crystalline quality. Furthermore, spin-cast

films with low boiling point solvents have a lower proportion of crystalline aggregated

regions compared to those with high boiling point solvents. They further studied the

morphology of the films using atomic force microscopy (AFM) in order to verify that

changes in microstructure contribute to different absorption spectrum. It was found that

the films spun from high boiling point solvents show rough surfaces while those spun

from low boiling point solvents are smoother. The roughness was associated with the

formation of microstructures. [30]

Furthermore, Spano et al. showed that spin-cast films of P3HT (with chloroform as

the solvent) behave like H-aggregates. This was attributed to the low-boiling-point of

the solvent which contributes to a high level of disorder in the film and short conjugation

lengths aggregates. [24]

Niles et al. showed that nanofibers of P3HT formed by slowly cooling in toluene be-

have like J-aggregates. There observation was explained in terms of increased intrachain

order that contributes to larger conjugation lengths and stronger intrachain interactions

compared to interchain interactions. Dominant 0 � 0 intensity of PL and absorption

characterises J-aggregate behaviour. [31]

Baghgar et al. showed that cross-linking in P3HT copolymers can be used to control

the interchain interactions. Those authors controlled the size of the cross-linking agent

relative to alkyl side chain length in nanofibers of P3HT. It was demonstrates that by

applying a large linker or using a linker of comparable length to the lamellar spacing,

the exciton coupling in nanofibersof P3HT can be controlled, by reducing inter-chain

coupling. The great advantage of this cross-linking process used to control the inter-

chain interaction is that cross-linking process removes the need for all structures to be

kinetically stable at every step during device fabrication. [32]

Baghgar et al. showed a molecular-weight dependent exciton coupling in isolated

P3HT nanofibers. The authors found that intra- and interchain coupling (quasi-two di-

mensional) reduced to an exclusively intrachain coupling (quasi-one dimensional) as

P3HT molecular weight is increased i.e. H- to J-type coupling significantly due to the

increased planarization of P3HT backbones. [33]
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Paquin et al. identified a clear microstructure-dependent interplay of intermolecu-

lar and intramolecular exciton spatial coherence in neat regioregular P3HT through a

range of molecular weight (12.4-264 kg/mol). It was found that in thin-film structures

of high-molecular-weight materials (Mw > 50 kg/mol), a balance of intramolecular and

intermolecular excitonic coupling results in high exciton coherence lengths along chains

(⇠ 4.5 thiophene units), with interchain coherence limited to ⇠ 2 chains. However, for

thin-film structures of low-Mw P3HT ((Mw < 50 kg/mol), the interchain exciton coher-

ence becomes dominant. (⇠ 30% higher than in architectures formed by high-molecu-

lar-weight materials). [34]

Hellmann, et al. showed that it is possible to tune the 0� 0 absorption transition

of (P3HT) in blends with poly(ethylene oxide) (PEO) through the control of the liquid-

liquid phase separation process during solution deposition. A significant liquid-liquid

phase separation in solution (i.e. highly pure domains of P3HT and PEO) was char-

acterised to give a pronounced J-like aggregation behaviour (with a low exciton band

width). The authors attributed this optical response of the binaries to conformational

changes of the P3HT backbones that occur in the presence of PEO, contributing to an

increased delocalisation of the p-electron density along a more planarized backbone, as

well as a larger chromophore with larger conjugation length. [35]

Therefore, it appears possible to shift and tune between J- and H-dominated be-

haviours in polymeric semiconductors by controlling microstructure, like in P3HT as a

model system.

It is important to note that knowledge acquired in this section has been expanded to

the HJ aggregated model and Frank-Condon model to analyse and interpret the results

in chapter 5 and partly in chapter 4 (absorption spectra).

2.3 Heterostructures

As mentioned before in this chapter, the motivation of this work is to gain a fun-

damental understanding of the elementary excitations and dynamics in polymer pho-

tovoltaic cells in order to design, optimise and tune the devices based on conjugated
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polymers at molecular level. This chapter has revised the excitonic behaviour in the

polymeric semiconductors and how it is related to the morphology. The following sec-

tion focuses on the excitonic behaviour of bulk heterostructures of polymeric semicon-

ductors.

2.3.1 General context

Photovoltaic cell is recognised as a promissing candidate to harvest energy from the

sun. The photovoltaic effect i.e. generation of voltage when a device is exposed to light,

was first discovered by Becquerel in 1839. [36] The key objective of all photovoltaic cell

technologies is to increase conversion efficiency and reduce production costs.

As a general concept for generating electricity we first refer to a pn-junction. A

doped semiconductor with a higher electron conductivity is termed n-type whilst a ma-

terial with a higher hole conductivity is termed p-type. Combination of a p-type and

n-type favours the concept of pn-junction such that electrons from the n-type semicon-

ductor flow into the p-type region and recombine with holes flowing into the n-type

region. Following the absorption of a photon, separation of charges occurs near the in-

terface, which forms a space charge region. Due to the fact that semiconductor band gap

covers the entire solar spectrum (⇠ 0.5�4 eV) semiconductors are ideal for the task of

generating electricity. Furthermore the conduction properties of the semiconductor can

be controlled by the amount of dopant atoms that are added. It is also possible to gener-

ate electricity from the polymeric semiconductors because of their delocalised p-bonds

as well as their typically large band gap. Therefore, a photovoltaic effect is required to

extract the charge carriers generated by incident light. This is achieved by incorporat-

ing the polymeric semiconductors between two conducting electrodes. For a device to

produce a current, one electrode must collect more electrons and the other more holes,

commonly referred to as asymmetric collection. In conventional inorganic photovoltaic

cells this asymmetry is provided by fabricating the semiconducting layer such that it acts

as a diode; in silicon devices this is done by doping the two sides of the semiconductor

differently such that a p-n junction is created. Analogous to effect of dopant in inor-

ganic semiconductors it is possible to manipulate the optical and electronic properties
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of polymeric semiconductors through a tailored morphology. This is crucial for device

application, including photovoltaic cells and LEDs. In what follows, we briefly discuss

different structures of photovoltaic cells.

2.3.1.1 Single layer OPV cell

The simplest configuration of an organic photovoltaic cell incorporates a single layer

polymeric semiconductor between two metals with different work functions. As such

light is illuminated through a transparent electrode, onto the active layer (polymer) and

contributes to creating excitons and charges through the electrodes. Taking advantage of

the fact that absorption coefficient in polymeric semiconductors is high, the film thick-

ness can be very thin (⇠ 100 nm). These early devices were commonly in a metal-

semiconductor-metal configuration where the driving force for the current generation

was provided by the difference in work function between the two metal electrodes. In

a single organic semiconductor layer the photons mainly generate excitons and only a

tiny proportion (if any at all) separate to form free carriers, due to the increased Coulom-

bic binding between electrons and holes. Thus these devices suffered from extremely

low photocurrents and the semiconductors used exhibited low charge mobilities and

thus lossy transport. To improve the exciton dissociation a new structure was intro-

duced. Note that the the power conversion efficiency of a single layer photovoltaic cell

is << 1%. [37]

2.3.1.2 Bilayer heterostructure OPV cell

The fabrication of the first OPV devices in a bilayer heterostructure, where two dif-

ferent organic semiconductors were sandwiched together was reported by Tang et al.

with copper phthalocyanine: perylene derivative (CuPc:PV) photovoltaic cells. This

step forward in device structure saw huge increases in device power conversion efficien-

cies, mainly by increasing the current generation resulting from an increase in bound

electron-hole state separation. The bilayer structure increased the efficiency by creating

band offsets that are larger than the exciton binding energy; enabling the dissociation
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of the excitons. A bilayer consists of an electron donor (D) semiconductor (an elec-

tron provider) and an electron accepting semiconductor known as the acceptor (A). A

standard bilayer is polymer:fullerenes in which donor is the main light absorber. Upon

absorbing a photon an exciton is created in polymer and migrates towards the interface.

The excitons can dissociate more easily compared to the excitons in single layer. When

an exciton reaches the interface of heterostructure it is energetically favourable for the

electron component to transfer to the lower LUMO level of the other material and if the

difference between the conduction band energies is high enough then the bound state

will be separated into free charges. The discovery that a difference in energy between

materials was enough to separate the bound electron-hole state revolutionised the field

of OPV and allowed all further developments to occur. However, the power conversion

efficiency is limited by the small area of charge-generating interface between donor and

acceptor. Given the small exciton diffusion length (about few nanometer) in polymeric

semiconductors only few excitons reach the interface and can be dissociated and excitons

created far from the interface recombine without the chance to reach the interface. [38]

2.3.1.3 Bulk heterostructure OPV cell

Whilst bilayer heterostructures provided a huge increase in current output from pho-

tovoltaic devices, they were still limited. As exciton transport in the disordered materi-

als is slow relative to the recombination of the bound electron-hole state, excitons have

a limited diffusion length which they can travel before being lost to recombination. In

organic semiconductors the exciton diffusion length, LEX , is of the order of 10 nm. Thus

if an exciton is not generated within LEX of a heterostructure interface it will likely not

be separated to form free charges. As such the small interface in bilyares has been a

major limiting factor in power conversion efficiency. To overcome this the concept of a

bulk heterostructure was introduced by the pioneering work of Yu et al. [39] and Halls.

In heterostructure, the donor (polymer) and acceptor (typically fullerenes, PCBM) are

blended together such that an interpenetrating network area is achieved through control-

ling the phase separation between two components, when casting thin films from solu-

tion. The first cell incorporating the blended active layer was reported by Hiramoto et al.
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in 1991. [40] Such a bulk heterostructure overcomes the limitations of the bilayer by pro-

viding an enhanced donor/acceptor interface area through the entire device consequently

increasing the active volume within which excitons can be generated and successfully

separated. If the domains of donor and acceptor material are on the length scale of the

exciton diffusion length then it is possible to separate a high proportion of the excitons.

The concept of bulk heterostructure is supported by observation of ultra-fast photo-in-

duced charge separation 45 fs. [41], as well as the fact that some bulk heterostructure

OPV cells with the ratio of incident photons to charge extracted as current, approach-

ing 100%. This has been reflected in power conversion efficiency of 10% when using

polymer: fullerenes bulk heterostructures with optimised microstructure. [42]

2.3.2 Organic vs. hybrid

The bulk heterostructure architecture in which the polymer and fullerenes are inti-

mately mixed throughout the active laver, has shown promising results. Most impor-

tantly the organic photovoltaic cells can be made using solution phase techniques and

the high absorption coefficient of polymeric semiconductors allows the use of very thin

films. However, poor electron mobilities, high exciton binding energies (due to the low

dielectric constant of polymeric semiconductors ⇠ 3 compared to inorganic materials

⇠ 10 [43]), small exciton-difiusion length with respect to the thickness of the active

layer [44] all limit the efficiency of organic photovoltaic cells. Moreover, given that

fullerenes, as the typical acceptor in organic photovoltaic cells, have a low extinction

coefficient compared to the majority of polymeric semiconductors, contributes to in-

complete absorption over the full range of the solar spectrum.

The field of optoelectronic owes a big part of its success and development to dis-

covery of quantum confined nanomaterials (QCNs). It is therefore possible to employ

the quantum confined nanomaterials as an alternative to fullerenes in organic photo-

voltaic cells that contributes to a new concept of hybrid organic-inorganic cells. Hybrid

organic-inorganic is a photovoltaic device where the primary interface for charge gen-

eration is at the junction between a polymeric semiconductor and an inorganic material

with electronic structure optimised for photovoltaic diode operation. A wide range of



33

inorganic materials have absorption profiles that cover a broad range of the spectrum

and have high extinction coefficients such that complement the absorption of the semi-

conducting polymer. Quantum confinement effects, allow the band gap of any inor-

ganic material to be tuned, by changing the crystal size. This tuning can modify the

energy levels at the interface of the polymer/inorganic interface to improve charge sep-

aration as well as maximising the absorption. Moreover, the higher dielectric constant

of inorganic materials allows for higher charge separation efficiency. The increased

crystallinity also improves charge transport. In short, these devices present the opportu-

nity to integrate and combine favourable optoelectronic, chemical and thermal stability

properties of inorganic nanocrystals with solution processability and low-temperature

chemical synthesis of polymers. [45–47] In spite of their potential, to date such devices

display lower power conversion efficiency, especially low photocurrent, compared to

fully organic devices. [3, 4] Recombination of bound pairs at the interface is consid-

ered to be a significant reason for the low efficiency [43, 48] that is assigned to a lack of

control over the solid-state microstructure in semiconductor-nanocrystals/polymer films,

and thus presents a challenge in the development of hybrid photovoltaic cells. [49–51]

The main difference between the two design is that in hybrid photovoltaic cells the band

offset at interface is due to the difference between the conduction band minimum (the

valence band) of inorganic material and the HOMO (LUMO) of the organic material. To

develop better hybrid photovoltaic cells, it is important to focus on the donor-acceptor

interface and the morphology of the active layer. This shall be discussed further in this

thesis (chapter 4).

2.3.3 Organic: Crystal vs. phase-separated (one-phase, 3 or 4 phase, 2 phase)

The intermixing of the donor and the acceptor (both dissolved in a common sol-

vent) in polymer: fullerenes blends is the most common way to deposit the active layer

through spin-coating or drop-casting. In the meanwhile the solvent evaporates, resulting

in an intermixed donor and acceptor whilst remaining interconnected to either side of

the device. [39, 52] However, that provides a large donor/acceptor interface compared

to the bilayer, the morphology is not perfect. Fig. 2.11 (left) shows the ideal image
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for a bulk heterostructure supporting domain sizes not larger than the exciton diffusion

length in addition to a perfect connection to the respective electrodes. Practically this

ideal morphology is difficult to achieve. Typical processing methods contributes to the

morphology shown in fig. 2.11 (right), in addition to reasonable mixing regions there

are still large regions containing either polymer or fullerenes that prevent exciton mi-

gration through the interface or charge separation towards electrodes. Fig. 2.12 as a

Figure 2.11 – Schematic diagram of an ideal bulk heterostructure (left) and a more ran-
dom mixture of the donor and acceptor (right).

common image of the bulk heterostructure shows that fullerenes may intercalate be-

tween amorphous and crystalline polymer chains that forms an intermixed phase. The

microstructure can be associated with different phases: the fully intemixed or interca-

lated co-crystal phase (one-phase morphology), the pure fullerenes domain and fully

intermixed phase (two-phase morphology) or pure fullerenes domain and fully inter-

mixed phase and neat polymer domain (three-phase morphology). [53] While it is hard

to achieve the ideal morphology (see Fig. 2.11 left ) it is still possible to manipulate mor-

phology (see Fig. 2.11 right), optimise it and change the percolation pathway towards

the electrodes as well as time needed for that. This manipulation is possible by using

additives, changing the polymer: fullerenes ratio and post-processing techniques such as

thermal annealing. [53–55]

Muller et al. investigated the importance of microstructure for charge generation.

The authors found that fullerenes aggregates support a high electron affinity compared to

the fully intermixed phase; whilst the intermixed phase aids the initial charge separation,

the pure phase favours the transport out of the intermixed region by providing a strong

driving force to allow charge separation and avoiding geminate recombination. [56]
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Figure 2.12 – Different phase microstructures in Polymer: fullerenes blends. a) shows
a classical picture of a bulk heterostructure b) c) d) show three different morphologies
obtain using different polymers, polymer: fullerenes ratio or by optimizing the film
processing using additives. Figure adopted from reference [44].

By using (poly(2,5-bis(3-alkyl-thiophene-2-yl)thieno[3,2-b] thiophene) pBTTT polymer

that is suitable for microstructure manipulation, Muller et al. found that the 1:1 blend ra-

tio incorporates to only one-phase morphology while 1:4 blend ratio enables neat PCBM

and intercalated region to co-exist.

Scarongella et al. manipulated pBTTT: PCBM microstructure during film process-

ing by using fatty acid methyl ester additives of different length (Me7, Me12, Me14)

and showed that co-crystal formation can be manipulated from fully intermixed, to a

partially intercalated, to a predominantly phase-separated microstructure. [55] The au-

thors concluded that neat PCBM domains are important for free charge generation be-

cause in the two-phase morphology (1:4 blend ratio, pBTTT: PCBM intermixed phase

and neat PCBM domains) long-lived charges exist; due to the driving energy provided

by neat PCBM domains that assist in charge separation. However in the one-phase mor-

phology (1:1 blend ratio, pBTTT: PCBM intermixed phase) the charges recombine in

a geminate manner. They further concluded that the use of Me12 in 1:1 blend ratio of

pBTTT: PCBM contributes to a two-phase morphology. While with Me7 a three-phase

morphology including pBTTT: PCBM intermixed phase and neat PCBM domains and

neat polymer domain was achieved. They reported that the total efficiency of the charge

separation is reduced. In fact some excitons created in neat polymer recombine before

reaching to the interface.

It is important to note that knowledge acquired in this section has been expanded to

the interface of P3HT: ZnO hybrid bulk heterostructure in chapter 4.



CHAPTER 3

EXPERIMENTAL TECHNIQUES

In this chapter the experimental techniques that we used to characterise the polymer

thin films (chapter 4), solutions and gels (chapter 5), are discussed.

3.1 Steady-state linear absorption

When a polymeric semiconductor absorbs photon through an excitation, a linear pro-

cess takes place in which electrons become excited from the ground state S0 to a higher

singlet electronic state S1. In order to measure the absorption of polymeric semicon-

ductors in either thin films or solutions we employ Beer-Lambert law (the intensity of

light decreases exponentially with depth in the material) and measure the transmittance;

from which we can calculate the absorption while other processes such as reflectance

and scattering are negligible. Beer-Lambert equation is given by

ln
✓

I0

I

◆
= snd, (3.1)

where I0 is the intensity of the incident light, I is the intensity of the transmitted light

through the sample d is the thickness of the sample and n is density of the species.

Transmittance is given by

T =
I (l )
I0 (l )

, (3.2)

A =�10log(T ) . (3.3)

The transmission through the sample is measured using standard lock-in techniques. The

probe beam was a monochromated 250 W halogen-tungsten lamp modulated at fprobe =

139 Hz and monitored with a Si/Pbs dual-band photo-receiver. The sample was held in

a closed-cycle, controlled vapour cryostat environment where it could be cooled down

to 10K with exchange gas. This was the case for all measurements reported here unless

stated otherwise. Fig. 3.1 shows the schematic of the set up; the absorption measurement
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were taken through the lamp optical path.

3.2 Steady-state photoluminescence (PL) measurement

Photoluminescence is one of the possible ways to deactivate the excited state through

a radiative decay. In this process, the excited state exciton (S1) relaxes to the ground state

(S0) through the emission of a photon. In this thesis, the PL spectrum of the samples

were measured using a standard lock-in technique. Continuous-wave laser modulating

at fpump = 170 Hz provided the excitation source at wavelengths of 532 nm (2.33 eV

photon energy), 405 nm (3.06 eV photon energy) and 632 nm (2.0 eV photon energy).

The signal was monitored with a Si/avalanche photodiode. The signal was then divided

in the X and Y channels of the lock-in amplifier and the phase of the lock-in amplifier was

set by placing the scattered pump laser light in the X channel upon modulation at fpump.

Samples were held in a closed-cycle, sample-in-vapour cryostat with the exchange gas at

10 K during all measurements. This set up is shown in fig. 3.1 and the PL measurement

were taken through the continuous wave laser optical path.

3.3 Background-free quasi-steady-state photoinduced absorption (PIA) spectros-
copy by dual optical modulation

As mentioned in previous section all the measurements were taken using standard

lock-in technique. This technique essentially permits to perform modulation spectroscopy

by modulating a continuous wave laser with a mechanical chopper or acousto-optic mod-

ulator depending on the desired frequency. It is a powerful technique to analyse the elec-

tronic structure of materials by identifying photoinduced species such as polarons and

triplet excitons and further investigate the kinetics by analysing the pump frequency de-

pendent measurement. The approach to perform this measurement is double modulation

with which the laser excitation beam and the probe beam are modulated at a frequency

fpump and fprobe respectively. The advantage of double modulation approach over stan-

dard photoinduced absorption geometry is that the output signal contains components at

the individual frequencies fpump, fprobe as well as the sum of frequencies fpump + fprobe
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and the difference frequency fpump� fprobe. It is shown that with the double modulation

approach the results from the ratio of the sum frequencies i.e.
⇣

DI fpump+ fprobe
out /DI probe

out

⌘

is consistent with the results of the conventional single modulation configuration i.e.⇣
DI fpump

out /DI probe
out

⌘
. Therefore, the two methods characterise similar spectra. [57] This

technique is essentially similar to the pump-probe spectroscopy with the difference that

there is no delay between the pump and the probe beam in the PIA measurement.

3.3.1 Quasi-steady-state photoinduced absorption (PIA) signal

When the sample is exposed to the pump the transmission of the probe beam de-

creases. The difference in transmission i.e. DT , before excitation TPump�o f f and after

excitation TPump�on is given by

DT = TPump�on �TPump�o f f , (3.4)

given that the change in transmission is related to the change in absorption coefficient a
by induced excitation, and considering the Beer-Lambert law [58], one cay deduce that

TPump�on = TPump�o f f exp(�nsd) , (3.5)

nsd =� ln
✓

1+
DT

TPump�o f f

◆
, (3.6)

DT ⌧ TPump�o f f ! nsd ⇡� DT
TPump�o f f

. (3.7)

The resulting signal characterises photoinduced absorption (PIA) (Da > 0) and pho-

toinduced bleaching (Da < 0) where ns = Da . In a PIA signal, new states are created

whereas the decrease in the ground state optical transition by the pump pulse is called

photobleach. In the PIA measurements, the sample is continuously illuminated by a

modulated continuous wave laser pump, and the steady-state change in the transmission

induced by the pump is monitored. The probe source is a white light, which can probe a

broad spectral range.
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3.3.2 Photoinduced absorption (PIA) instruments and measurements

Samples were held in a closed-cycle, sample-in-vapour cryostat (Cryo Industries,

closed cycle model 350 optical refrigerator cryostat) with the exchange gas at 10 K dur-

ing all measurements. To provide the excitation source, a semiconductor laser (Newport

532 nm, 200 mW) was modulated by an optical chopper at a frequency of fpump = 170 Hz

and directed to the sample. The probe beam was a monochromated 250-W halogen-tung-

sten lamp (Oriel) coupled to a 300-mm focal length monochromator (PI-Acton SP-2300i

modulated at fprobe = 139 Hz. The two identical optical choppers (Terahertz Tech-

nologies model C-995) were used to generate references for lock-in amplifiers. The

monochromated probe was imaged through the sample where it was overlapped with the

pump laser beam, onto the entrance slit of a spectrometer with focal length 300mm. Two

identical monochromators were used (PI-Acton SP-2300i). The output signal was mon-

itored by a Si/Pbs dual-band photo-receiver (Electro-Optical Systems S/PBS-025/020-

TE2-H). The output of this receiver was then split and sent to the input of two digital

lockin ampliers (Stanford Research Systems SR830 and SR810). To provide an external

reference for the two lock-in amplifiers, a home-built electronic circuit was employed;

taking the TTL output of the two choppers and generates two input sine waveforms, one

at 309 Hz (at fpump=170Hz + fprobe=139Hz) and another at fprobe=139Hz. The spectrome-

ters and the cryostat are interfaced to a computer through a home-built labview program.

Fig. 3.1 shows the schematic of our set up.

3.3.3 Pump modulation frequency dependent measurement

The advantage of this set up is that it permits one to measure pump modulation

frequency dependence in a single modulation mode (without probe modulation), with

the pump frequency ranging between 1 Hz to 30 KHz. In this measurement mode, the

fractional change in transmission (DT ) was corrected for sample photoluminescence

(PL) recorded with the probe beam blocked (DT �PL), then normalized to the probe

beam transmission measured with the pump laser blocked (DT �PL)/T . The signal

was monitored with a Si-avalanche photodiode.
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Fig. 3.1 shows the schematic of our set up.

Figure 3.1 – Schematic diagram of the experimental instruments. Absorption measure-
ment through the lamp optical path, PL measurement through the continuous wave laser
optical path and the whole set up is used for the PIA measurement. Figure adopted from
reference [57].



CHAPTER 4

THE INFLUENCE OF MOLECULAR INTERFACE MODIFICATION ON THE
CHARGE DYNAMICS OF POLYMERIC SEMICONDUCTOR: ZNO

HETEROSTRUCTURE

4.1 Introduction

This chapter presents the detailed photo-induced absorption (PIA) and pump modu-

lation frequency dependent PIA measurements of hybrid bulk heterostructue of P3HT:

ZnO in order to investigate the role of microstructure in charge generation and recom-

bination at the interface of P3HT: ZnO. Certain parts of this chapter has been pub-

lished in the journal of applied physics. [59] As mentioned in 2.3.2 organic-inorganic

photovoltaic cells are an alternative type of donor-acceptor hetero-structures for solar

power conversion to purely organic systems. They often incorporate conjugated poly-

mers as donor materials and semiconductor nanocrystals as acceptors, with electronic

structure optimised for photovoltaic diode operation. These cells present the opportu-

nity to integrate favorable optoelectronic, chemical and thermal stability properties of

inorganic nanocrystals and solution processability and low-temperature chemical syn-

thesis of polymers. [45–47] In particular, zinc oxide (ZnO) due to the large bandgap,

large electron mobility, and the high dielectric constant, [43, 51, 60] promises poten-

tial in organic-inorganic hybrid solar cells. [50] In spite of their potential, to date such

cells display lower efficiency, especially lower photocurrent, compared to fully organic

cells. [3, 4] Polymeric semiconductor: ZnO heterostructures were first prepared by Beek

et al. and have been widely studied since. [51, 61, 62] Upon photoexcitation of the

polymer, excitons dissociate at the organic-inorganic interface, with the positive charge

located on the organic material and the electron on the inorganic semiconductor. [48]

These charges are highly bound due to their mutual Coulomb interaction [63]. Recom-

bination of bound pairs at the interface is considered to be a significant reason for the low

efficiency. [43, 48] Furthermore, ZnO nanocrystals tend to aggregate, both during stor-
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age and in use, owing to their surface hydrophilic properties and large surface areas. [51]

This results in a lack of control over the solid-state microstructure in semiconductor-

nanocrystals/polymer films, and thus presents a challenge in the development of hybrid

photovoltaic cells. [49–51]

To develop better hybrid photovoltaic cells, it is important to focus on the donor-

acceptor interface and the morphology of the active layer. Since the significant pho-

tophysical charge separation and recombination events occur at the polymer-inorganic

interface, the efficiency of hybrid photovoltaic cells is highly sensitive to its modifica-

tion. [64, 65] Moreover, charge transport is highly dependent on microstructure, which

is in turn dependent on the nature of surface modification of the inorganic acceptors. [66]

To date, several studies have explored the influence of interface modification on the op-

tical absorption spectrum, charge recombination processes, charge separation kinetics,

transport, and morphology of the hybrid heterostructure. [61] Shi et al. studied the inter-

face modification of P3HT: ZnO heterostructure via P3HT-b-PEO, and found that phase

segregation was reduced in this copolymer, which led to an enhancement of the pho-

tovoltaic properties. [67] Goh et al. have conducted comprehensive research to study

the influence of interface modification on the efficiency of bilayer P3HT:TiO2 by us-

ing a series of para-substituted benzene carboxylic acids with varying dipole moment.

These authors demonstrated that both the acid-based interaction and the molecular dipole

cause a band edge shift in TiO2, which increases the open circuit volatge (Voc). [68]

Lin et al. demonstrated that charge recombination decreases in P3HT:TiO2 following

the attachment of effective ligand molecules consisting of carboxylate groups (-COOH)

such as anthracene-9-carboxylic acid (ACA), tetra-carboxy phthalocyanine copper(II)

(CuPc-dye) and N3-dye. [69] Vaynzof et al. demonstrated that interface modification of

polymer:ZnO cells with a self-assembled monolayer (SAM) of phenyl-C61-butyric acid

(PCBA) improves the device efficiency. [48] In a later experiment using ultrafast optical

pump-push photocurrent probe, those authors found that PCBA decreases the fraction

of bound electron-hole pair states at the interface from 50% to 25%, which improves

exciton dissociation yields. [48, 64] They also reported an improved external quantum

efficiency (EQE) from 3% to 9%. [64] Shen et al. studied the influence of interface mod-
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ification of P3HT: ZnO heterostructures with a dye (SQ36). [61] They found that charge

recombination was reduced by locating the dye at the heterojunction interface. Boucle et

al. studied the influence of interface modification with an amphiphilic ruthenium-based

dye on P3HT:TiO2 nanorods heterostructure. [70] They found that adding this dye at

the interface contributes to better charge separation, although it does not affect the pho-

tocurrent due to the poor charge transport in the P3HT:TiO2 blend films. [70] These

studies show that understanding the underlying recombination mechanism and control-

ling, remains one of the main challenges in the study of organic-inorganic heterostruc-

tures. In what follows, we discuss how two dyes, adhered to the surface of the inorganic

nanocrystals, increase the efficiency and the photocurrent of hybrid photovoltaic cells

based on poly(3-hexylthiophene) (P3HT) and ZnO. We demonstrate that photocurrent is

improved through the molecular interface modification. In addition, we study the nature

of the photogenerated charges by means of photoinduced absorption (PIA) spectroscopy

and determine the average lifetime of the photogenerated species (long-lived polarons)

by means of combined pump modulation frequency dependence, and pump intensity de-

pendence measurement of PIA signal. We find that the average lifetime of long-lived

polarons becomes longer after interface modification.

4.2 Material processing and microstructure characterisation

This part of the project was performed by our collaborator, Dr. Mingqing Wang at

Dalhousie university, physics department, Dr. Ian Hill group. Poly(3-hexylthiophene)

(P3HT; BASF Sepiolid P200) was purchased from Rieke.

4.2.1 Synthesis and microstructure characterisation of ZnO nanocrystals

ZnO nanocrystals were synthesised the same method previously reported by Beek et

al. [50] In this method ZnO nanoparticles were synthesised by hydrolysis and condensa-

tion of zinc acetate dihydrate by potassium hydroxide in methanol using a Zn2+ : OH�

ratio of 1:1.7. Therefore the same X-ray diffraction is expected as shown in fig 4.1. X-ray

diffraction spectrometry analyses the crystallinities of ZnO nanocrystals. The reflections
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Figure 4.1 – Left: Powder XRD pattern of ZnO nanocrystals. Figure adopted from
reference [50]. Right: Electron diffraction patterns of ZnO nanocrystals illustrate that
hexagonal crystal structure are well crystallised, measurement taken by Mingqing Wang.

in the X-ray diffraction confirm the formation of a wurtzite-type ZnO crystalline phase.

Moreover, the electron diffraction patterns illustrate that the hexagonal crystal structure

multi-crystalline ZnO nanocrystals are well crystallised.

Furthermore, high-resolution transmission electron microscopy (HR-TEM) analysis

was used to visualise the morphology of ZnO nanocrystals. Fig. 4.2 shows the TEM

image of P3HT: ZnO composite films. The dark regions in the images are assigned to

Figure 4.2 – High-resolution transmission electron microscopy (HR-TEM) image of
ZnO nanocrystals. The dark regions in the images are assigned to ZnO-rich domains
and the bright regions are assigned to P3HT-rich domains based on larger mass den-
sity of ZnO nanocrystal than that of P3HT. Measurement taken by Mingqing Wang at
university of Dalhousie (Dr. Ian Hill group).

ZnO-rich domains and the bright regions are assigned to P3HT-rich domains based on

larger mass density of ZnO nanocrystal than that of P3HT. At high magnification, it can
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be seen that the size of the ZnO nanocrystals is around 5 nm. In our study on P3HT: ZnO

heterostructure, ZnO nanocrystals with very small size (⇠ 5 nm) has been synthesised.

In order to obtain a large area of the interface based on the fact that the excitons diffusion

in P3HT is 2.5�8.5 nm. [71]

4.2.2 Processing and characteristics of the interface modifiers

The materials used as interfacial modifiers on the interface of ZnO nanocrystals are

cis-bis(4,40-dicarboxy-2,20bipyridine) ruthenium (II) (N3-dye), which has been widely

used as sensitiser in dye sensitised solar cells, [72] and a-sexithiophen-2-yl-phosphonic

Acid (6TP), synthesised for us by collaborators at Princeton University. [73] Fig. 4.3

shows the chemical structure of N3-dye and 6TP. To prepare ZnO nanocrystals with

Figure 4.3 – Left: Scheme of chemical structure of cis-bis(4,40-dicarboxy-2,20bipyridine)
ruthenium (II), right: a-sexithiophen-2-yl-phosphonic Acid.

the N3 dye, the ZnO nanocrystals were purified, centrifuged at 10000 rpm, and then

dissolved in a N3/ethanol solution for 24 hours, after which the solution was centrifuged

again. The ZnO-N3 nanocrystals thus obtained were rinsed three times with ethanol

and then redissolved in chloroform at the concentration of 40 mg/ml. Both pure N3 and

6TP show good solubility in ethanol but extremely poor solubility in chloroform. The

carboxyl group from N3 and phosphonic acid group from 6TP can strongly graft to the

surface at ZnO. Therefore N3 and 6TP remain bound to the ZnO nanocrystals when re-

dissolved in chloroform. The ZnO with 6TP added was prepared using a similar method.

Blends of P3HT (10 mg/mL solution) with ZnO-N3 or ZnO-6TP (with ZnO solution
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concentration 20 mg/ml) were prepared by spin-coating from solution. Note that the N3

and 6TP were used at different weight fractions with respect to the total weight of the

blends (0.01 %, 0.1 %, 0.5 % ), see appendix I for the calculation of the surface coverage

of dye molecules on the surface of ZnO nanocrystals.

N3-dye grafts to the surface of ZnO via carboxylic acid groups, and contributes to

slowing down the recombination kinetics due to its bulky and non-planar nature. [69,

74] 6TP contains two functional groups: phosphonic acid, which strongly attaches to

the interface of the ZnO, and oligothiophene, which improves the mutual compatibility

between P3HT and ZnO. [73, 75]

Fig. 4.4 shows the AFM images of P3HT: ZnO hybrid nanocomposite thin films

with and without interface modification. AFM results show that interface modification

of ZnO leads to lower surface roughness and better dispersion of ZnO in P3HT. The

lower surface roughness can be assigned to the reduced traps on the surface of ZnO

which might lead to decreased charge recombination in the composite.

Figure 4.4 – AFM images (2 µm⇥2 µm) of P3HT/ZnO nanocrystals composite before
and after interface modification, note that Dz and rms indicate peak-to-peak height dif-
ference and root mean square roughness respectively. a) Pure ZnO/P3HT, Dz = 114 nm,
rms roughness = 15.7 nm, b) 0.1 wt% of N3 , Dz = 80 nm, rms roughness = 10.8 nm, c)
0.1 wt% 6TP, Dz = 75 nm, rms roughness = 11.4 nm. Measurement taken by Mingqing
Wang at university of Dalhousie (Dr. Ian Hill group).

Contact angle measurement provides qualitative and quantitative information on the

chemical nature of the surface and, in particular, on the interfacial bonds between the

interface modifiers and the ZnO nanocrystals. [76] ZnO inorganic nanocrystals are hy-

drophilic, P3HT is hydrophobic. The attaching of dye molecule on the surface of ZnO
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can decrease the directly contact and agglomeration of ZnO nanocrystals. The grafting

of hydrophobic dye molecule on ZnO surface increase the compatibility between ZnO

and P3HT. Contact angle is used to measure the surface energy before and after dye

modification of ZnO. In order to avoid the effect of different surface roughness on the

contact angle, sputtered ZnO thin film of 50 nm was used as reference. The contact angle

of pure ZnO film is 34�. After N3 modification, the contact angle increased to 44.75�.

Since water can dissolve N3 molecule, so this might not be the real value. 6TP can at-

tach strongly onto ZnO surface. The contact angle of 6TP modified ZnO film increased

to 88.4�. As such it is expected that 6TP will have more impact on the surface modifi-

cation of ZnO nanocrystals compared to N3, by increasing compatibility between ZnO

nanocrystals and P3HT which is very hydrophobic in nature.

Fig. 4.5 shows the diagram of energy level alignment in the P3HT: ZnO-6TP (left)

and P3HT: ZnO-N3 (right). The desired energy level alignment of all the components is

such that a perfect energy cascade is set up.

α

6TP

HOMO

LUMO

VB

CBP3HT

ZnO

ITO

Al

-Sexithiophen-2-yl-phosphonic Acid (6TP)

P3HT

HOMO
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LUMO

CB

ZnO

ITO N3

cis-bis(4,4’-dicarboxy-2,2'bipyridine)ruthenium(II)(N3 dye)

Al

Figure 4.5 – Diagram of the energy level alignment in the left: P3HT: ZnO-6TP right:
P3HT: ZnO-N3. All energy levels are not to scale and only intended to illustrate the
approximate shape of the energy landscape.

In an inorganic semiconductor the filled molecular orbitals are referred to as the

valence band (VB) and the unfilled molecular orbitals as the conduction band (CB).

Similar to polymeric semiconductors that electrons can be promoted from HOMO to

LUMO, electrons in inorganic semiconductors can be promoted from the valence band
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into the conduction band. N3 and 6TP assemble between ZnO and P3HT with HOMO

and LUMO aligning between the energy levels of ZnO and P3HT. This introduces an

additional energetic step for electron and hole transfer, which supports separated charge

carriers away from the interface and slows down recombination. The design of suit-

able interfacial modifiers, which induce alignment of the hole transporter, is a pathway

towards increased efficiencies of hybrid photovoltaic cells. According to this energy di-

agram, relative to vacuum, (Fig. 4.5) the energy levels of N3 (LUMO and HOMO level

of N3) lies between the energy levels of ZnO and P3HT where can form cascade charge

transfer between ZnO and P3HT and decrease the charge recombination at P3HT: ZnO

interface however in the energy levels of 6TP the perfect energy cascade is not set up.

In fact, the conduction band level of ZnO is capable of accepting electrons from the

LUMO of 6TP and N3, and the holes on P3HT can be injected into the ITO electrodes,

see Fig. 4.5. Note that all energy levels are not to scale and only intended to illustrate

the approximate shape of the energy landscape.

4.3 Working principles of organic photovoltaic cells

The basis and types of heterostructures as the active layers of organic photovoltaic

cells has been partly discussed in chapter 2.3, in what follows physical working princi-

ples of bulk heterostructure organic photovoltaic cells is described as

1) Light absorption and exciton generation in the active layer.

2) Exciton diffusion towards the donor/acceptor interface, in competition with exci-

ton recombination.

3) Exciton dissociation at the donor/acceptor interface and charge separation (CS).

4) Charge transport of electrons and holes towards the acceptor and donor respec-

tively, and charge collection.

Fig. 4.6 is the scheme of working principles of bulk heterostructure organic photo-

voltaic cells in presence of an internal electric field.

Exciton Diffusion: Describing the exciton diffusion phenomenon is still a subject

of debate. Due to the fact that reported exciton diffusion length in the literature is ⇠
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Figure 4.6 – Working principle of bulk heterostructures organic photovoltaic cells in
presence of an internal electric field. (a) Light absorption within the active layer (b)
Exciton diffusion towards the donor/acceptor interface and charge transfer (c) charge
transfer state dissociation to free charges and (d) free charge carrier collection on the
electrodes to generate photocurrent.

10 nm, for instance 2.5-8.5 nm in P3HT. [71] In a bulk heterostructure including 10 nm

polymer size, the required time for exciton to reach the interface is ⇠ 10� 100 ps. On

the other hand, the experimental results show that charge generation occurs within 100 fs

from the initial absorption therefore, within this time scale excitons can only migrate

about 0.1-0.3 nm and cannot reach the interface (within 10 nm). Recently, Scarongella et

al. used ultrafast photoluminescence up conversion spectroscopy and observed ultrafast

charge generation <100 fs as it is commonly observed. Scarongella et al. supposed that

the charge separation is an instantaneous phenomenon and occurs at once the exciton

is delocalised. Therefore, the charge separation at the donor/acceptor interface area is

created directly from delocalised excitons. This topic has been extensively discussed in

the literature. [44]

The free charge-generation process: Once an exciton reaches an interface, dis-

sociated exciton at the interface creates a bound electron-hole pair. [77] which is still

not free from recombination. In fact, there is an intermediate step between the exci-

ton creation and free charges termed as charge transfer (CT) state. As the electron and
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hole sitting on adjacent molecules on either side of the interface are still Coulombically

bound and have a binding energy still higher than the thermal energy present at room

temperature this geminate charge pair will also recombine after a finite time unless in-

duced to separate by some other process. This will both waste the energy of the exciting

photon and reduce the free charge generation and the resulting photocurrent. This loss

mechanism is referred to as geminate recombination, as it involves the recombination

of two opposite charges generated by the same photon. These processes are described

as unimolecular or first order process (although these terminologies shall be discussed

later in this chapter) as the rate of recombination depends only upon the density of one

species, the excitonic charge transfer state, not upon the concentrations of both electrons

and holes. Alternatively, if the charge transfer state is separated via some non-specified

mechanism then a free electron and free hole have been generated in respective donor

and acceptor materials. Fig. 4.7 shows the scheme of free charge generation, charges

in charge transfer state can either undergo geminate recombination (black downward ar-

rows) or become free charges (polarons). Free charge carriers must reach their respective

Figure 4.7 – Scheme of free charge generation. The exciton created in S1, can migrate
to charge transfer state to either become a free charge or relax to CT0 and undergo a
geminate recombination. Figure adopted from reference [44].

electrodes to contribute to the photocurrent. Holes move towards the high work function

electrode, typically Indium Tin Oxide (ITO), and electrons move towards the low work

function electrode, typically aluminium. Dissociation creates a concentration of holes in

one chemical phase, and a concentration of electrons in the other chemical phase. This

spatial segregation of photogenerated charge carriers does not occur in inorganic photo-
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voltaic cells and results in a powerful driving force for carrier separation that is unique

to organic photovoltaic cells.

4.3.1 The effect of interface modifiers on the working principle of P3HT: ZnO
hybrid photovoltaic cell

Fig. 4.8 shows how the dyes adhere to the surface of the inorganic nanocrystals

and improves affinity between P3HT and ZnO. The non-workable area (shown in white

Figure 4.8 – Charge transport mechanism of P3HT: ZnO-dye. The dyes shown in the
yellow circles, the electron (hole) pathways are in blue (green) arrows. The non-work-
able area is in white colour, ZnO nanocrystals in orange and P3HT in pink. (1) exciton
diffusion and separation at P3HT: ZnO-dye interface, (2) photogenerated charge car-
rier of the dye, (3) recombination at the non-workable ZnO/dye/air interface, (4) charge
transport along the nanoparticle, (5) trapping or charge recombination at the boundaries
of the nanocrystals. Figure adopted from reference [78].

colour) is the ZnO/dye/air interface which needed to be comparable to the exciton dif-

fusion length of P3HT such that photogenerated excitons from P3HT are able to reach

the P3HT: ZnO-dye interface for charge separation (process 1). The excitons mainly

originates from the light absorption of P3HT together with the light absorption of dye

molecules by injecting electrons to conduction band of ZnO and holes to HOMO of

P3HT (process 2). The morphology of nanocrystals plays a significant role in P3HT:

ZnO-dye interface area such that it may limit these two processes. Moreover, the effec-

tive density of state of the ZnO nanocrystals, which is related to the basic crystal size

(due to the quantum confined effect), is significant for the electron accepting ability. The
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ZnO/dye/air interface causes the imperfect exciton separation and charge recombination

instead (process 3). After the exciton separation process, free electrons transfer along

the nanocrystals to the electrode (process 4) which is in competition with charge trap-

ping or recombination at the boundaries (process 5) that probably limits the short circuit

current. [78]

4.4 Electrical characterisation

Before discussing the J �V curve analysis of our photovoltaic cells, it is necessary

to clarify a few fundamental parameters that are used to describe device performance,

as well as how a device is measured. The purpose of the solar cell is to deliver power

(V ⇥ I). In a J �V curve there is a point where the power reaches its maximum value

(Pmax), J is photocurrent normalized to the area of the cell and V is the voltage.

Open-Circuit Voltage (Voc) : Open-Circuit Voltage is the photo-voltage when the

load resistance is infinite or simply when the circuit is open in a photovoltaic cell. In such

a case there is no driving voltage in the device to extract the photo-generated carriers and

they recombine except for those that charged the electrodes initially.

Short-Circuit Current (Jsc) : Short-Circuit Current is the photo-generated current

of the photovoltaic cell when the electrodes are connected directly or the only load re-

sistance on the photovoltaic cell in this condition is its own resistance. Jsc is strongly

dependent on the number of absorbed photons that can be supported by a wide absorp-

tion spectrum and incident light intensity.

Fill factor (FF): Fill factor is the ratio of maximum power delivered by the pho-

tovoltaic cell represented by rectangular area. To characterise a photovoltaic cell, three

parameters are usually considered: the open circuit voltage, the short circuit current and

the fill factor, given by

FF =
JMPPVMPP

JscVoc
, (4.1)

where JMPP and VMPP are the current density and voltage at the maximum power point

MPP, respectively. MPP is the voltage at which the product |JV | is at its maximum. It
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is also possible to define the FF as

FF =
(J.V )max
Jsc.Voc

. (4.2)

Ideally, fill factor should be unity however due to the recombination and charge trans-

port limitations its value lies between ⇠ 0.25� 0.85 in organic photovoltaic cells. Fill

factor is related to the operational condition of the photovoltaic cell. [79] Fig. 4.9 shows

the JV characteristics of a photovoltaic cell.

Figure 4.9 – JV characteristic of a photovoltaic cell. Figure adopted from reference [79].

Power conversion efficiency (PCE) : Power conversion efficiency of an organic

solar cell is the ratio of the output power of the cell and the input light power and is

given by

PCE =
JSCVOC

Pin
FF ⇥100%, (4.3)

where Pin is the input light power. As equation 4.3 shows it is possible calculate PCE

from J �V characteristics. In short, PCE. reflects how efficient the light energy is

converted to electricity in an organic solar cell.

4.4.1 J�V curve analysis

To examine the photocurrent response of the hybrid photovoltaic cells with P3HT:

ZnO-N3 and P3HT: ZnO-6TP, and to compare them with P3HT: ZnO, we fabricated
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device structures consisting of a glass/ITO/ PEDOT:PSS/ P3HT: ZnO/ Al. Here, we

address the influence of molecular-interface modification in hybrid P3HT: ZnO based

photovoltaic cells by measuring the current density as a function of voltage. The mea-

surements were taken in air at room temperature using a Keithley 236 source measure-

ment unit under the intensity of ⇠ 100 mW/cm2, with white light illuminated by a New-

port/Oriel 150W solar simulator equipped with an AM1.5G filter. The performance ob-

served depended on the weight fractions of the interface modifiers (N3 and 6TP), which

demonstrates the influence of these interface modifiers. We present the current density

as a function of voltage for an additive weight fraction of 0.1%, corresponding to the best

performance. The current density-voltage plots of the cells with P3HT: ZnO, P3HT: Zn-

O-N3 and P3HT: ZnO-6TP are shown in Fig. 4.10 and characteristics are summerised in

table 4.I. As demonstrated by the current density-voltage characteristics, both the short-

circuit current (Jsc), and the open circuit voltage (Voc) are significantly improved through

the molecular interface modification by attaching the N3 and 6TP molecules to the inter-

face of ZnO. In addition, the obtained value for the Voc of P3HT: ZnO, i.e. 0.54 V, is very

similar to the reported Voc in the literature. [80] Moreover, with the use of these inter-

face modifiers, we could improve the efficiency of the hybrid photovoltaic cells based on

P3HT: ZnO as shown in table 4.I. The increase of Jsc, in particular in P3HT: ZnO-6TP,

can be attributed to two factors: the increase of the interfacial area between the donor

and the acceptor and the decrease of ZnO interface traps.

Table 4.I – Short current density (Jsc), open circuit voltage (Voc), power conversion
efficiency (h), and fill factor (FF) of P3HT: ZnO, P3HT: ZnO-N3, and P3HT: ZnO-6TP
hybrid photovoltaic cells under 100-mW/cm2 illumination.

Electron
acceptor Jsc (mA/cm2) Voc (V) h (%) FF

ZnO 2.42 0.54 0.74 0.57
ZnO-N3 3.44 0.66 1.24 0.55
ZnO-6TP 3.91 0.57 1.14 0.52

The increase in Voc is due to a shift in the band offset at the P3HT: ZnO interface

since it is limited by the difference between the energy at the conduction band minimum

of ZnO and that of the highest occupied molecular orbital of P3HT. [81, 82] That shift
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Figure 4.10 – Current density-voltage characteristics of hybrid photovoltaic cells based
on P3HT: ZnO, with and without N3 and 6TP interface modifiers under solar illumina-
tion intensity of ⇠ 100 mW/cm2.

is caused by the generation of interfacial dipole moments pointed outward the ZnO in-

terface. Fig. 4.10 shows that Voc is very sensitive to molecular interface modification.

Therefore the increase in the Voc accounts for the decrease in both energy loss across

the heterojunction and carrier recombination yield. We conclude that the interface mod-

ification of a hybrid P3HT: ZnO device with N3 and 6TP significantly improves the

performance of these cells. [59] This section has been widely discussed in section 4.7.1.

4.5 Photophysical properties of P3HT: ZnO hybrid photovoltaic cell

The question that motivates this part of the work is to relate the increase in the Voc

and Jsc to the changes in the microstructure that can be done through the spectroscopic

tools. In what follows, we have shown how the photophysical responses of P3HT: ZnO

active layers (by using the steady-state techniques explained in chapter 3) permits us

to obtain the average lifetime of long-lived species (polarons) and relate it to the mi-

crostructure of P3HT: ZnO, to conclude about the influence of the interface modification

on the efficiency of those active layers.
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4.5.1 Linear absorption spectra

Fig. 4.11 (left) shows the UV-VIS absorption spectra of ZnO, ZnO-N3 and ZnO-

6TP nanocrystals in ethanol solution. The absorption of ZnO is within the range of 270-

350 nm. The absorption spectra measured after interface modification of ZnO nanocrys-

tals are similar to that of correspond to ZnO nanocrystals however there is also a weak

peak between 400-550 nm for ZnO-N3 and ZnO-6TP nanocrystals which is assigned to

the absorption of dye molecules. Since the amount of grafted dye is not high, the absorp-

tion peak of dyes is not very strong. Fig. 4.11 (right) shows the linear absorption spectra

were obtained using standard lock-in techniques detailed in chapter 3.1, technical limita-

tion prevented us from measuring wavelengths lower than 400 nm. The absorption spec-
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Figure 4.11 – Left: UV-VIS absorption spectra of ZnO, ZnO-N3 and ZnO-6TP, taken at
Dalhousie university. right: Normalized absorption spectra of P3HT: ZnO-6TP, P3HT:
ZnO-N3 at 290 K.

tra of P3HT: ZnO before and after interface modification of ZnO nanocrystals are similar

to that of correspond to neat P3HT as reported in the literature. [34] Furthermore, the

absorption of P3HT: ZnO before and after interface modification show vibronic replicas

centred at A0�0 = 604 nm and A0�1 = 552 nm that is consistent with the values reported

in the literature for P3HT. [83] The ratio of the vibronic progression is given by [30]

A0�0

A0�1
⇡
✓

1�0.24W/h̄w0

1+0.073W/h̄w0

◆2
, (4.4)
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where h̄w0=170-180 meV is the effective energy of the main intramolecular vibrational

mode coupled to the electronic transition, (the origins of the vibronic progression were

discussed in chapter 2.2.2). According to the weakly coupled H-aggregate model by

Spano [21] (discussed in 2.2.3) a decrease in the ratio leads to an increase in the exciton

bandwidth and coupling between the chains and torsional disorder within the chains. [34,

84] Our optical absorption data presented in Fig. 4.11 (right) shows that the 0� 0 to

0� 1 drops after interface modification thus suggests that W increases, i.e. interchain

coupling increases. We associate this variation in W between the thin films before and

after interface modification to conformational changes and torsional disorder resulting

from different average chain lengths associated with these films. It is concluded that the

interface modifiers increase the coupling between the p-stacks in P3HT, and change the

microstructure of P3HT.

Paquin et al. previously demonstrated that by increasing the molecular weight of

P3HT the exciton bandwidth decreases and it reduces the torsional disorder in the poly-

mer backbone. [34] Consequently, the vibronic progressions in the absorption spectrum

offer information about the microstructure.

4.5.2 Photo-induced absorption spectra

As mentioned in chapter 2.1.4, it is possible to identify the different absorption peaks

through the photo-induced absorption (PIA) technique. Quasi-steady state photoinduced

absorption (PIA) spectra were obtained using standard lock-in techniques detailed in

chapter 3.3. To account for the enhancement of device performance, and to further in-

vestigate the charge dynamics of P3HT: ZnO based heterostructures, we carried out pho-

toinduced absorption measurements (PIA) at 10 K on thin films of P3HT: ZnO, P3HT:

ZnO-N3, and P3HT: ZnO-6TP.

The PIA spectra of the three active layers in Fig. 4.12 reveal two principal features: a

broad band peaked at 1.3 eV and a weaker peak in the near infrared centered at 0.62 eV.

Those peaks are associated with high- and low-energy sub-gap polaronic absorption in

P3HT. [85] Note that the transition in the PIA spectrum of P3HT: ZnO, peaked at 1.3 eV,

is identical to that reported previously by Oosterhout et al. [86] This peak is consid-
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Figure 4.12 – The PIA spectra of P3HT: ZnO (in red circles), P3HT: ZnO-N3 (in green
squares) and P3HT: ZnO-6TP (in blue triangles). The spectra show a high-energy po-
laron centered at 1.3 eV and low energy polaron at 0.62 eV. The measurements were
acquired at 10 K with excitation at 170-Hz modulation frequency by a continuous-wave
532-nm laser.

ered as a result of photoinduced charge generation. [87] The infrared peak is also very

similar to that of reported value. [86] The high-energy peak is assigned to be a charac-

teristic of polarons generated on the polymer (P3HT) chain. [88, 89] The spectral line

shape is similar before and after molecular interface modification, and the magnitude of

the photo-induced absorption signal is higher in P3HT: ZnO-6TP than P3HT: ZnO and

P3HT: ZnO-N3; which is possibly dependent on the active layers thickness or the optical

density of these active layers. The goal is to study the decay dynamics of polaron band

at 1.3 eV.

4.6 Charge dynamics in bulk heterostructures

As discussed previously (chapter 2.3.3) the donor acceptor interface in organic bulk

heterostructures is complicated due to the formation of the different phases therefore

identifying the recombination process is not straightforward. Photoexcitation process

creates exciton whereas recombination process annihilates either the bound electron hole

pair at the interface (where electron resides in the LOMO and the hole resides in the
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HUMO) or annihilates free charges.

Figure 4.13 – Scheme of the donor acceptor interface in a bulk heterostructure. kd:
dissociation rate in competition with kr: recombination rate to form bound polaron pair
which can decay with the rate k f .

4.6.1 Recombination dynamics

Geminate (unimolecular) recombination is associated with recombination of polarons

originated from the same exciton (bound electron hole pairs at the interface) whereas

non-geminate (bimolecular) recombination is associated with recombination of polarons

which are not originated from the same exciton (dissociated free charges). In order to

understand the recombination dynamics in organic or hybrid bulk heterostructures, we

can simply use the rate equation given by

dn
dt

= G(t)�R(n) , (4.5)

dn
dt is the change in the carrier density per unit time, G is the carrier generation rate and R

is the carrier recombination rate. In the steady-state condition (continuous wave pump)

equation 4.5 gives
dn
dt

= G�R = 0, (4.6)

G=R. G(t) as the pump photomodulation function with angular frequency w can be

approximated to a periodic wave i.e. krI cos(wt +1), where I is the pump intensity, k is

the number of species generated per absorbed photon, r is the rate of photon absorption

per unit volume.

Unimolecular recombination is a first-order kinetic, the rate equation is given by

dn
dt

= krG(t)� gn, (4.7)
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where g is the unimolecular decay rate constant. In the steady-state condition (if wt < 1)

the exact solution to the equation 4.7 is given by

n(t) = krIt


1p
1+w2t2

cos(wt �f)+1
�
, tanf = wt, (4.8)

where f is the phase of the emitting radiation and t is the average lifetime of the pho-

togenerated carriers. The steady-state carrier intensity nss extracted from equation 4.8

is

nss =
krItp

1+w2t2
. (4.9)

Note that nss is linearly dependent on pump intensity I whilst the lifetime is independent

of pump intensity during the relaxation process.

Bimolecular recombination is a second-order kinetic, rate equation is given by

dn
dt

= krG(t)�bn2, (4.10)

where b is the bimolecular decay rate constant. However equation 4.10 cannot be exactly

solved because it is not possible to associate a lifetime independent of the light intensity

to the relaxation process. The approximate solution to equation 4.10 is given by

nss =
Na tanh(a)

a + tanh(a)
, (4.11)

where N =
p

krI/b , a = p
wts

. ts =
1p
gIb

is a certain lifetime under the steady-state

condition. [90]

Based on N =
p

krI/b , nss suggests a sublinear power law dependence with pump

intensity I with an exponent of 0.5. Therefore, bimolecular recombination is manifested

by a square-root dependence on pump intensity. Fig. 4.14 shows simulated intensity

dependence of the decay dynamics which is constant in the first-order decay, also inde-

pendent of the initial carrier density n0, whereas second-order decay dynamic is carrier

density dependent and it is half at twice the n0. Therefore, carrier density dependence

of decay time and of pump intensity characterise the nature of recombination dynamics
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Figure 4.14 – Intensity dependence of
the simulated transient absorption de-
cays for a: the unimolecular and b: the
bimolecular recombination. In the first-
order kinetic the life time is indepen-
dent of the initial carrier density n0,
whereas in the second-order kinetic the
life time is dependent of the initial car-
rier density n0. Figure adopted from
reference. [91]

thus provide tool to distinguish whether the electron-hole pairs are bound at the interface

or dissociated as free charges.

4.6.2 Results and analysis

As shown above, the carrier intensity (nss) is dependent on the the pump intensity

(I) (equations 4.9 and 4.11). It is possible to determine the recombination processes

of photo-generated species and to further investigate the contribution of monomolecu-

lar and bimolecular recombinations by the pump intensity dependence of the PIA sig-

nal. [92, 93] Fig. 4.15 shows the dependence of the PIA signal on the pump intensity,

probed at 1.3 eV for all three active layers studied in this work. For all three samples, fits

to a polynomial function ax+bxc show that the data depends linearly on pump intensity

at low intensities, and turns to a sub-linear dependence at higher pump intensities. Fits

to the data produce a, b and c as reported in the table 4.II

Table 4.II – Fits to a polynomial function ax+bxc

Materials a b c
P3HT: ZnO a = (9.10±0.01)⇥10�8 b = (1.40±0.01)⇥10�5 c = 0.40±0.04

P3HT: ZnO-N3 a = (2.08±0.01)⇥10�10 b = (8.14±0.09)⇥10�6 c = 0.50±0.06
P3HT: ZnO-6TP a = (7.06±0.02)⇥10�7 b = (1.01±0.04)⇥10�5 c = 0.66±0.03

As such, we consider the rate model for the photoexcitation generation and decay

kinetics (discussed in 4.6.1) in the presence of the unimolecular and the bimolecular
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Figure 4.15 – Log-log plot of the pump intensity dependent PIA signal, for all three
active layers studied in this work, at 10 K, exciting at 2.3 eV, and probing at 1.3 eV.
The experimental data are represented by symbols and the solid lines represent fits to a
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recombinations [93] which is given by

dn
dt

= G(t)� gn�bn2, (4.12)

and the solution to the rate equation, when G(t)⌘ krI cos(wt +1), is

nss =
kr tanh

� gp
2w
�

tanh
�Pp

w
�

g
2 tanh

�Pp
w
�
+P tanh

� gp
2w
� , (4.13)

in which

P =

r
krb +

g2

4
. (4.14)

Based on this model it is essential to plot nss as a function of r . The carrier density

n is related to the PIA signal via the Beer-Lambert law such that

n =� 1
sd

ln
✓

1+
DT
T

◆
, (4.15)
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where s (cm2) is the polaron absorption cross section, d is the film thickness (cm) and
DT
T is the pump-intensity dependent PIA signal.

As shown in Fig. 4.16, the deviation from linearity at higher pump intensity is a man-

ifestation of the bimolecular recombination kinetics. Fitting these data to equation 4.13

allows extraction of g and b , which are reported in table 4.III. The continuous curves

represent fits to equation 4.13. Note that w is the pump frequency at which the power-

dependent data has been taken, i.e. w=170 Hz, and the absorption cross section (s) is

⇠ 1016 cm2. [94]
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Figure 4.16 – PIA signal as a function of the rate of photon absorbed per unit volume, in
which the ordinate axis is proportional to population density nss. In this case nss ⇠ 1014

cm�3 assuming the absorption cross section (s) of ⇠ 1016 cm2. [94] The continuous
curves represent fits to equation 4.13.

Table 4.III – Summary of unimolecular (g), bimolecular (b ) at 10 K with fitting equation
4.13 to the data points on Fig. 4.16.

Materials g (103 s�1) b (10�14 s�1 cm3)
P3HT: ZnO 2±0.07 3.95±0.31

P3HT: ZnO-N3 1.3±0.05 0.16±0.04
P3HT: ZnO-6TP 1±0.1 0.66±0.03
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4.6.3 Frequency domain lifetime measurement

As mentioned above, it is possible to determine the mechanism of the long-lived pho-

toexcitation including recombination dynamics, in the time domain, by photoinduced

absorption (PIA) measurement. Given t is an average life time associated with the car-

rier density then, if wt < 1, t is short compared to the pump modulation period, the

photo-excitation density does not exhibit significant changes with w as the population

is close to a steady state. On the other hand, for wt ⇡ 1, t is long compared to the

pump modulation period and the photoexcitation density cannot fully decay within that

period, which results in the intensity of the photo-induced absorption signal decreasing

with frequency. [92, 93, 95, 96] That relaxation behaviour is a characteristic for all semi-

conductor polymers. Investigation of the pump modulation frequency dependence of the

PIA signal provides insight on the kinetics of long-lived polarons (the techniques de-

tailed in chapter 3.3.3 and 4.6.3). We measured such frequency dependence of all three

active layers at 10 K, monitored at a fixed probe energy of 1.3 eV, with a fixed pump

intensity of 250 mW/cm2, excited at 2.33 eV. As shown in Fig. 4.17 the decay behaviour

of the 1.3-eV band of P3HT: ZnO is significantly different than that of P3HT: ZnO-N3

and P3HT: ZnO-6TP. After interface modification, the intensity of the PIA signal turns

over from steady state to off-steady state at lower frequency, which is characteristic of

longer-lived polarons. [97, 98]

Following the extraction of the unimolecular (g) and bimolecular (b ) recombination

coefficients from the power dependence data using the rate model, it is possible to find

the average lifetime of polarons as t�1 = g + nssb , with nss determined by the Beer-

Lambert law as discussed in section 4.6.3, i.e. n = � 1
sd ln

�
1+ DT

T
�
, in this case DT

T is

extracted from frequency-dependent data. In addition, equation 4.13, with the unimolec-

ular and bimolecular recombination rate constants extracted from the pump intensity-

dependent data, can also be used to fit the frequency-dependent data. The continuous

lines through the data in Fig. 4.17 represent fits to equation 4.13 using g and b reported

in Table 4.IV. The reported range of t in table 4.IV corresponds to nss throughout the

range of values of r used in Fig. 4.16. We note that the average lifetime becomes longer
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Figure 4.17 – The pump modulation frequency-dependent PIA signal, for all three active
layers studied in this work. The data were measured at a probe energy of 1.3 eV and at
10 K. The experimental data are represented by symbols: P3HT: ZnO (in red circles),
P3HT: ZnO-N3 (in green squares) and P3HT: ZnO-6TP (in blue triangles). Solid lines
represent fits to equation 4.13. The angular frequency dependence of PIA signals clearly
demonstrate a sharper decrease with frequency in hybrid active layers with either of the
surface modifier molecules compared to P3HT: ZnO.

Table 4.IV – The total lifetime (t�1 = g +nssb ) at 10 K with fitting equation 4.13 to the
data points on Fig. 4.16.

Materials t (ms) 1

P3HT: ZnO 0.19-0.44
P3HT: ZnO-N3 0.76-1.03
P3HT: ZnO-6TP 0.87-0.99

in P3HT: ZnO-N3, and P3HT: ZnO-6TP by over a factor of two compared to P3HT: Z-

nO, consistent with a slowing down of recombination and more stable charge separation

in the cells with interface modifiers. [98]

We note that according to equation 4.13, we ideally expect a falloff of the PIA signal

with frequency as w�1. In fact, we observe that the signal falls as w�0.66 for P3HT:

ZnO-6TP, w�0.60 for P3HT: ZnO-N3, and w�0.35 for P3HT: ZnO. Due to the fact that

w�1 dependence is expected for one rate constant however our frequency-dependent

results shows distribution of rate constants, hence it presents a power-law behaviour.
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That highlights the dispersive nature of charge recombination due to a distribution of

lifetimes, rather than a narrow recombination rate, as discussed in section 4.6.3. Due to

the fact that the PIA signal decays slowly at high modulation frequency, it is not possible

to introduce a specific lifetime that is independent of light intensity therefore we limited

the case to the average lifetime under the steady-state condition. [92]

4.6.3.1 Discussion on the frequency dependence decay

In the presence of unimolecular and bimolecular recombinations, from equation 4.13

for wt ⌧ 1 (steady state regime)

nss =
g

2b

q
1+4bkrIg�2 �1

�
, (4.16)

become independent of w and with I increasing with changeover from I to
p

I depen-

dence when bimolecular regime becomes dominant. While for wt ⇠ 1 (off steady state

regime) w�1 law is predicted.

In the most general case, a photoluminescence decay can be written in the following

form [99]

N (t) =
Z t

�•
G
�
t 0
�

I
�
t � t 0

�
dt 0, (4.17)

where N(t) is the response to an excitation source, G(t) can be regarded as a distribution

of rate constants, as the non-monotonic signal decreases with time or frequency, for a

square wave generation (continuous-wave spectroscopy) G(t) is given by

G(t) =
1
2
+

2
p

•

Â
k=1,3,5

1
k

sin(kwt) , (4.18)

the detailed calculation can be found in reference [99], provided that N (t) can be ex-

pressed as a Fourier series, the inverse Laplace transform contributes to the coefficients

as

X (w) =
2
p

1
k

Z •

0
cos(kwt) I (t)d (t) , (4.19)
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Y (w) =� 2
p

1
k

Z •

0
sin(kwt) I (t)d (t) , (4.20)

when the population decays as I (t)⇠ t�µ , if 0 < µ < 1, equations 4.19 and 4.20 suggest

that the frequency dependence (decay at high frequencies) should be as wµ�1.

The rate equation 4.13 used for modeling PIA experiments never really fits the high

frequency behaviour. The reason can be the fact that at high frequencies the signal

decreases with frequency and calculations are unstable as the integrand is oscillating

too much. Hence, It seems reasonable that in the frequency domain we rarely observe

an w�1 decay. Like in the time-domain where we have a power-law decay rather than

an exponential decay but usually something slower. The data in Fig. 4.18 (by Silva et

al. [93]) shows the frequency dependence of the magnitude of the continuous PIA signal

(R) in Polyindenofluorene (PIF) with n-octyl (PIFTO) at 290 K. [93] Fit to equation 4.13

as a continuous curve through the data shows that PIA signal turns over from steady

state to off-steady state at lower frequency like w�0.3. Note that the Fourier coefficients

Figure 4.18 – Frequency dependence of the magnitude of the continuous PIA signal (R),
with a fit to equation 4.13 [90] as a continuous curve through the data. Figure adopted
from reference [93].

can be measured with a Lock-in amplifier. X (w) is the signal in phase with the source

whereas and Y (w) is the signal out of phase (in-quadrature) with the source. The total

PIA signal (DT
T ) is given by R =

p
X2 +Y 2/T , w is chopper modulation frequency.
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4.7 Discussion/conclusion

Our results demonstrate the significant effects of ZnO-nanocrystals interface modi-

fication on the photovoltaic properties of hybrid photovoltaic cells composed of P3HT:

ZnO heterostructures. We have reported photoinduced absorption measurements that

were carried out at 10 K, a temperature in which charge transport is suppressed. Thus,

under these conditions, we consider that the main effects on the observed quasi-steady-

state charge kinetics involve geminate-charge recombination, which are predominantly

local to the polymer:ZnO interface. We argue that these effects are relevant in the de-

vice, explaining the enhancement of photovoltaic properties upon interface modification.

It is also possible, and indeed likely, that the solid-state microstructure of the film is al-

tered by interface modification, such that charge transport processes can also play a role

in explaining the device behaviour reported in this work. Nevertheless, the photoin-

duced absorption data at low temperature demonstrates substantial effects on average

polaron lifetimes upon surface modification, and we base our discussion of our results

on donor:acceptor interfacial consequences of surface modification with the interface

modifiers used in this work.

4.7.1 Open circuit voltage and short circuit current

In this section we discuss how Voc and Jsc play a significant role in the performance

of hybrid P3HT: ZnO heterostructures. Introducing the dyes at the interface may con-

tribute to the enhancement of the Voc and photocurrent, as demonstrated here, and re-

ported previously in the literature. [65, 67, 100] To explore how such enhancements

would occur, we first focus on the alignment of the electronic energy levels in poly-

mers and ZnO nanocrystals. Introducing the dye at the interface induces a dipole sheet

between the donor and the acceptor which corresponds to a potential offset. [82] There-

fore, the band-edge potential of ZnO shifts up or down depending on the dipoles ori-

entation. Dipoles directed toward the acceptor (ZnO) shift the band-edge potential of

ZnO away from the vacuum level of the donor (P3HT), resulting in reduction in both

the effective bandgap between the conduction band minimum and HOMO, and Voc. On
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the other hand, dipoles pointing away from ZnO bring the band-edge potential of ZnO

closer to the vacuum level of P3HT which increases both the interface bandgap and

Voc. We found that the Voc of the device containing N3 additive increased by 0.12 V,

whereas it is only increased by 0.03 eV in the 6TP-containing device. Hence, molecular

interface modification contributes to reducing the defect density and traps at the ZnO

surface. [80] As mentioned above, Goh et al. investigated the interface modification of

bilayer P3HT:TiO2 by using a series of para-substituted benzene carboxylic acids with

varying dipole moments. [68] They found that the interface-modified cells only increased

Voc by at most ⇠0.03–0.05 eV, with N3-added device displaying the lowest Voc. [68] In

our study, Voc of the N3-containing device increased by ⇠120 mV relative to the unmod-

ified device. This might be due to differences in the nature of interactions between the

carboxylic group and ZnO compared to TiO2. In addition, we found that the Voc of 6TP-

added device is increased by ⇠30 mV. Goh et al. concluded that the small increment in

Voc is possibly due to the opposite dipole contribution from protonation effects of car-

boxylic acid groups. [68] Since 6TP interacts with the ZnO surface via phosphonic acid

and oligothiophene, the smaller increase in Voc in the 6TP-containing device compared

to the N3-containing device might be due to the opposite orientation of the dipole mo-

ment resulting from protonation. The smaller bandgap (CBM-HOMO) results in faster

charge recombination, because it corresponds to the higher concentration of the electron

in ZnO and hole in P3HT at a given voltage. [68] Therefore, slowing down of charge

recombination is the significant result of increased Voc. In addition, the obtained Voc

(0.54 eV) lies within the exciton binding energy of P3HT (0.4–0.7 eV), [80, 101–106]

thus the increased Voc affects exciton dissociation at the interface. N3 molecules posses

a suitable LUMO level (⇠3.84 eV) that sits between the LUMO of P3HT (⇠3.0 eV)

and conduction band minimum of ZnO (⇠4.40 eV) providing a possible energy cascade

route for charge separation, while the LUMO level of 6TP (⇠3.84 eV) sits above the

LUMO of P3HT. We therefore expect faster electron transfer through N3 to ZnO, which

contributes to higher photocurrent. The 6TP-containing active layer showed the highest

photocurrent, possibly suggesting a relatively small dye surface coverage on ZnO, with

limited interference of electron transfer processes between P3HT and ZnO. In addition,
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the larger electron affinity, and stronger electron-withdrawing of 6TP can account for the

highest photocurrent. [68]

4.7.2 Polaron steady-state lifetime

Continuous-wave laser excitation reveals the generation of long-lived polarons. Sir-

ringhaus et al. presented direct evidence of the polaronic nature of the charge carriers

in P3HT by means of charge modulation spectroscopy in field-effect transistor architec-

tures. [85] The photoinduced absorption spectra presented in Fig. 4.12 have the same

lineshape as in the P3HT: ZnO film without additive, indicating that the electronic na-

ture of polarons at steady state are not affected by the interface modifiers. This points

to the role of surface dipole moments governing generation/recombination kinetics of

polarons. Combination of pump modulation frequency dependent and pump intensity

dependent PIA signal provides a way to determine an average lifetime for long-lived

polarons. As compared to the previous measurements, Noone et al. studied the kinetics

of nine donor-acceptor blends and found in general that polaron lifetimes are longer in

polymers with inorganic acceptors as compared to when fullerene derivatives are used

as acceptors. [98] This is rationalized by higher dielectric constants in environments

containing inorganic acceptors, which contributes to screening of long-range Coulombic

attractions between carriers. In addition, those author reported average lifetime of 2 ms

for P3HT: ZnO. Our measurement of the polaron lifetime for P3HT: ZnO is significantly

shorter than the 2 ms reported by Noone et al. [98] Noone et al. fitted the frequency

dependent data to dispersive recombination model, in which the contributions of the

unimolecular and bimolecular recombinations are indistinguishable. [98] We used a rate

model in which the frequency dependent and power dependent data were treated via a

global fitting, using single unimolecular and bimolecular recombination rate constants.

We underline that it is not possible to introduce a specific lifetime that is independent

of light intensity due to the fact that the PIA signal decays slowly at high modulation

frequency (w�a (a <1)). Therefore we limited the case to the average lifetime under

the steady-state condition. [92] However, we note that the lifetime is dependent on the

intensity because of bimolecular recombination.



CHAPTER 5

FORMATION OF A HIGHLY ORDERED RED PHASE IN A MEH-PPV :
POLYSTYRENE GELS

5.1 Introduction

The main goal of this chapter is to identify a promising candidate (polymer) and the

development of solution-based processing methods for opto-electronic applications. The

application of quantum opto-electronic devices in both everyday life and advanced sci-

ence would be widespread. However, the development of high-throughput quantum op-

toelectronics technologies has proven problematic, due to the absence of easily-scalable

methods to process materials of the desired optical and morphological characteristics.

In the present work, we address that problem by adopting a highly successful approach

that will be employed in opto-electronics. That contributes to the explosion of a new

scientific field, new technologies, and new products. Specifically, we propose to pro-

duce a step change for quantum optoelectronics applications through the employment of

the gel-processed materials. For this purpose we processed ultra high molecular weight

polystyrene (UHMW PS) gels, moreover by adopting steady-state spectroscopy tools

such as absorption, photoluminescence and performing temperature-dependent photo-

luminescence measurements a promising candidate for opto-electronic applications has

been identified.

The concept of present work was developed by the discovery of ”Room-temperature

Bose-Einstein condensation of cavity exciton-polaritons in a polymer”. In 2014, Rainer

F. Mahrt et al. successfully coupled the excitonic transition of a thin polymer film to the

confined photon mode of a planar dielectric Fabry-Perot microcavity that led to the first

demonstration of Bose-Einstein condensation at room temperature in organic materials 1

. [107]

The application of organic structures as optically active materials in microcavities

1. Bose-Einstein condensation can occur when the density of particles with integer spin is sufficiently
high to allow for spatially overlapping wave functions of the individual particles. [107]
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is interesting. Organic structures are classified as Frenkel excitons (discussed in chap-

ter 2.1.2) due to their high binding energies 2 (⇠1 eV) compared to the thermal energy

KbT at room temperature, making these excitons highly stable at room temperature.

Moreover, the large oscillator strength of the organic materials makes the use of organic

microcavities more attractive. The strong coupling between the Frenkel excitons in or-

ganic materials and the cavity photons results in a Rabi splitting which is easily an order

of magnitude greater than that of inorganic microcavities. [108]

In the work by Marht et al., the ladder-type conjugated polymer, called MeLPPP

which features a relatively rigid backbone due to the methylene bridge between the

phenyl rings is implemented in the cavity. Due to the associated low disorder of MeLPPP

compared with other conjugated polymers, it exhibits a narrow, weak Stokes shift, in-

homogeneously broadened exciton line widths -of the order of 60 meV- with spectrally

resolved vibronic replicas even at room temperature that contributes to the strong cou-

pling. That is the most fascinating aspect of polymers for opto-electronic applications.

Fig. 5.1 illustrates the distributed bragg reflector (DBR) which contains the spin-cast

polymer layer in the central anti-node of the optical field.

Figure 5.1 – (a) Illustration of the
distributed Bragg reflector microcavity,
(b) Chemical structure of the MeLPPP
polymer and (c) Absorption (black line)
and emission (red line) spectra of an
MeLPPP film. The arrow indicates the
excitation wavelength. Figure adopted
from reference [107].

In short, conjugated polymers have proven to be potential candidates for opto-elec-

tronic applications however a promising candidate has still not been identified. This

is primarily due to the intrinsic amorphous and disordered nature of spin-coated film.

2. The binding energy is the energy required to ionize the exciton into a free electron and hole.
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Whereas MeLPPP is not easy to process especially at high molecular weight. Hence,

this work aims at identifying a readily processable material for opto-electronic applica-

tions.

5.2 Characteristics of a promising candidate

As discussed in chapter 2.2.4 polymers with high molecular weight can undergo H-

to J-type transformation. The hybrid (HJ) behaviour is dependent on variety of factors -

such as different processing conditions, solvent additives, etc. just to name a few - that

give rise to different morphologies. Fig. 5.2 shows the absorption and PL spectra of a

P3HT film cast from chloroform and that of nanofibers grown in toluene.

Figure 5.2 – (a) Absorption and photoluminescence (PL) spectra of a P3HT film cast
from chloroform. (Insets) P3HT p-stack and Jablonski diagram corresponding to a
weakly coupled H-aggregate model. (b) Graphical depiction of J- and H-aggregates
of P3HT. (c) Absorption and PL spectra of P3HT nanofibers grown in toluene.Figure
adopted from references [24, 29, 31].

The vibronic progression in the absorption spectra of P3HT nanofibers at room tem-

perature is more pronounced than that of the spin-coated P3HT at low temperatures.

P3HT nanofibers which self assemble in a slowly cooled toluene solution, show that the

ratio of the 0�0 to 0�1 PL peaks can be greater than one at room temperature, which is
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higher than that predicted from the H-aggregate model (less than one). [109] Therefore

the nanofibers display J-like emission behaviour in contrast to the H-like behaviour of

thin films. In fact conjugated polymer films exhibit morphology-dependent J- or H-like

properties that is associated with a delicate interplay of intra- and intermolecular interac-

tions. [110] Due to the very high oscillator strength and consequent optical properties a

J-aggregated polymer serves as a good candidate for room temperature-strong coupling

applications. Based on the similarities between the PL spectrum of P3HT nanofibers

and that of MeLPPP, it is concluded that the polymer of our interest for use in quantum

optoelectronics devices should be a J-aggregated polymer.

5.3 MEH-PPV: poly [2-methoxy, 5-(2’-ethyl-hexoxy)-1,4-phenylene vinylene]

The derivatives of Poly (para-phenylenevinylene) (PPV) such as MEH-PPV, and its

oligomers are of interest for applications in electronic devices such as photovoltaics,

transistors, and organic light-emitting diodes (OLEDs) as well as quantum optoelec-

tronic application. A type of morphological phenomenon in conjugated polymers of

PPV family is known as polychromism, that has strong impact on the performance of

devices such as transistors, photovoltaic cells or light-emitting diodes based on these

materials. [111] "Polychromism is of scientific interest as it indicates changes in the un-

derlying electronic structure, and it has strong potential for commercial applications".

For example, the temperature-dependence of absorption and emission in derivatives of

polydiacetylene is being considered for sensor applications. [111] Depending on the

solvent, concentration and temperature, photoluminescence occurs either from a high

energy state (the blue phase) or from a lower energy state (the red phase) that differs in

the extent of delocalisation of the p-bond electrons. köhler et al. show the evidence of

two morphologically distinct species in their recent work that when MEH-PPV chains

dissolved in a polar solvent (methyltetrahydrofuran (Me-THF)) undergo a conformation

transition from coil- to chain-extended-conformation at about 200 K. This conformation

transition is assigned to the blue to red phase transition respectively. [111, 112] Fig. 5.3

shows the absorption and emission spectra of MEH-PPV in MeTHF (5⇥ 10�6 mol/l)
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within a temperature range of 290�110 K. The PL spectrum consists of emission from

the blue phase with a 0� 0 PL peak intensity at about 2.20 eV and a red phase with a

0�0 PL peak intensity at about 2.07 eV. Upon cooling, the intensity of the emission from

the blue phase reduces while that of the red phase grows. Moreover, the PL spectrum at

Figure 5.3 – The absorption and emission spectra of MEH-PPV obtained in 5⇥10�6 M
MeTHF (a) at 110 K, where the red phase dominates, and (b) at 290 K, where the blue
phase dominates. Figure adopted from reference [112].

110 K, demonstrates a significant enhancement of the vibronic progression that is due to

the enhanced intrachain order at low temperature and the characteristic of a J-aggregated

polymer. [16] The 0� 0 PL peak intensity in the absorption spectrum is also enhanced

with respect to the first side band at low temperature.

Whilst the conformation transition occurs in the solution, the flow and evaporation

of liquids result in seals being dissolved and broken. In addition, the red-phase of MEH-

PPV has only been observed in the solution and there has not been any successful effort

to obtain this super-interesting behaviour in thin film of MEH-PPV. This indicates that

the degree of aggregation in solution does not necessarily translate into the film. This

limits the extend of usage of MEH-PPV polymer in devices. As such, understanding the

nature of the optically excited states of the films is vital to the development of devices.

This work is concerned with addressing the question of whether our understanding of

fundamental (solution) photophysics can be extended to the function of such materials

in solid matrix. This issue is of particular importance for the development of quantum

optoelectronics devices, which will typically incorporate a thin film of the polymer rather
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than a solution. The significance of this work is to create solid-like materials to involve

MEH-PPV into a polymeric host matrix, which serves as a mechanical support for the

chromophores. It has been found that material with a low glass-transition temperature

is desirable for use as a solid-like host matrix. [113] What is desirable is a material that

is "microscopically liquid whilst macroscopically solid", termed as gel [113] such that it

takes advantage of both phases in the relevant spatial domains, and that the macroscopic

viscosity of the gel does not cause any photochemical reaction . Here we show that ef-

ficiencies indistinguishable from the solution phase can be obtained in a gel as a liquid

trapped through numerous microscopic interconnected domains. A gel is a macroscop-

ically highly viscous substance that will retain its shape and fail to flow when inverted.

The structure of a physical gel is ideal because it is a macroscopically solid material

with a high volume fraction of interstitial space occupied by the solvent, permitting

unimpeded diffusion of the active materials between the entanglements. [113]

In order to process the red-phase gel to emulate the film and introduce red-phase of

MEH-PPV, we process a gelation agent with ultra high molecular weight polystyrene

polymer that is transparent to the visible light, hence indistinguishable in the photophys-

ical measurements from the liquid sample.

In what follows, we explain our processing protocols. I have partly worked on this

project in Prof. Natalie Stingelin group (department of materials, Imperial College Lon-

don) where I spent four months to learn about material processing and processing proto-

cols of polystyrene gel with Dr. Jaime Martin. I further explored the project by supple-

mentary spectroscopic measurements in our group.

5.4 Processing protocols for MEH-PPV / ultra high molecular weight polystyrene
gels

Polymers are long chain molecules that comprise covalently connected moieties

that interact through relatively weak intermolecular forces. Increasing polymer chain

length (molecular weight) gives rise to increasing the (melt) viscosity due to sterical

hindrance and reduced mobility of the longer chain molecules. Ultra-high molecular
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weight (UHMW) polymers refers to macromolecules with molecular weights that ex-

ceed 106 g/mol. [114] Polystyrene (PS) is a rigid, transparent thermoplastic, which exists

in solid or glassy state at room temperature and belongs to the family of Vinyl Polymers.

The structural units of PS is shown in Fig. 5.4. In order to produce the gel which

Figure 5.4 – The structural units of
polystyrene, Carbon in black and Hy-
drogen in white. Figure adopted from
reference [114].

consists of ultra high molecular weight polystyrene (UHMWPS) as the organogelator,

2-Methyltetrahydrofuran (Me-THF) as the solvent, and MEH-PPV as the active material,

the following procedures were used.

5.4.1 Preparation of ultra high molecular weight polystyrene solution

In this work, the ultra high molecular weight polystyrene (30 ⇥ 106 g/mol) with

molecular weight per repeat unit (Mr.u.) of 104.1 g/mol (purchased from Polyscience

Inc.), has been used as the organogelator for MEH-PPV polymer.

The first goal was to find the minimum concentration at which the polystyrene solu-

tion undergoes a transition from liquid to gel. To achieve this goal, first 10, 15, 30, 50,

and 100 mg of polystyrene powder were weighted in separate vials, dissolved in 900 µl

of Me-THF solvent and stirred for 5-10 minutes on a hot plate at a temperature of 80 �C,

using a heating block for well-defined dissolution temperature. After which the solutions

were heated at a temperature of 58 �C (below the boiling point of MeTHF i.e. 80 �C) for

up to one hour - depending on the polystyrene weight fraction - until the solutions were

homogenous. The heat was subsequently turned off and the solutions were cooled to

room temperature. Upon cooling the solutions to room temperature, the solution under-

goes a thermo-reversible transition from liquid to gel. Using liquid nitrogen (N2), the

gels were then rapidly cooled to ⇠ 70 K. This process was repeated several times. Note

that the solution which contained minimum solute (10 mg of polystyrene), did not ap-
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pear to form a gel. Hence, the lowest concentration of this polystyrene required for the

transition from a liquid to a gel is estimated to be 15 mg/ml. As such the polystyrene gel

at different weight fractions (wt%1.5, 3.0, 5.0, and 10.0) of polystyrene with respect to

the total weight of the gels were ready. The gelation mechanism relies on the nucleation

and crystallization of the UHMW PS within the blend. This crystallization process forms

high aspect-ratio nano- and microscopic features of UHMW PS that entangle, producing

interactions that cooperatively inhibit macroscopic rotation/translation and result in the

formation of a physical gel. [113] Alternatively it is also possible to sonicate the solute

after heating it to 58 �C, followed by the same procedure as above. The first gels were

prepared using this method. The mole percent of these solutions is shown in table 5.I

Polystyrene / Me-THF
Concentration(mg/ml) wt.% (mole percent%)⇥10�3

15 1.5 0.15
30 3 0.3
50 5 0.50
100 10 1.03

Table 5.I – Weight and mole percent of the Polystyrene solution.

5.4.2 Preparation of MEH-PPV solution

Similarly, in order to make the MEH-PPV solution of 5.0⇥ 10�3 M, first 3 mg of

MEH-PPV powder was weighted in a vial and then dissolved in 2 ml of Me-THF solvent

which was stirred for 5-10 minutes on a hot plate at 120 �C using the heating block

for well-defined dissolution temperature. After which the solution was diluted to 5.0⇥
10�4 M, by adding 900 µl of Me-THF to the 100 µl of the solution. Table 5.II. tabulates

the mole percent of the MEH-PPV with respect to the total mole of the solution.

MEH-PPV / Me-THF
Molarity (M) wt.% mole percent%
5.0⇥10�5 M 1.61⇥10�4 0.62⇥10�5

5.0⇥10�4 M 1.61⇥10�3 0.62⇥10�4

Table 5.II – Molarity of MEH-PPV solution.
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5.4.3 Ultra high molecular weight polystyrene / MEH-PPV gels

MEH-PPV / UHMW PS gels at two different molarities of MEH-PPV solution were

prepared, by introducing 100 µl of 5.0⇥10�3 M and 5.0⇥10�4 M MEH-PPV solution

into the polystyrene gel. The MEH-PPV/UHMW PS gels were heated at 50 �C until

the MEH-PPV solutions were thoroughly mixed to obtain the desired homogenous gels.

Characteristics of different gels are summarised in table 5.III. Note that the mole per-

cent of the MEH-PPV solution (for instance 3.5⇥10�3%) in the total gel is insignificant

compared to the mole percent of the Polystyrene solution in the total gel (99.9965%).

Polystyrene MEH-PPV MEH-PPV / Polystyrene gels
Concentration(mg/ml) Molarity (M) (mole percent%)⇥10�3

15 mg/ml 5.0⇥10�5 M 3.5
30 mg/ml 5.0⇥10�5 M 1.7
50 mg/ml 5.0⇥10�5 M 1.04
50 mg/ml 5.0⇥10�4 M 1.04
100 mg/ml 5.0⇥10�5 M 0.52

Table 5.III – Characteristics of different gels.

Fig.5.5 illustrates photographs of the MEH-PPV/UHMW PS gels for three different

concentrations of PS solution (1.5, 3.0, and 5.0 wt.% ) with 5.0⇥ 10�6 M MEH-PPV

solution that were subject to a fast cooling rate. Because the MEH-PPV solution is too

Figure 5.5 – 15 mg/ml, 30 mg/ml, 50 mg/ml UHMW PS solution containing 5.0 ⇥
10�6 M MEH-PPV.

dilute the colour of the gel is pale. The pictures were taken 5 minutes after the vials

were held upside down and the gels did not flow downwards. The gels were sent to

Spain, Institute of polymer science and technology of CSIC, for rheology tests.
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5.4.4 Rheology tests on the UHMW PS gels

In this section the basis of the rheology tests is discussed shortly. Fluid materials,

by definition, are systems which flow when subject to stress. [115] The rheological test

defines how the fluids respond to an input stress. Structured fluids often will not flow

unless they have reached a critical stress level, known as the yield stress, below which a

material is "fully" elastic and above it the structure of the material breaks and flows. The

yield stress is the stress at which the viscosity is maximum. The rheological properties

of a viscoelastic material are independent of strain up to a critical strain level. Beyond

this critical strain level, the material’s behaviour is non-linear and the storage modulus

declines. So, measuring the strain amplitude dependence of the storage and loss mod-

uli 3 (G0, G00) is a good first step for characterisation of visco-elastic behaviour. G0>G00,

indicates that the material is highly structured. Increasing the strain above the critical

strain disrupts the network structure. After the fluid’s linear viscoelastic region has been

defined by a strain sweep, its structure can be further characterised using a frequency

sweep at a strain below the critical strain. In a frequency sweep, measurements are made

over a range of oscillation frequencies at a constant oscillation amplitude and temper-

ature. Below the critical strain, the elastic modulus G0is often nearly independent of

frequency, as would be expected from a structured or a solid-like material. The more

frequency dependent the elastic modulus is, the more fluid-like is the material.

The MEH-PPV/ UHMW PS gels were sent to Institute of polymer science and tech-

nology of Spanish National Research Council 4 for rheology tests. Fig. 5.6 shows fre-

quency sweep carried out by a rheometer AR-G2 with parallel plates of 40 mm diame-

ter, at a constant temperature of 10 �C and using a deformation of 10%. The storage G0

modulus (in red - left axis) and the loss modulus G00 (in blue - right axis) are plotted as

a function of frequency, with open and filled circles corresponding to wt% 6.0 and wt%

3.0 respectively. According to the frequency sweep done in the two samples, it is clear

3. The storage modulus measures the stored energy which represents the elastic portion, loss mod-
ulus in viscoelastic materials measures the energy which is dissipated as heat, representing the viscous
portion. [115]

4. Consejo Superior de Investigaciones Científicas
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that G0>G00 in both samples, as expected for a solid-like material. Moreover, the results

demonstrates that the elastic modulus G00 is nearly independent of frequency, and G0 is

frequency dependent. This behaviour is more evident for the sample which has lower

polystyrene concentration, because it shows a terminal region at low frequencies where

G0 and G00 decrease with frequency. As such it is concluded that the samples are highly

viscous liquids.
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Figure 5.6 – Frequency sweep on the UHMW PS solution (wt% 3.0 and 6.0). The log-
log plot of elastic moduli G0 in red (left axis) and G00 in blue (right axis) as a function of
frequency, open squares corresponded to wt% 3.0 and filled circles corresponded to wt%
6.0 respectively. Measurements taken at Institute of polymer science and technology of
CSIC.

5.5 Theoretical models for data analysis

5.5.1 Franck-Condon analysis of PL spectra

In the prior work by Yamagata et al. on red-phase MEH-PPV solution, the authors

applied the concept of HJ-aggregates, due to the fact that the 0�0/0�1 PL line-strength

ratio is substantially larger at low temperatures, exactly opposite to what is found in spin-

cast P3HT aggregates, and defying the predictions of the simple H-aggregate model

discussed in chapter 2.2.3. [112]
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On closer investigation, we explore the dependence of steady-state PL peak inten-

sity with temperature based on what performed by Yamagata et al. [112] For analysis

of the PL spectrum, the ratio between the intensity of the 0� 0 and 0� 1 peaks in the

PL spectrum needs to be known precisely. Further information can be obtained from the

corresponding PL spectra. In order to examine these trends more quantitatively we anal-

ysed the PL spectra of MEH-PPV/UHMW PS gels in a range of temperatures to extract

the 0�0/0�1 PL line-strength ratio, Huang-Rhys parameter, electronic transition peak

energy (E0�0), and the Gaussian line width via a fit with Franck-Condon model in which

the PL spectrum is modelled as S̄(h̄w)

S̄ (h̄w) = n3 (h̄w)3 Â
mi

’
i

I0!mi ⇥G

"
h̄w �

 
h̄w0�0 �Â

i
mih̄wi

!#
, (5.1)

where n is the refractive index of the material at the optical frequency w , wi is the fre-

quency of the ith mode, mi= 0,1,2,. . . is the number of vibrational quanta in the ith

mode, and the set of integers mi identifies a particular combination peak. h̄w0�0 is the

0�0 peak energy. G is a Gaussian line shape function with constant standard deviation

s that represents the inhomogeneously broadened spectral line of the vibronic replica

in the progression. h̄wi is the energy of the effective oscillator coupled to the electronic

transition (the most strongly coupled mode (or cluster of modes) corresponds to the high

frequency vinyl-stretching mode), ⇠ 0.174 eV for most of the polymeric semiconduc-

tors. [34, 112] Hence, according to the Franck-Condon principle, the intensities of the

vibronic peaks are expressed with a Poisson distribution given by

I0�mi = e�l 2
i l 2mi

i /mi!. (5.2)

The Huang-Rhys factor can be determined experimentally by taking the ratio be-

tween the intensities of the vibronic progression i.e. 0� 2 and 0� 1 of the PL spec-

trum [34] given by

l 2 = 2
I0�2
PL

I0�1
PL

. (5.3)
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5.5.2 Optical properties of "HJ" hybrid aggregates

The "HJ" hybrid model developed by Yamagata and Spano (chapter 2.2.3.1) that

takes in to account the competition between the intra- inter-chain interactions can assist

in interpreting the absorption and PL spectra of aggregated polymers. [15] Based on

this model, in the conformation with a cofacial arrangement, the exciton is delocalised

not only along the chain but also in the direction of the stacks. Fig. 5.7 clearly shows

the excitonic dispersion of J- and H-aggregate (a,b) versus HJ-aggregate (c). The black

dot indicates the exciton in ground state (|Gi) while the red dot indicates the optically

allowed k = 0 exciton to the excited state. The energies of the one- and two-phonon

states within the electronic ground state are also indicated.

Section 2.2.1 discussed that in a J-aggregate (J0 < 0) the symmetric band is the bot-

tom band whilst in an H-aggregate (J0 > 0) the symmetric band is the top band. Pho-

toluminescence (PL) is mainly caused by band bottom excitons 5, as shown in Fig. 5.7

a and b, the band bottom exciton in a J-aggregate is k = 0 whereas in an H-aggregate

it is k = p , hence we expect to observe differences between the PL spectra of H- and

J-aggregates. When temperature is zero (T = 0 K) also in the absence of disorder, in a

J-aggregate the 0� 0 PL peak intensity is enhanced because 0� 0 is the only state that

makes transition from the excited state to the vibrationless ground state. On the other

hand, in an H-aggregatethe the 0� 0 PL peak intensity is attenuated because the exci-

tation band bottom is k = p therefore, a transition from k = p to k = 0 (ground state)

breaks conservation of momentum and is forbidden by symmetry. When temperature in-

creases, thermal effect populates other excited states than (k = 0), thus k = 0 state is no

longer the only state that makes transition in a J-aggregate and becomes less probable.

Moreover, disorder is not negligible and it mixes different states such that k is no longer

well-defined. It is concluded that increasing the temperature and presence of disorder,

reduce the 0� 0 PL peak intensity in a J-aggregate. Conversely, in the H-aggregate, as

temperature elevates the k = 0 state at the top of the exciton band is thermally populated

such that the 0�0 peak grows with increasing temperature.

5. After photo-excitation occurs, a rapid through-bond reorganization causes the chromophore to lose
its excess energy and reach the bottom of the excitation band (Kasha’s rule [116])
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Figure 5.7 – (a,b) Molecular orientations within conventional J- and H-aggregates. The
sign of the nearest-neighbor coupling J0 < 0 is associated with a head-to-tail orienta-
tions (J-aggregation), whereas J0 > 0 is associated with side-by-side orientations (H-
aggregation). (c) In polymer HJ-aggregates, Coulombic interchain coupling is positive
(Jinter > 0), whereas the effective intrachain coupling between adjacent repeat units is
negative (Jintra < 0) due to the through-bond interactions in 1D direct band-gap semicon-
ductors. The black dot indicates exciton in ground state (|Gi) while the red dot illustrates
the optically allowed k = 0 exciton in the excited state. The energies of the one- and
two-phonon states within the electronic ground state are also indicated. Intramolecu-
lar vibrations contributes to the dispersionless (Einstein) phonons of wave vector q and
frequency w0. In the HJ-dimer, the J-like intrachain band in each polymer is split into
symmetric (+) and antisymmetric (-) bands by interchain interactions. Selection rules,
allows only the k = 0 symmetric state to be coupled to |Gi. Hence, in HJ-aggregates, as
well as H-aggregates, 0� 0 emission is thermally activated. Note that Arrows indicate
emission pathways at low temperatures and higher bands in E(k) are omitted for clarity.
Figure adopted from reference [29].

Fig. 5.7 c shows the "HJ" excitonic dispersion where the symmetric band (the top)

and the anti-symmetric band (the bottom) are split by interchain coupling (DEinter). Ac-

cording to the "HJ" hybrid model a conjugated polymer dimer cannot generally be de-

scribed as an H- or J-aggregate. The 0� 0 PL peak intensity of a hybrid "HJ" in the

presence of the temperature is different than that of in either a J- or an H-aggregate.

When temperature increases the 0� 0 PL peak intensity initially increases and turns

over where kbT is approximately equal to the interchain splitting = DEinter. As shown in

Fig. 5.7 c, in a dimer the lowest energy exciton is anti-symmetric, there is thus no 0�0
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component at T = 0 K. Given that the only states which can provide 0�0 emission are

symmetric bands, thermal activation is required to populate the symmetric band (the top

band in Fig.5.7 c ). [16] Hence, the photophysics of such materials is strongly dependent

on the interplay between the intrachain (through bond) and interchain (through space)

interaction that allows the exciton motion along the backbone of the molecule (through

bond) and between the cofacial arrangement (through space).

5.5.3 Exciton coherence

When an exciton is delocalised coherently over a length LC within its aggregate, the

exciton wave function is conserved over LC. As such development of a large coherence

length is highly desired since lack of coherence is mainly caused by disorder. [16] The

coherence length for the band bottom (emitting) exciton is calculated from the exciton

coherence function given by [24]

Cem (s)⌘ Â
n

D
yem

���B†
nBn+s

���yem
E

s = 0±1,±2...,N/2, (5.4)

where B†
n ⌘ |n;vacihg;vac| and the vac stands for vibration-less electronic ground state

(vacuum state). T = 0 K and s=0 cause the coherence function to be entirely delocalised

over both H- and J-aggregates. The amplitude hCem (s = 0)ic contains information about

the extent of the nuclear relaxation at the site of the vibronic excitation. [24] In the

weak coupling regime where W ⌧ l 2w0 hCem (0)ic reduces to exp
�
�l 2� and is inde-

pendent of disorder. However, it should be noted that presence of disorder can enhance

the vibronic relaxation of the emitting exciton. An important relationship between the

coherence function and the 0�0 line strength is given by

Ncoh ⌘
1

hCem (s = 0)iT,c
Â
s

���hCem (s)iT,c

��� . (5.5)

In a linear aggregate the coherence length is given by,

Lc = (Ncoh �1)d, (5.6)
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where d is the distance between nearest-neighbour chromophores. The coherence num-

ber at T = 0 K in aggregates with no disorder is Ncoh = N which corresponds to Lc =

(Ncoh �1)d. As temperature rises (and/or disorder increases) the exciton becomes more

localised until it becomes completely localised at Ncoh = 1, or Lc = 0. This behaviour is

therefore similar to the PL intensity ratio, 0�0/0�1, in J-aggregates such that the ratio

decreases as the temperature rises (and/or disorder increases) which is different from

the H-aggregates in which the 0�0/0�1 increases with increasing temperature (and/or

disorder increases). [16] Therefor the coherence length in a J-aggregate, not covered by

the details of calculation, is simply given by

I0�0

I0�1
= k Ncoh

l 2 , (5.7)

where k is a prefactor close to unity. [16]

5.6 Is the MEH-PPV red-phase retained in the UHMW PS matrix?

In what follows, we investigate the red-phase of MEH-PPV in our processed UHM-

W PS matrix through the investigation of photophysics properties of MEH-PPV/UHM-

W PS gels by means of linear absorption and temperature-dependent PL spectroscopy.

First we go over the previous works on MEH-PPV, that show different results.

Zeng et al. measured the PL and Raman spectra of thin film of PPV using dichloro-

p-xylene and tetranhydronthionphene in the temperature range from 83 K to 293 K. The

authors observed no significant shift in the Raman band frequency nor in the PL and they

measured the emission energy shift for the 0�0 electronic transition to be only 6 meV.

The authors also found that the conjugated length is elongated by 2.2 repeat units from

294 to 83 K and assigned it to the reduced disorder at low temperatures. [117]

Wantz et al. measured electroluminescence of thin film of PPV derivative (BDMO-

PPV) in the temperature range of 80-350 K. The authors found that energy separation

(between pure electronic transition 0�0 and first vibronic transition 0�1) was temper-

ature independent. The authors also carried out temperature dependent PL measurement

of MEH-PPV and found that 0�0 pure electronic transition blue-shifted about 60 meV
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(as temperature increased). Moreover, the Huang-Rhys factor was found to be tempera-

ture independent hence Wantz et al. could not assign the blue-shift in the 0�0 PL peak

to a reduced conjugation length in the thin film of PPV derivative. [118]

In the work of Silva et al. temperature-dependent PL spectra of thin film MEH-PPV

deposited by spin coating on a copper substrate was studied. The authors showed that

0�0 pure electronic transition blueshifted about 60 meV between 13-297 K. Moreover,

Silva et al. found that I0�1/I0�0 increased as temperature increased and attributed that to

the decrease of conjugation length. [119]

Following the work by Köhler et al. that demonstrated a conformation transition

of MEH-PPV in MeTHF, [111] Yamagata et al. reported a very comprehensive experi-

mental work along with numerical calculation on the MEH-PPV in MeTHF. Yamagata

et al. proposed that the "HJ" hybrid model contributes greatly to the understanding of

the basic photophysical features observed for red-phase MEH-PPV. Yamagata et al. con-

cluded that J-like behaviour is favored by a relatively large intrachain exciton bandwidth-

roughly an order of magnitude greater than the interchain bandwidth- and the presence

of disorder. [112] Here we discuss the red-phase of the MEH-PPV/UHMW PS gels by

weakly coupled HJ-aggregates in which the interchain splitting, DEinter, is roughly an or-

der of magnitude smaller than the 0�0 intrachain exciton bandwidth, DEintra. [15, 112]

5.6.1 The red-phase MEH-PPV in MeTHF solution

We begin with a brief discussion of the PL spectrum of MEH-PPV solution along

with its absorption. Absorption and PL spectra were taken from MEH-PPV ( MW =60 KD)

in MeTHF at a concentration of 5⇥10�5 mol/l (using the home-built setup explained in

chapter 3.2). A fused silica cuvette with 1 mm optical path length was used for solution

measurements; the excitation wavelength was 405 nm (⇠ 3.0 eV) for PL measurements.

Fig. 5.8 shows the absorption and emission spectra for MEH-PPV in MeTHF at 290 K, in

disordered phase where the polymer chain is coiled, and at 80 K, in ordered phase where

the extended chain dominates. At 80 K one can clearly see features corresponding to the

J-aggregate in the PL spectrum that will be precisely analysed later. The 0� 1 peak in

PL spectrum centered on 1.85 eV is much lower in intensity than the corresponding peak
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Figure 5.8 – Left: comparison of the absorption and emission spectra of MEH-PPV
obtained in 5.0⇥10�5 M MeTHF solution (a) at 290 K, where the blue phase dominates,
and (b) at 80 K, where the red phase dominates. Right: The solution before and after PL
measurements.

at about 2.15 eV. Note that at 290 K, the shapes are more comparable in the absorption

and PL spectra. Upon cooling, the blue phase with the 0�0 peak at about 2.20 eV turns

to a red phase with a 0�0 peak at about 2.06 eV. Here we showed that the result is con-

sistent with Köhler results for MEH-PPV in MeTHF solution, however, the molarity is

one order of magnitude higher than the reference. [111] Moreover, the polychromism is

clearly shown in Fig. 5.8 (right) which corresponds to different electronic structure.

5.6.2 The red-phase MEH-PPV/ UHMW PS gels

The goal of this section is to demonstrate the highly red-phase of MEH-PPV/ UH-

MWPS gels as an interesting feature with introducing it into our gel. So far we have

demonstrated how the gels were processed and reproduced the red-phase of MEH-PPV
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in MeTHF solution and how the temperature plays a significant role in the formation

of chain-extended MEH-PPV in MeTHF solution. Now we report on the photophysical

properties of the MEH-PPV/ UHMW PS gels as a function of temperature, covering a

temperature ranging from 290 K down to 80 K. Absorption and PL spectra were taken

from MEH-PPV/ UHMW PS gels. MEH-PPV in MeTHF solution at a concentration of

5⇥10�5 mol/l ( MW =60 KD) and PS in MeTHF solution at a concentration of 30 mg/ml

(wt% 3.0 & MW =30000 KD).

A: absorption versus PL spectra of MEH-PPV/ UHMW PS gels: In Fig. 5.9

the absorption spectra at 80 K and 290 K show that the spectrum is red-shifted from

2.42 eV to 2.1 eV with narrower bandwidth going from 80K to 290 K. In addition the
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Figure 5.9 – Comparison of the ab-
sorption and emission spectra of MEH-
PPV/ UHMW PS gels obtained in
PS wt% 3.0 solution containing 5.0 ⇥
10�5 M (a) at 290 K, where the blue
phase dominates, and (b) at 80 K, where
the red phase dominates.

0�0 (2.1 eV) peak is dominant over the 0�1 (2.2 eV). The PL spectra shows narrower

line width with enhanced 0� 0 peak width at 80 K compared to 290 K. The absorp-

tion spectrum consists of a dominant 0� 0 peak at 2.1 eV and its first side band 0� 1

peak at 2.2 eV. The ratio of the oscillator strengths of the 0� 0 and 0� 1 peaks, Rabs

⌘ I0�0/I0�1, is 1.25, consistent with Rabs of MEH-PPV solution reported by Yamagata

et al. [112]. When the gel is cooled the Stokes shift between the PL and the absorp-
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tion shrinks (⇠ 67 meV) compared to that of at 290 K. When the absorption and the PL

originate roughly from the same energy band, they undergo a small Stokes shift and

characterises J-aggregate behaviour. Given the fact that in a J-aggregate, upon the ab-

sorption of a photon excitons reside at the bottom of the band ( k = 0 state) therefore it

emit from k = 0 state hence a small Stokes shift is expected. In the PL spectra of the gel

shown in Fig. 5.9 the 0� 0 PL peak intensity corresponds to pure electronic transition

as well as the first (0�1) and second (0�2) vibronic progression bands are clear at low

temperature.

B: PL spectra in the cooling and heating half-cycles: Fig. 5.10 a and b show

the cooling half-cycle versus heating half-cycle of PL measurements respectively. The
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Figure 5.10 – a: PL spectra at 290 K where the blue phase dominates and at 80 K where
the red phase dominates in the cooling half-cycle, b: PL spectra at 290 K where the blue
phase dominates and at 80 K where the red phase dominates in the heating half-cycle.

feature of PL spectrum at 290 K in the cooling half-cycle demonstrates that the intensity

of 0� 0 band is nearly equal to that of 0� 1 peak. This favours an isolated molecule

with identical 0�0 and 0�1 line strengths. [16] The single-molecule-like behaviour of

the spectrum in Fig. 5.10 results from an enhanced like-lihood that the offset difference

between neighbouring molecules is much larger than the excitonic coupling, J0. [29] In

marked contrast, at low temperature the 0� 0 peak is enhanced compared to the 0� 1,

with the 0� 0/0� 1 PL line-strength ratio greater than unity; this is the signature of

J-aggregate-like behaviour. On the other hand, the heating half-cycle shows that by
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increasing the temperature to 290 K the spectrum demonstrates the evidence of a H-

aggregate-like behaviour due to the suppressed 0�0/0�1 PL line strength ratio to less

than unity.

In the red-phase spectrum there is evidence of a small peak at 2.2 eV, this peak can

be assigned to some polymer segments remaining in the non-extended phase. That could

be expected since some parts of the MEH-PPV chains must be entailed with the UHMW

PS. Therefore, the MEHPPV chains must be bended in those entanglements and thus the

red phase segments cannot form at these points. It is important to note that by replicating

the cooling half-cycle the red-phase and the J-like spectrum is retrieved.

Fig. 5.11 shows the shift of the PL spectrum towards the lower energy states known

as red-phase transition; the left and the right panels correspond to the cooling and heating

of the sample respectively. It is therefor possible to give a closer look at the tempera-
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Figure 5.11 – The optical transitions of MEH-PPV/UHMW PS gels as a function of
temperature, taken for PL a: cooling half-cycle and b: heating half-cycle.
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ture at which the MEH-PPV/UHMW PS gels undergo the red-phase transition. The

main difference between the two cycles is that the red-phase does not occur at exactly

same temperature in the heating and cooling cycles. The critical temperature is about

160-170 K at different measurements when cooling the sample whereas this temperature

raises to approximately 170-180 K in the heating cycle. In other words, the sample un-

dergoes different conformation transition during the cooling half-cycle compared to the

heating half-cycle (that shall be discussed later in section 5.7.1).

In Fig. 5.12 we display the PL spectra of the MEH-PPV/UHMW PS gels (wt% 3.0

solution containing 5.0⇥ 10�5 M) (a) at 290 K and (b) at 80 K along with the Franck-

Condon fit using equation 5.1. Note that the PL spectra have been corrected for the cubic

dependence of the radiative decay rate on photon frequency (w3). We observe a 0� 0
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Figure 5.12 – Franck-Condon analysis
to the spectra at 290 K (a) and at 80 K
(b) for MEH-PPV/UHMW PS gels wt%
3.0 solution containing 5.0 ⇥ 10�5 M.
The PL spectra (circles), and the solid
line shows the Frank-Condon fit. The
0 � 0, 0 � 1 and the 0 � 2 peaks are
shown. The PL spectra have been
corrected for the cubic dependence of
the radiative decay rate on photon fre-
quency (w3).

(2.01 eV)/0� 1 (1.83 eV) PL line-strength ratio that is significantly larger in the MEH-

PPV/UHMW PS gels at low temperature compare to a 0� 0 (2.22 eV)/0� 1 (2.07 eV)

ratio at 290 K; we discuss this trend in more detail later in this chapter.
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A: The Gaussian line width of the 0�0 transition (S0 !S1): The Gaussian line

width i.e. the standard deviation s of the Gaussian function is extracted by fitting the

PL data to equation 5.1. At lower temperatures, s is 30 meV, which is approximately
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Figure 5.13 – The standard deviation s of the Gaussian line width for the 0�0 S0 !S1
in UHMW PS/MEH-PPV gels (wt%3.0 solution containing 5.0⇥10�5 M).

half of that at high temperatures (i.e. 54 meV in the cooling half-cycle and 51 meV in

the heating half-cycle). Change in s is possibly a consequence of inhomogeneous line

widths and disordered distributions at different temperatures.

B: The 0�0/0�1 PL line-strength ratio: The evolution of the 0�0/0�1 PL line-
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Figure 5.14 – The (0� 0/0� 1) PL line strength ratio as a function of temperature ex-
tracted from Franck-Condon analysis (a) cooling half-cycle (b) heating half-cycle. The
0�0/0�1 ratio decreases as the temperature grows, that is the characteristic of a J-ag-
gregate polymer.

strength ratio as a function of temperature via a fit with Franck-Condon model (equation
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5.1) for the cooling-heating cycle is shown in Fig. 5.14. The 0�0/0�1 PL line-strength

ratio is roughly 2-3 at low temperatures and decreases with increasing temperature. Fur-

thermore, figures 5.14 a and b show that the temperature dependence of 0�0/0�1 PL

line-strength ratio is not linear and turns over at approximately 170 K and 180 K in the

cooling and heating half-cycle respectively. The ratio greater than one, also decreas-

ing with increasing temperature characterise a dominant intra-chain (J-like) behaviour

as discussed in chapter 5.5.2.

C: Huang-Rhys factors (0�2/0�1 PL line-strength ratio): It is also possible to

extract Huang-Rhys factors via fit with Franck-Condon model by simply taking 0� 1,

0�2 from measured PL intensity ranging from 80 K to 290 K, see Fig. 5.15.
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Figure 5.15 – (2⇥0�2/0�1) as a function of temperature extracted from Franck-Con-
don fitting, cooling half-cycle in red and heating half-cycle in blue. the Huang-Rhys
parameter increases as temperature increases, that is the characteristic of a J-aggregate
polymer.

We deduced values between ⇠ 0.6�1 in the cooling half-cycle and values between

⇠ 0.6� 1.2 in the heating half-cycle. Huang-Rhys factors are constant over the entire

temperature range investigated for the red phase i.e. 80 K to 160-180 K. This results is

in a good agreement with the results shown by Yamagata et al. for MEH-PPV solution

(80 K to 150 K). [112] Moreover, Huang-Rhys factors are constant over the entire tem-

perature range investigated for the blue phase ⇠ 160� 290 K. As shown in Fig. 5.15,

the values found for Huang-Rhys factors changes suddenly at the temperature where

the red-blue transition occurs from smaller values at low temperatures ⇠ 0.6 compared
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to ⇠ 1� 1.2 at higher temperature. That can be possibly a consequence of different

conformation behaviour in the polymer chains.

D: The pure electronic transition peak energy (E0�0): Fig. 5.16 shows the tem-

perature dependence of the pure electronic transition peak energy during the cooling-

heating cycle. The redshift of the PL peak energy with decreasing temperature could
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Figure 5.16 – The positions of the 0� 0 peaks for PL spectra from the Franck-Condon
fits, cooling half-cycle in red and heating half-cycle in blue.

be associated to the reduction of thermal disorder and planar conformation. This red-

shift in the PL peak energy with decreasing temperature could be associated to the chain

elongation that increases the effective conjugation length. [119, 120] Furthermore the

peak energy positions, in cooling and heating, reflect a consistent PL shift up to approx-

imately 160 K above which we can clearly see features corresponding to a hysteresis

behaviour. This indicates different conformation behaviour in the MEH-PPV polymer,
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Figure 5.17 – Comparison of the PL spectrum in the cooling-heating cycle at three differ-
ent critical temperatures a: 290 K b: 200 K c: 160 K d: as well as regaining the red phase
at 80 K, for UHMW PS/MEH-PPV (wt%3.0 solution containing 5.0⇥10�5 mol/l).
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as seen in Fig. 5.10 and shown in Fig. 5.17 with more emphasis on the spectrum dissimi-

larity. At some temperatures the spectrum significantly changes due to the conformation

transition. Fig. 5.17 d shows how the red phase is retained.

E: Exciton coherence: In what follows, we found the exciton coherence length

in MEH-PPV/ UHMW PS, based on section 5.5.3. It was discussed that 0� 0/0� 1

PL ratio is a direct measure of the coherence length, Ncoh, in a J-aggregate (equation

5.7, I0�0/I0�1 = kNcoh/l 2). k accounts for the impact of vibronic coupling on charge

separated states and close to unity however it deviates from unity when excitons are

delocalised through bond as well as within the p-stacks. [112] Yamagata et al. found

k = 0.62 through the numerical calculation for MEH-PPV.

By adopting k = 0.62, 0�0/0�1 (same as in Fig. 5.14) and approximate value of

unity for l 2 from our results shown in figure 5.15 and according to L|| = (Ncoh � 1)d,

we found Ncoh ⇠ 6. Fig. 5.18 shows the number of coherently connected chromophore

as a function of temperature in the cooling-heating cycle. It is clearly shown that the

exciton coherence decreases as the temperature increases, however the exciton becomes

even more localised in the heating half-cycle. Note that d is the distance between the

nearest neighbours chromophors within the chain.
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Figure 5.18 – Exciton coherent length in the cooling-heating cycle for disordered MEH-
PPV/UHMW PS gels (wt%3.0 solution containing 5.0⇥10�5 M). Ncoh ⇠ 6.
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5.7 Discussion/Conclusion

Our results demonstrate a gel-processed matrix of ultra high molecular weight pol-

ystyrene for poly [2-methoxy, 5-(2’-ethyl-hexoxy)-1,4-phenylene vinylene], MEH-PPV

conjugated polymer guest. MEH-PPV in a polar solvent environment MeTHF solution in

the polymeric host matrix shows a conformation transition from coil transition referred

to as a blue phase and chain-extended conformation referred to as a red phase.

The objective of this work was to achieve solution-processable materials also ensure

that the red-phase MEH-PPV maintains in the gel similar to the solution. With the aids

of photophysics features (by temperature-dependent PL measurement), we demonstrated

identical conformation transition in the MEH-PPV/UHMW PS gels to the correspond-

ing MEH-PPV solution, consistent with the previous works. [111, 112] In addition to

the previous works on the MEH-PPV solution, we demonstrated how the conformation

changed through a heating half-cycle.

5.7.1 Polar solvent environment

The effects of solvent and environment on PL spectra can be due to several factors in

addition to solvent polarity. However since in a particular measurement more than one

effect can affect the chromophore, it is challenging to know which effect is dominant.

Given that chromophores dipole moment (µE) is larger in the excited state than that

of in the ground state (µG), following excitation, the polar solvent dipoles will reorient

around (µE), which lowers the energy of the excited state. As the solvent polarity is

increased, this effect becomes larger, resulting in emission at lower energies or longer

wavelengths [see Fig. 5.19]. [20] Moreover, a poor solvent may cause aggregation in the

polymer, as the polymer tends to minimise the interaction with poor solvent. [121]

Collison et al. showed the PL decays for MEH-PPV solutions, of equal concentra-

tion but varying solvent quality. The decay of good solvent solutions are almost mono-

exponential, the decay time increases with decreasing the solvent quality. Collison et

al. hypothesized that this long-lived PL is associated with the singlet state following

back-transfer from non-emissive interchain excited states to intrachain excited states.
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Figure 5.19 – Jablonski diagram for chromophres with solvent relaxation. Figure
adopted from reference [20].

Given that it is likely that a poor solvent causes the torsional motion along the back-

bone, to be suppressed by the presence of adjacent chains, so that to avoid polymer-sol-

vent interactions. Solvent-induced packing thus contributes to ordering the chains. [121]

Furthermore, Collison et al. explained the room-temperature PL spectral line shape of

MEH-PPV dissolved in a mixture of toluene-hexane solvent via a two-emitter model

and concluded that the spectral line shapes are consistent with single chain however, the

red-phase corresponds to aggregates.[112, 121] In short, the poor solvent can also be a

cause for aggregation of MEH-PPV in the gel.

5.7.2 Different conformation transition in the cooling and heating cycles

Here, we can discuss the different conformation transition in the heating and cool-

ing half cycles. This difference has something to do with difference in the physical

aggregation of molecules. In the cooling half-cycle we start from a very well dissolved

polymer chains, because we have dissolved the polymer at high temperature. Therefore,

the polymer chains are well separated ones from the others, as corresponding to a diluted

solution of polymers. However, as decreasing the temperature, at some point the solubil-

ity of the polymer decreases and the polymer chains tend to aggregate (specially in poor

solvent environment). Note that this aggregation might happen once the red phase has

been already formed, hence it might not affect the amount of the red phase, meaning that

the already planarised molecules might aggregate. Then, as heating the sample up this
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molecular aggregates might be insoluble, which is why MEH-PPV chains do not show

anymore the behavior of an isolated molecule. Note that in order to dissolve the MEH-

PPV at the beginning (i.e. separate the molecules) , we need to increase the temperature

a lot (120 �C).

5.7.3 Temperature dependence of absorption and PL spectra

Here we discuss the red-phase of the MEH-PPV/UHMW PS gels by weakly coupled

HJ-aggregates in which the interchain splitting, DEinter, is roughly an order of magnitude

smaller than the 0�0 intrachain exciton bandwidth, DEintra. [15, 112]

The origin of the PL is the lowest energy exciton, [122] the lowest vibronic peak

(0� 0) in the absorption spectrum overlaps the highest vibronic peak of the PL that is

consistent with J-aggregate behaviour. Moreover, there is no feature of mirror image

symmetry in the absorption and PL spectra, since Holstein-based Hamiltonians shows

that it is not possible to describe the vibronic progressions in absorption and PL with the

same HR factor. Aggregation in the molecules cause the absorption and PL line shapes

to change; these changes are reflected in energy (spectral) shifts and a redistribution

of vibronic peak intensities. [29] Upon cooling the gel the PL spectra is dramatically

(⇠ 230 meV) red-shifted compared to previous works. [117–119] PL is redshifted from

2.24 eV (0� 0) at 290 K to 2.08 eV (0� 0) at 80 K and a reversible blue-shift towards

2.20 eV at 290 K when the gel is warmed up (see Fig. 5.10). Yamagata et al. also

reported a dramatic redshift (⇠ 180 K) in the pure 0� 0 transition of PL spectra from

300 to 80 K. However Köhler et al. reported a redshifted PL peak approximately by

130 meV from 300 to 80 K. [111]

Assessment of PL vibrational peak intensities using Franck-Condon analysis clearly

shows that PL I0�0/I0�1 ratio diminishes as temperature rises (see Fig. 5.14) that is as-

signed to a J-behaviour based on our discussion in 5.5.2. Moreover, given that the I0�0

is enhanced compared to the I0�1 in a J-aggregate, a ratio of greater than 1 is expected

which is opposite in a H-aggregate case. I0�0/I0�1 increases from 1.02 at 290 K to 2.38

at 80 K in the red-phase during the cooling, however dropping from 2.38 at 80 K to 0.66

at 290 K during heating half-cycle. It is concluded that the MEH-PPV/UHMW PS gels
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remains H-aggregated at the end of the cycle. There is also a broadening of the linewidth,

⇠ 30 meV to ⇠ 55 meV in good agreement with measured values in MEH-PPV solution

as reported by Yamagata et al., 24 meV at 80 K and 55 meV at 300 K. [15] Note that dis-

order adds a red-shift to the PL spectrum that creates a Stokes shift which is even smaller

for the J-aggregate. [29] In short, there are evidences of J-aggregation in the red-phase

and H-aggregation in the blue-phase, which is consistent with the chain extended con-

formation to coil conformation mentioned by Köhler et al.. [111] As mentioned before,

Huang-Rhys factor defines the strength of electron-phonon or exciton-phonon coupling,

Huang-Rhys factor of zero contributes to only a 0 � 0 peak and increases with tem-

perature. Here we point out that the photophysics of MEH-PPV results mainly from

intrachain p-electron coupling. Enhanced I0�0/I0�1 at low temperature is also due to

the reduced interchain coupling that can be assigned to the reduced torsional disorder

and a higher fraction of intramolecular interactions that contributes to the emission. In

addition, thermal disorder reduces as temperature decreases hence the spatial extent of

the electronic wave function increases such that excitons are more delocalised. Temper-

ature dependence of PL cause variation in the relative intensity of vibrational modes and

linewidth such that at higher temperatures, probability of electron scattering by vibra-

tional modes of the molecules are higher. Thus the Huang-Rhys factor is higher. We

conclude that the smaller value of Huang-Rhys factor at low temperature is associated

with longer conjugation length and coherence length within the chains. The chain is ex-

tended at low temperatures compared to high temperatures. The results of MEH-PPV/U-

HMW PS gels are consistent with previous works on the solution of MEH-PPV reported

by Köhler et al. and Yamagata et al.. [111, 112] and the red-phase of the solution was

successfully reproduced in a host matrix.

Comparison of a linear J-aggregate: polydiacetylene (PDA) with a very disordered
J-aggregate MEH-PPV/UHMW PS gels

Here we compare the J-aggregation in PDA versus the J-aggregation in MEH-PPV/U-

HMW PS gels. Photophysics of the red-form of isolated PDA chains polymerised from

the diacetylene monomer crystal shows that PDA chains are highly emissive. As such,

the PL spectrum characterises ultra-narrow lines that peaks at 2.28 eV. Side bands due
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to the stretching modes are approximately 0.174 eV and 0.25 eV below the 0� 0 peak.

The ultra-narrow line of the vibronic progression (⇠ 20� 30 cm�1) reflects a near-free

disorder situation. The 0� 0 absorption peak intensity is also dominant, and is about a

factor of ten larger than the vibronic side band. Hence, there is no mirror-image sym-

metry between the absorption and PL line shapes, which is often expected in single-

chromophore systems. Within a single PDA wire, exciton is delocalised over a range of

1-10 µm. Furthermore the 0�0/0�1 PL intensity ratio extracted from the PL spectrum

is approximately 60 at T = 10 K. When temperature increases to room temperature, the

0� 0/0� 1 PL intensity ratio decreases to approximately 10. Hence, compare to the

characterisation of PDA PL spectrum, we can conclude that MEH-PPV/UHMW PS gel

is a very disorder J-aggregate.

5.7.4 Short-range charge transfer and long-range Coulombic couplings

As we discussed in chapter 2.2.3.2, Yamagata et al. has developed the discussion

of hybrid coupling by using a Holstein-style Hamiltonian including both Frenkel and

charge-transfer (CT) excitons. [25, 26] In late 2015, Hestand et al. considered the inter-

ference between the two couplings when defining H and J-aggregates based on short- and

long-range couplings. [25] It was also discussed that the short range coupling is given

by JCT = � 2teth
ECT�EF

and the H- J-aggregates photophysical behaviours are identified by

JCT > 0 and JCT < 0 respectively.

In what follows, we also briefly discuss the blue versus the red phase in MEH-PPV/

UHMW PS gels based on this recent theory. However, in order to precisely interpret our

results and molecule aggregation in MEH-PPV/UHMW PS gels based on this theory,

the overlap integrals and coupling strength should be precisely calculated. Fig. 5.21

shows the PL spectra; solid-blue line in the beginning of the cooling cycle at 290 K, red

line at 80 K and the blue-dashed line at the end of the heating cycle at 290 K. According

to the developed theory as the strength of the charge transfer and Coulombic couplings

are the same, those couplings interfere destructively and create a "null aggregate" which

spectroscopically resembles uncoupled molecules. As such, it is possible to attribute the

same 0�0 and 0�1 ratio in the solid-blue line PL spectrum to the "null aggregate" and
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Figure 5.20 – PL spectra of MEH-PPV/UHMW PS gels at 290 K where the blue phase
dominates and at 80 K where the red phase dominates in the cooling-heating cycle.

JCT + JCoul = 0. Based on this theory the cooling half cycle can be interpreted such that

assuming a constant value for JCT (e.g. JCT = 0.2, this value has been taken from the

calculated value for JCT for perylene-based p-stacks from reference [25]). Note that,

for instance in Jj-aggregate the first letter indicates that JCoul < 0 and the second letter

indicates that JCT < 0. The lower case further indicates that |JCoul|� |JCT |. [25]

Calculated absorption spectra (black) for p-stacks containing N = 10 chromophores

based on the Frenkel/Holstein Hamiltonian by Hestand et al. is shown in Fig 5.21. It is

possible to interpret the results shown in Fig. 5.21 based on this theory. For instance, the

dashed-blue line can resemble a CT-H aggregate that is slightly red-shifted with respect

to the "null aggregate", and based on this theory our red-phase J-aggregate (red line) at

80 K looks like a Jh as the JCoul < 0 and JCT > 0, in case of |JCoul| � |JCT |, one can

neglect the second letter, giving the conventional "J-aggregate" notation.
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Figure 5.21 – Calculated absorption spectra (black) for p-stacks containing N=10 chro-
mophores in based on the Frenkel/Holstein Hamiltonian. Figure adopted from refer-
ence [25]

In short, this wok demonstrates that the morphology of MEH-PPV polymer can be

manipulated through altering the critical temperature through which the conformation

transition occurs; above the critical temperature the polymer exists in a disordered coil

morphology, whilst upon cooing the gel, through the transition temperature, the polymer

assembles into aggregates. The chain-extended conformation or elongated chain in the

red phase causes the absorption and the PL spectra to be red-shifted.



CHAPTER 6

CONCLUSION

The present research contributed to the fundamental understanding of hybrid pho-

tovoltaic heterostructures and devices made thereof. The research also had a strong

footing in development of readily solution-processable materials along with the study of

their morphology through the study of photophysics properties. This research further ad-

dressed the obvious need to relate molecular order and conformational arrangements in

polymeric semiconductors with electronic and optical phenomena in order to ultimately

improve the OPV and optoelectronic devices performance. To take a step forward in

this regard, in chapter 4 we focused on the interface modification of the hybrid bulk

heterostructures by incorporating interface modifiers at the donor acceptor interface.

Interface can be modified and controlled by using selective materials for structural

engineering. Interface modifiers can significantly assist in enhancement of exciton dif-

fusion and eventually charge separation without compromising absorption or charge col-

lection. The OPV cell of our interest comprised of polymer P3HT and nanocrystals ZnO.

Introducing the N3 dye and 6TP at the interface creates a potential offset by inducing

dipole sheet between the donor and the acceptor where the band-edge potential of ZnO

shifts up or down depending on the dipoles orientation. Dipoles directed toward the ac-

ceptor (ZnO) shift the band-edge potential of ZnO away from the vacuum level of the

donor (P3HT), resulting in reduction in both the effective bandgap between the conduc-

tion band minimum and HOMO, and Voc. On the other hand, dipoles pointing away from

ZnO bring the band-edge potential of ZnO closer to the vacuum level of P3HT which

increases both the interface bandgap and Voc.

Moreover, interface modifiers adhere to the surface where the non-workable area

such as traps and defect density can be filled. That phenomenon can reduce the density of

carriers which trapped and do not reach the interface area to become free charges towards

respective electrodes. Interface modifiers also reduce recombination and facilitate charge

separation by increasing the area between the donor and the acceptor that contribute to
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an increased Voc.

The analysis we did in chapter 4 demonstrate that hybrid photovoltaic cells consisting

of P3HT: ZnO active layers are more efficient with N3 and 6TP interface modifiers.

We determine the increased efficiency by measuring the current density as a function

of voltage, as well as identifying the formation of long-lived polarons via quasi-steady

state photoinduced absorption (PIA) spectroscopy measured at low temperature. We

investigate the kinetics of those polarons by measuring the dependence of the PIA signal

on the pump-laser modulation frequency.

We find that a change in the conduction band minimum of ZnO nanocrystals and the

HOMO level of P3HT polymer results in an increase in the Voc. The loss due to the

recombination of carriers is lessened, causing the photocurrent to be enhanced. More-

over, the long-lived polarons formation is confirmed not only in P3HT: ZnO, but also

in P3HT: ZnO-N3 and P3HT: ZnO-6TP. Furthermore, the kinetics of the long-lived po-

larons reveal the influence of the molecular interface modification on the average lifetime

of polarons. Considering these features, we conclude that modifying the P3HT: ZnO in-

terface with N3 and 6TP improves the performance of hybrid photovoltaic cells based

on P3HT: ZnO.

In the research discussed in chapter 5 we focused on the processing of a polymeric

host matrix material for optoelectronic applications. The polymeric host matrix is a pro-

cessed material "microscopically liquid whilst macroscopically solid", [113] such that

it takes advantage of both phases in the relevant spatial domains, with which we con-

tributed to new knowledge of next generation material system, with processing means

with the goal to facilitate large-area processing. The polymeric host matrix, UHMW

PS enables trapping and protecting conjugated-polymeric solution of our interest, i.e.

red-phase MEH-PPV, to eventually be used for optoelectronic applications. We also

introduced MEH-PPV in the UHMW PS gel after which a homogeneous solution was

prepared. To ensure that MEH-PPV red-phase at low temperatures maintains in the U-

HMW PS gel similar to the red-phase in the solution we adopted spectroscopic tools.

Taking the advantage of interrelations between the microstructure and electronic pro-

cesses made it possible to realize about the red-phase MEH-PPV/UHMWPS gel through
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the photophysical properties.

We studied the photophysics of red-MEH-PPV/UHMWPS gel by means of tempe-

rature-dependent PL through a heating-cooling cycle. We measured PL of red-MEH-

PPV/UHMW PS gel between the temperatures range from 290 K down to 80 K within

the cooling half-cycle, the temperature then was increased to 290 K within the heating

half-cycle. The PL spectrum characterises a J-like spectra at 80 K where the cooling half-

cycle was ceased whereas it characterises an H-like spectrum at the end of the heating

half-cycle. This phenomena occur approximately around ⇠ 160� 180 K through the

temperature-dependent cycle.

The analysis we did in chapter 5 based on HJ hybrid model that incorporates exciton

coupling, the coupling between the electronic transition and intramolecular vibrations,

and disorder demonstrates a J-aggregate behaviour of MEH-PPV/UHMWPS gel. [15,

112] In addition to the intrinsic properties of the aggregates, the spectral red/blue shift,

our interpretation relies on the PL peaks ratio analysis. That has recently been known

as a powerful tool to obtain additional spectral features with which to distinguish H- vs.

J-aggregation. [15, 112]

Both 0� 0 to 0� 1 absorption and PL ratio are greater than unity. The PL ratio in-

creases with decreasing the temperature. It is shown that increase PL ratio is consistent

with increased exciton coherence length where is spread over approximately 6 repeat

units. These properties characterise the red-MEH-PPV/UHMW PS gel as J-aggregate

molecule. The J-like behaviour is significantly due to the dominance of intra- versus

inter-chain exciton bandwidth. [112] In terms of chain conformation, increased torsional

disorder at high temperatures reduces the intrachain exciton bandwidth and shorten the

exciton coherence length. J-aggregation is associated with chain elongation and align-

ment of the unit cell transition dipole moments within the coherence length (through

bond) and disorder cause transition dipole moments to be randomly aligned. [112] More-

over, given that the PL spectra at high temperatures with the 0�0 to 0�1 reduced to less

than unity, it is therefore possible to conclude that the transition dipole moments are also

aligned between the chains (through space). The high-temperature characteristics are

referred as to blue-phase whereas the the low-temperature characteristics are referred
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as to red-phase. [111] Hence, we conclude that in the coiled blue-phase the transition

dipole moments are randomly oriented within the smaller number of the repeat unit

compared to the chain-extended red-phase (as results show). In fact we demonstrated

that the gelated UHMW PS using a polar organic solvent with MEH-PPV can lead to a

solid-like red-phase of MEH-PPV. It is important to note that the poor solvent i.e. polar

MeTHF, may also cause aggregation in the polymer, as the polymer tends to minimise

the interaction with poor solvent. [121] Finally, we point out that 0�0 to 0�1 PL peak

ratio undergoes a the substantial increase when the blue-phase is converted to red-phase

MEH-PPV (coiled confirmation to chain extended-conformation) is due to an enhanced

coherence length along the chain (Ncoh ⇠ 6 repeat units) that is associated with chain

elongation. Red-phase MEH-PPV/UHMW PS gel is thus assigned to a disordered J-

aggregate compared to the linear J-aggregate PDA discussed in chapter 5.7.3 in which

the 0�0 transition manifests itself by an ultra-narrow line width in the PL spectrum.
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Future works
Interface modification of P3HT:ZnO hybrid photovoltaic cell

We will complete our study on the charge generation mechanism of hybrid photovoltaic

cells by performing two-dimensional photocurrent spectroscopy. We will investigate

charge generation mechanism on < 100 fs timescales that is yet to be unravelled.

The red-phase MEH-PPV/UHMW gel
We will accomplished our study on the red-phase MEH-PPV/UHMW gel by implement-

ing the two-dimensional coherent photoluminescence spectroscopy which allows us to

directly observe the effects of conformation-dependent exciton coupling between the

chromophores and to investigate the correlation between the excited states. Investiga-

tion of processing protocols with the goal to achieve the red-phase MEH-PPV/UHMW

gel at room temperature by applying knowledge gain from study on electronics structure.
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Appendix I

Calculation of the surface coverage of dye molecules on the surface of ZnO
nanocrystals

The carboxyl group from N3 and phosphonic acid group from 6TP can strongly graft

to the surface of ZnO. In the following, we did a roughly calculation of the surface cov-

erage of dye molecules on the surface of ZnO nanocrystals.

N3 Dye concentration: (1) 0.01 wt% (2) 0.1 wt% (3) 0.5 wt%.

ZnO concentration: 20 mg/ml, so the concentration of N3(1) was 0.001 mg/ml, N3(2)

was 0.02 mg/ml and N3(3) was 0.1 mg/ml, when 0.1 wt% N3 molecule was used.

N3-dye molecule amount = m
M ⇥6.02⇥1023 = 0.02⇥10�3

705.648 ⇥6.02⇥1023 = 1.77⇥1016.

Suppose that the surface area of each dye molecule is (2⇥2) nm2.

The total surface area of N3 molecules = 1.77⇥1016 ⇥ (2⇥10�9)2 = 0.068 m2.

Surface area of each nanocrystal (Radius = 5 nm) = 4pR2 = 4p ⇥ (5⇥10�9)2 = 3.14⇥
10�16 m2.

Volume of total used ZnO nanocrystals: Vtotal =m/r = 20⇥10�3/5.6= 3.57⇥10�9 m3.

Volume of each ZnO nanocrystal (Radius = 5 nm): Vnanocrystal =
4
3pR3 = 4

3p ⇥ (5⇥
10�9)3 = 5.23⇥10�25 m3.

Number of ZnO nanocrystals =Vtotal/Vnanocrystal = 6.8⇥1015.

The total surface area = 6.8⇥1015 ⇥3.14⇥10�16 = 2.135 m2.

Surface coverage ratio = 0.068/2.13 = 0.032 = 3.2%.

We did a similar calculation for 6TP as well. According to the above calculation, when

dye molecular content is at 0.01 wt% and 0.1 wt%, since the carboxyl group from N3

and phosphonic acid group from 6TP can strongly graft to the surface at ZnO. Almost

100% of N3 and 6TP assumed to have attached to the ZnO nanocrystals.
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