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Abstract
One of the major challenges facing the field of organic optoelectronics is to develop molecular
design rules and processing routes which optimise the charge carrier mobility of semiconducting systems, whilst independently controlling the radiative and non-radiative processes. For
example, a high radiative rate and low non-radiative rate results in a large photoluminescence
quantum yield and therefore is useful for efficient light emitting diodes and light emitting
field-effect transistors. Alternatively, low radiative and non-radiative rates are beneficial for
bulk heterojunction solar cells by affording a longer exciton diffusion length. To date there
has existed a seeming trade off between charge carrier mobility and fluorescence quantum
yield, and has limited research activity and development of some devices such as electrically
pumped laser diodes. Therefore, this thesis will investigate fluorescence enhancement strategies for high-mobility polymer semiconductor systems and the mechanisms by which they
currently display poor emission properties. Four independent approaches were taken and are
detailed as follows.
It has long been established that aggregation induced quenching is a major factor which
determines the solid state photoluminescence quantum yield, and that it is possible to control
the extent of which through modifying the solubilising side chain of polymer semiconductors.
However, this has only been identified for low charge carrier mobility polymer semiconductors, and therefore it was decided to investigate this in modern, state of the art systems. It
is shown that for poly(indacenodithiophene-co-benzothiadiazole), the addition of a phenylinitiated side chain can enhance the solid state fluorescence quantum yield, exciton lifetime
and exciton diffusion length significantly in comparison to that without the phenyl- addition.
These systems are investigated further through transient spectroscopy and it is shown that a
significant quenching mechanism is the ultrafast formation of non-emissive species. Evidence
is given which suggests the nature of these are charge separated polaron pairs. Measurements
of the aggregation properties in solution are further studied and evidence is given that both
inter-chain and intra-chain aggregation induced fluorescence quenching is present and raises
the question of what extent solvated polymers suffer from intra-chain effects.
Some reports have shown it possible to enhance the fluorescence of organic chromophores
through efficient energy transfer to a more emissive system and therefore was attempted for a
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high mobility polymer semiconductor. Despite the short exciton diffusion length and fast nonradiative decay in the high-mobility polymer, efficient energy transfer was achieved through
the selection of high oscillator strength squaraine molecules as acceptor chromophores. This
permitted a modest fluorescence enhancement in the thin film at low dye loading concentrations of < 0.5 wt. %. In light emitting diodes an order of magnitude enhancement in external
quantum efficiency as well as a five fold increase in brightness is realised in the optimised dye
loaded polymer in comparison to the neat polymer. This occurs without significant decrease in
the diode current density or field effect mobility. Fluorescence limitations are further studied
and a dependence on the environment polarity is identified, as well as evidence of exciton diffusion between dye molecules given. This suggests that through further material optimisation
non-radiative processes could be out-competed through efficient energy transfer which is in
principle useful in a range of optoelectronic devices.
In order to explore further the relationship between mobility and fluorescence efficiency,
an observation is made that all high mobility polymer semiconductors with µ > 1 cm2 V-1 s-1
reported to date possess a low optical bandgap. It is well known for organic dyes that as
the optical bandgap is reduced, the fluorescence efficiency decreases, and is the reason why
it is very difficult to achieve efficient near infra-red emission in these systems. Therefore,
molecular design principles which act to increase the optical bandgap of polymer semiconductors whilst retaining a high mobility were sought out. One specific system was successfully identified and showed a significant fluorescence enhancement compared to is predecessor
poly(indacenodithiophene-co-benzothiadiazole) in both the solution and the solid state. It is
found that the Frenkel exciton lifetime in this new system is a factor of four larger which
also results in a significantly increased exciton diffusion length up to 16 nm. Upon studying the photo-physics further, an emissive inter-chain state is identified in both the emission
and photo-thermal deflection spectra. The charge transport properties of this new polymer
are studied and it is found that the charge carrier mobility is comparable, if not larger than
poly(indacenodithiophene-co-benzothiadiazole). The key result of this is the identification
of a design route which promoted both a high charge carrier mobility, but also an enhanced
fluorescence efficiency.
Internal conversion and thermalisation is a fundamental non-radiative process which is the
conversion of useful electronic excitation, into less useful vibrational excitation. A secondary
route to this end is a resonance energy transfer between the electronic and vibrational manifolds. These process have in common the reliance on high energy vibrational accepting modes
and it has been shown that the replacement of hydrogen with deuterium and fluorine can act to
surpass both these processes. Therefore it was decided to study the effects of hydrogen substitution on the optoelectronic properties of a range of polymer semiconductors. It was found

xi
that both deuteration of the solvent and polymer acted to slightly increase the exciton lifetime
suggesting a non-zero energy transfer rate. In the thin-film, backbone fluorination was found
to significantly improve the exciton lifetime and fluorescence quantum yield through reduction of the non-radiative rate. However, as this was not present in the deuterated polymers and
suggests that this improvement is owing to a different mechanism either arising from structure
or the local dielectric constant.
The main conclusions of this thesis are that charge carrier mobility and fluorescence efficiency are not ultimately traded off, and that through molecular design and understanding
the non-radiative processes therein, it is possible to obtain both. In particular charge carrier
mobilities of over 2 cm2 V-1 s-1 in polymer systems with a photolumenescence quantum yield
over 0.15.
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Chapter 1
Introduction
1.1

The rise of organic semiconductors, a historical perspective

Over the past two centuries synthetic organic chemistry has risen from a discipline imbued
with superstition to one of the world’s most prominent industrial sectors, and one which
touches all aspects of modern life. Preceding the synthesis of urea in 1828 by F. Wöhler it was
believed that organic matter had a non-physical property of “vital force” from which it could
only be granted from living organisms[1]. Therefore, until this point in time all functional organic materials including morphine, many clothing dyes and hydrocarbons were isolated from
components of animals or plants. Although many chemicals used today are still derived from
living organisms, adrenaline and alcohol included, the advent of synthetic organic chemistry
opened a universe of possibilities for the development of hitherto unseen compounds. At one
of the many apices of modern synthetic chemistry is the field of organic electronics which
encompasses the design and characterisation of molecular conductors and semiconductors.
This arena is by no means a scientific curiosity and has made huge technological impact with
organic light emitting diode (OLED) displays being sold in premium consumer electronics
applications by companies including Samsung, LG and Sony. Although the rational behind
the current use of OLED is the superior visual quality in comparison to LCD, a major driving factor behind the development of organic semiconductors is their compatibility with low
cost and large area deposition routes such as printing or blade coating. This arises from the
relatively weak intermolecular interactions in these systems, leading to solubility in a wide
range of commercially available solvents. Despite these weak intermolecular interactions and
the disordered nature of their thin film structure, the charge carrier mobility in a select few
design families now surpasses that of amorphous silicon. What drives these successes has
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been a combination of flexible molecular design and prototyping afforded by synthetic organic
chemistry followed by an in depth physical understanding of the resultant systems. Working
in tandem these two pillars identify and refine structure-property relationships which promote
desired physical attributes such as charge carrier mobility (µ), photoluminescence quantum
yield (PLQY) and electronic band gap (Eg ). This has not been a short process by any means
and the accrued knowledge has been built up over many decades, and grew symbiotically with
advances in synthetic chemistry and physical characterisation techniques.
One of the first major mile-stones on the journey to modern organic semiconductors was
the accidental synthesis of mauveine in 1856 by W. Perkin[2]. This serendipitous discovery
was not simply the first synthetic dye molecule, but its commercialisation is argued to have
kickstarted the chemical industry as we know it today. The purple coloured molecule is drew
its optical properties from the three ring conjugated core. Surprisingly there is intrinsically no
difference between modern molecular semiconductors and mauveine in that they both derive
their optical properties from the electronic structure which results from conjugated aromatic
centres. However, the distinctions lie with the intermolecular electronic interactions, which
are designed to be strong in semiconductors allowing charges to move easily between molecules. In 1862, soon after the discovery of mauveine, the first synthetic material possible
of electrical conduction was discovered. This blue material called poly(aniline), again discovered serendipitously, would not be revealed for its conductive nature until over a century
later and therefore remained relatively overlooked during this time.
Despite the fact that even at the turn of the 20th century it was known that graphite was both
conductive and an allotrope of carbon it was not widely thought that organic molecules could
possess the electrical properties of metals. One of the first indications for a shift of thought,
was a work published by H. McCoy and W. Moore in 1911 entitled Organic Amalgams[3].
Here they argued that because it was possible for both metals and organic compounds to form
salts, sodium chloride and tetramethyl ammonium chloride being examples respectively, then
it could be possible for radical organic materials to also allow charge transport. Based on the
knowledge at this time that graphite was gifted its electrical properties owing to its unique
structure, in comparison to diamond and soot, work was carried out to find other graphite-like
molecules. Likely the first success in this area was from H. Akamatu and H. Inokuchi in 1950
who discovered that the molecules violanthrone, iso-violanthrone, and pyranthrone possessed
the attribute of electrical conductivity[4]. In addition to this they measured the temperature
dependence of the conductivity and found that in all three cases it increased with increasing
temperature, leading to the observation that these materials were in fact intrinsic semiconductors. As expected with this class of material, the crystals presented low conductivities in their
neat form of which the highest was reported to be 2×10-10 S/cm at around room temperature. It
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was presumably not known at this time to what conductivity these simple organic compounds
could reach but already at this early stage it was hypothesised to arise from intermolecular
overlap of p orbitals which is known now to be true. Following this work, the same group
and Y. Matsunaga released a publication in 1954 showing that the conductivity of perylene,
could be increased from its intrinsic value of around 10-22 S/cm to 10-3 S/cm when exposed to
bromine, through either solution or vapour methods[5]. This was suggested to arise from the
formation of higher conductivity bromine-perylene complexes, but was not stable, suggested
to result from the formation of dibromoperylene. In hindsight sublimation of bromine from
the perylene was most likely also at work, as has been reported for more recent systems.
In the short years which followed, this principle of bi-radical compounds was expanded
upon by replacing the bromine with a stable solid component. Here two molecules, one which
easily donates an electron and one which accepts electrons, are crystallised together so that
both molecules exist within the unit cell (a co-crystal), and are often referred to as charge transfer salts. In 1959 Dirk Bijl et al. conducted an electron spin resonance study on an number
of charge transfer salts, and gave evidence in some cases they were in fact semiconductors[6].
The following year R. Kepler et al. released a groundbreaking study on the complexes formed
with the electron accepting molecule tetracyanoquinodimethane (TCNQ) and which presented
conductivity of up to 100 S/cm at room temperature[7]. TCNQ and derivatives thereof have
remained a workhorse molecular class within the field of organic electronics and is prominent
in research to this day[8]. Within the proceeding decades it was realised that a portion of these
charge transfer salts could exhibit metallic like conductivity down to temperatures as low as
1.1 k and following this superconductivity was demonstrated below 0.9 k in a synthetic organic charge transfer salt[9]. Advances within the field of charge transfer salts are being made
until this day. Only in recent months has a study by Yuka Kobayashi et al. shown that it is
possible to synthesise a single component organic metal with conductivities of over 500 S/cm
at room temperature using a zwitterionic design principle[10].
Alongside the development of charge transfer salts, there has been the parallel development of a different class of organic electronic material, that of the polymer semiconductor.
However, despite the huge successes in this area, the first electronically active polymer was
not organic, but inorganic. Poly(sulphur nitride), an alternating chain of nitrogen and sulphur
was discovered in 1910 by F. Burt but only revealed for its highly conductive nature in 1962
by P. Kronick et al.[11, 12]. It has a reported upper bound conductivity of 4000 S/cm at room
temperature and has also been shown to be superconductive at below 0.3 k[13]. Poly(sulphur
nitride) unfortunately suffers many practical problems such as its explosive nature and instability in air and therefore renders it unsuitable for many potential technological applications[14].
The second discovered electronically active polymer, poly(acetlyene), which is a purely or-
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ganic molecule, is usually claimed to be the branching point which began the field of semiconducting polymers[15]. For this achievement, and subsequent development of the field, A.
Heeger, A. MacDiarmid and H. Shirakawa shared the 2000 Nobel Prize in chemistry. In 1979
their seminal publication showed the conductivity of neat poly(acetlyene) could be increased
from 10-5 S/cm to 220 S/cm upon blending with arsenic pentafluoride at concentrations of
10%.
Because it was identified that neat poly(acetlyene) was as a direct gap semiconductor much
work began to demonstrate its use in optoelectronic devices. The first realisation of this was
performed parallel to the aforementioned work by the Heeger and MacDiarmid groups who
demonstrated the first poly(acetylene) photo-electrochemical cell with an open circuit voltage
of 0.3 V and short circuit current 0.04 mA/cm2 under 1 sun[16]. It was known at this time
that poly(acetlyene) could be doped p- type by addition of halogens, or n-type by the addition
of alkali metals, and therefore the question arose: can these materials be doped electronically? This was first answered by F. Ebisawa et al. who were able to identify modulation of
current passing through a poly(acetlyene) film through the action of a gate potential, which
accumulated charges at an interface between the polymer and a poly(siloxane) dielectric[17].
Although groundbreaking observations, both of these devices were greatly underwhelming in
comparison to their inorganic contemporaries. The first versatile field effect-transistors were
fabricated A. Tsumura et al. in 1986 using the material poly(thiophene) and presented charge
carrier mobilities of 10-5 cm2 /Vs[18]. This new molecular structure, whereby conjugated rings
are bonded together in a semiconducting chain is one of the first examples of how molecular
design held, and holds huge potential the field of organic optoelectronics. From this point
forward, many new classes of molecules began appearing. One notable molecule is poly(pphenylene vinylene) which was found to be fluorescent, albeit with relatively low quantum
yields of around 0.1, and successfully integrated into solution processed light emitting diodes using a precursor route in 1990 by J. Burroughes et al.[19]. Although electroluminescence from polymers such as poly(ethylene terephthalate) had been demonstrated thirty years
earlier, these materials were not a true conjugated polymers, as they consisted of conjugated
units connected via insulating links[20].
As mentioned previously, one of the major driving forces for the development of polymer semiconductors arises from the physical consequence that the individual chains interact
weakly through van der Waals forces. In theory this suggested that they could be dissolved
in commercial solvents and deposited through low temperature and low cost methods such as
printing. Until this point the vast majority of polymer semiconductors were first deposited
from a precursor and subsequently converted at high temperatures due to the insolubility of
the semiconducting molecule. This issue was circumvented by the addition of waxy alkyl
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chains to the polymeric conjugated core and allowed dissolution in common solvents. One of
the first examples of this was Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV), which was used in 1991 not only to confirm the results of Burroughes et al. but
show that the semiconductor could be processed directly without a conversion step[21]. The
design principle of a conjugated core flanked by alkyl chains has persisted to this day in part
to the wide range of molecular structures it can afford solubility to.
The large radiative rates in these systems, which promotes the emission of light is partly
due to their low dielectric constants in comparison to inorganic semiconductors. This physical
property results in weak screening of the Coulomb interaction between the hole and electron
pairs and therefore they remain closely bound. There is therefore a large spatial wavefunction overlap due to the their correlation, and which leads to a large oscillator strength and
radiative rates of .1 ns-1 . Although this is useful for light emission, it is not so for the
development of photovoltaic devices, which require free charges to be generated upon photoexcitation. A major breakthrough in this area was made by N. Sariciftci et al. who demonstrated in 1992 that a photo-excited state of the MEH-PPV could transfer its electron to a C60
buckminsterfullerene[22]. This is potentially one of the most important discoveries in the field
of organic electronics as it permitted separation of the originally bound electron-hole pair, and
kickstarted the field of organic photovoltaics.
In parallel to the work of the Friend and Heeger groups, Y. Ohmori et al. were investigating other classes of soluble polymer, poly(alkylfluorene) and poly(alkylthiophene),
from which they demonstrated blue and red electroluminescent devices in 1991[23]. Over
the following number of years derivatives of poly(alkylfluorene), MEH-PPV and poly(3alkylthiophene) were studied extensively in order to unravel their physical properties. One
major advancement came with the creation of donor-acceptor co-polymers and in particular poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) in 1999[24]. These systems were
formed of alternating units or electron donating and withdrawing groups such as alkylfluorene
and benzothiadiazole respectively. Within these donor acceptor molecules, the energetics of
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
is usually dominated by the donating and withdrawing units respectively and granted even
further design power over the electronic structure. F8BT has been found to be particularly
interesting because it possessed high PLQYs of around 0.5 and when integrated into OLEDs
has demonstrated the highest external quantum efficiencies of any single polymer layer device
of up to 18%[25].
Until around 1998-1999 the charge carrier mobilities of polymer semiconductors were still
left wanting, maintaining values of around 1×10-5 cm2 /Vs[26]. At this time it was thought
that these poor performances arose from the amorphous nature of the far from equilibrium
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spin coated films, in comparison to highly crystalline small molecules which presented higher
mobilities. To circumvent this problem, self-organisation methodologies were adopted to induce structural order and produce larger inter-chain electronic couplings. The prototypical
system used for this was poly(3-hexylthiophene) (P3HT) that was found to form lamellartype structures and presented unprecedented hole field effect mobilities of up to 0.1 cm2 /Vs.
H. Sirringhaus et al. elucidated this phenomena in 1999 whereby evidence was given for
polaron wavefunction delocalisation between neighbouring chains allowed by intermolecular
p-p stacking[27].
Despite the huge advances which were made in hole field effect mobility in polymer semiconductors by the early 2000s, most reported polymers were unipolar p- type and presented
no electron transport characteristics in field effect transistors. This was in stark comparison to
a number of electron conducting small molecular systems such as fullerene and TCNQ which
were reported up to a decade earlier[28, 29]. Both hole and electron conducting polymer semiconductors were highly prized because of the possibilities of developing solution processed
complementary circuits such as inverters. It was known that one difficulty arose from the instability of organic anions, which are easily oxidised when placed in contact with water or
air. This was compounded by the requirement of low work-function metal electrodes, such
as calcium and aluminium which are also unstable under ambient conditions. However, even
when processed in inert atmospheres polymer semiconductors did not display electron transport. Compounding this puzzle was the fact OLEDs required electron transport to allow light
emission, and the first observation of the light emitting transistor suggested electron injection
was in fact occurring. The physical origin of this challenge was identified in 2005 by L. Chua
et al. and found to be due to electron trapping at hydroxyl groups which exist on the surface
of SiO2 and which was almost universally used as a gate dielectric until this point[30].
Now that both electron and hole transport were possible within the same transistor, this
opened new possibilities to develop polymeric light emitting transistors. The drive for developing these devices are twofold: 1) It could reduce the complexity of OLED circuitry, as the
switching transistor would also be the light emitting component 2) At this point in time there
was considerable interest in developing electrically injected organic lasers. These devices require extremely high current densities of around 1 kA/cm2 , potentially accessible in FETs but
not OLEDs which break down via joule heating at densities of ⇠ 1-10 A/cm2 . Although signatures of electrically pumped lasing have been observed for small molecular semiconductor
systems, the potentially closest realisation in a polymer was by M. Gwinner et al. in 2009 who
integrated a rib waveguide structure into light emitting transistor structures[31, 32]. Despite
a huge volume of work being undertaken by many groups, the electrically injected laser still
remains a difficult task to complete, as is described in a number of review papers[33, 34].
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One of the arguments surrounding this problem was that as higher charge carrier mobility
polymers began emerging, they seemed to exhibit weak luminescence properties. In the early
2000s is was believed the strong p-p stacking required for charge transport was also the mechanism by which fluorescence was quenched. The two hypothesis which linked p-p stacking
to reduced fluorescence were: 1) The formation of low oscillator strength bound interchain
polaron pairs[35]. 2) The formation of low oscillator strength H-aggregates[36]. A number
of high profile works were completed whereby the authors were able to disentangle charge
transport and fluorescence efficiency. The first was by F. Cacialli et al. who wrapped polymer
semiconductors in insulating sheaths, reducing the tendency of the chains to aggregate and
maintaining a high PLQY whilst allowing charge transport[37]. The second was by B. Yap
et al. in 2008 who were able to simultaneously increase the hole charge carrier mobility and
PLQY using a side chain modification technique[38]. Here they utilised a random copolymer
of fluorine units with two solubilising chain geometries, a linear and a branched. The argument was the branched chain induced steric hindrance and reduced the interchain interaction
in comparison to the linear. By optimising the ratio of linear to branched units they were able
to able to allow charge transport through the formation of a reduced set of interchain hopping
sites, but increase the PLQY through the reduction of non-favourable interchain interactions
this brings.
As the number of high charge carrier mobility polymers began increasing, it became evident that crystalline order was important in many systems such as poly(2,5-bis(3-alkylthiophen2-yl) thieno[3,2-b]thiophene) (PBTTT), however it was certainly not a pre-requisite[39]. One
of the first key examples of this was the advent of poly(indaccenodithiophene-co-benzathiadiazole)
(IDTBT,), synthesised by W. Zhang in 2010, which presented hole charge carrier mobilities
of 1 cm2 /Vs but with weak structural order in the thin film[40]. This seeming dilemma was
tackled by R. Noriega et al. in 2013 who gave evidence to suggest dispersed inter-chain crystalline aggregates connected by amorphous networks were sufficient to support high charge
carrier mobilities[41]. This work showed that although p-p stacking was mandatory for charge
transport, intra-chain transport can be used to as a highway between locations where favourable interchain interactions exist. Within these amorphous interconnections charge transport
is limited by static structural disorder, and results in a plateau of mobility as the degree of
polymerisation is increased. This knowledge was subsequently expanded on in 2014 by D.
Venkateshvaran et al. that even within these amorphous regions, disorder could be limited
through the design of a torsion resistant backbone[42]. This gave further substantive understanding to the exceptional charge transport properties and low energetic disorder found
experimentally in IDTBT. The current understanding of charge transport in these systems is
underlined by these principles.
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Moving forward: A challenge for polymer semiconductors

The challenge this thesis will tackle is the development of high charge carrier mobility polymer semiconductors which also possess high fluorescence quantum yields. As mentioned
previously the radiative and non-radiative processes in polymer semiconductors have been
studied from before the advent of PLEDs. Despite a few tidal efforts which were turned to
this issue in the 2000s, little attention has been focussed in the current decade. Knowing that
the understanding of charge transport properties has advanced substantially in this time, this
is surprising, although most likely due to the advent of solution processable organic/inorganic
perovskite material systems which can display both large PLQY and moderate mobility of
around 1 cm2 /Vs. There are two obvious routes to the development of high charge carrier
mobility systems with high PLQY. This first is adapting systems which possess large PLQY
to gain higher charge carrier mobility, and is in line with most of the work previously completed in this arena. The second is the less travelled route and is one which tries to improve the
PLQY of high charge carrier mobility systems. It is not only the methodology adopted within
this thesis, but is the key defining factor which differentiates it from the literature.
A second challenge that this thesis will address in connection to that aforementioned is the
development of large band gap polymer semiconductors with a high charge carrier mobility.
Although small molecular systems which can possess both a large optical band gap and charge
carrier mobility, this flexibility is not present with polymers. In fact there does not exist a polymer with a band gap over 2 eV which possesses a mobility of over 1 cm2 /Vs. In the author’s
opinion there exists no theoretical framework which describes this observation satisfactorily,
and therefore the tradeoff may exist as a remnant of the evolution of polymer semiconductor
design.

1.3

Chapter overview

The optoelectronic properties of poly(indacenodithiophene-co-benzothiadiazole) derivatives This chapter will focus on the influence side chain modification has on the optoelectronic properties of poly(indacenodithiophene-co-benzothiadiazole) (IDTBT) and also explore
the quenching mechanisms which act to reduce their PLQY when transitioning from the solvated to solid state phase. The driving hypothesis behind this work was that side chain modifications have been shown previously to substantially influence the aggregation properties of
organic semiconductors. This can either be within the remit of H- or J- type aggregation,
or alternatively the suppression of inter-chain states which act to quench fluorescence. Four
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side-chains are tested: hexadecyl, dodecyl, 2-hexyloctane and 4-hexadecyl benzene. It was
found that the latter substantially limits aggregation induced quenching resulting in a larger
PLQY, fluorescence lifetime and exciton diffusion length in thin films. In order to understand
the mechanisms behind the aggregation induced fluorescence it is found that exposure to air
and light reduces the PLQY in the thin film. Transient absorption spectroscopy is utilised in
an attempt to identify dark states within one of the derivatives which are argued to be a major
source of PLQY reduction upon molecular aggregation[43]. Such states are identified in the
ground state bleach decay, and also from a broad absorption feature in the near infra-red spectral region. Evidence is given that these states are formed on ultrafast timescales, and which
is consistent with published data. However, the proportion of dark states formed does not
explain the majority of PLQY reduction upon aggregation and therefore a separate diffusion
limited process is also speculated.
Fluorescence enhancement via efficient energy transfer It is possible that if excitons generated within a system with a low PLQY, are able to efficiently transfer their excitation to a
higher PLQY chromophore before they naturally decay, fluorescence enhancement is possible.
Within this Chapter, this approach was taken to improve the PLQY of poly(indacenodithiopheneco-benzothiadiazole). The main challenge faced was to obtain efficient energy transfer in systems which possess relatively low exciton diffusion lengths and short exciton lifetime. In order
to achieve this, high absorbent and emissive squaraine chromophores were utilised which possessed absorption spectra which overlapped well with the emission profile of IDTBT. Three
squaraine dyes were trialled with different Förster radii and energy transfer rates. One of the
dyes was found to result in a fluorescence enhancement. When integrated into OLEDs this
dye resulted in an order of magnitude improvement in the peak external quantum efficiency
up to 0.2% and a five fold increase in peak brightness to 5 Wm-2 str-1 . The PLQY increase was
not as high as expected however, and the mechanisms behind this were investigated including
dielectric constant effects as well as self resonance energy transfer between dye molecules.
A high mobility and emissive polymer semiconductor It is a well known feature of organic
chromophores that the PLQY reduces as the optical band gap is reduced and is the reason it
is difficult to achieve efficient near infra-red emission from these systems. The hypothesis for
this chapter was that in developing high mobility polymer semiconductors with larger optical
band-gap, it may be possible to improve their fluorescence properties. A phenyl backbone
extended derivative of poly(indacenodithiophene-co-benzothiadiazole) was tested in this regard and was found to possess similar charge transport characteristics, but a PLQY a factor
of seven fold larger. Moreover, it possess an exciton lifetime a factor of four larger, which
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resulted in an exciton diffusion length almost twice as long. Aside from this it was found that
the new polymer also supported inter-chain states which were observable in both the photothermal deflection and photoluminescence spectra at energies below the optical band-gap of
the Frenkel singlet exciton.
The effect of hydrogen substitution on the optoelectronics of polymer semiconductors
It is well known that for rare-earth complexes that substitution of hydrogen atoms with heavier elements such as deuterium and fluorine can result in a decrease in the non-radiative rate.
Therefore, this was trialled in a number of poly(thiophene) derivatives in order to observe
the same effect. In the case of poly(3-hexylthiophene) it was found that relatively small increases in exciton lifetime of approximatley 5% were observed upon hydrogen substitution
of the polymer itself and the solvent in which it is dissolved. The solvent effect was repeatable also for poly(indacenodithiophene-co-benzothiadiazole). When the hydrogen atoms on
the backbone are substituted with fluorine, the thin film fluorescence lifetime and PLQY are
increased in two polymer semiconductors. This was shown to be a consequence of a reduction
in the non-radiative rate, with a relatively unchanged radiative rate. However, when a separate
measurement was performed on protonated and deuterated poly(3-hexylthiophene) there was
no difference in the decay kinetics observed. This suggests that the fluorination does not significantly reduce the internal conversion rate in the solid state, as it would also be expected for
deuteration, and that other factors are most likely involved such as a change in structure.

Chapter 2
Theoretical Background
2.1

Chapter introduction

Within this chapter the theoretical foundations of the work carried out within this thesis will be
surveyed. It is tailored towards giving an understanding of what determines the charge carrier
mobility and the radiative and non-radiative processes within thin films of polymer semiconductors. It will begin by discussing how the bonding properties of carbon allow it in some
forms to create one dimensional electrically coupled systems and from these how the band
structure of organic semiconductors are formed. Following this, charge transport processes
within these bands will be discussed, and the critical effects of electron-phonon coupling introduced. The optoelectronic properties of organic chromophores will follow, including the
absorption and emission of electromagnetic radiation. The concept of an exciton quasiparticle
is examined, how these can diffuse within OSCs and the impacts of this phenomena on the
material’s photo-physical properties. Subsequently, processes which result in non-radiative
quenching of these excitons are discussed, and how these lead to low fluorescence efficiencies in many polymer semiconductors. The limitations of carrier mobility and fluorescence
efficiency will combine the previous sections and in doing so will attempt to explain the seeming lack of high charge carrier mobility and emissive polymer semiconductors. Because the
traditional end use of polymer semiconductors, and the means whereby these materials are
characterised is often within optoelectronic devices such as light-emitting diodes and transistors, their operational device physics will be discussed.
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Figure 2.1: Illustrations of the electronic orbitals of carbon in different hybridisation states. a)
Isolated carbon atom showing spherical 1s and 2s electron shells along with dumbbell like 2p
orbitals. Below is a guide to the electron occupation of these orbitals. Note that only two of
the three orbitals are half filled. b) Carbon atom with sp3 hybridisation. Here the 2s orbital
has hybridised with three of the 2p orbitals forming four equivalent sp3 hybrid orbitals which
orientate themselves in a tetrahedral configuration. c) Carbon atom with sp3 hybridisation.
Here the orbital has hybridised with two 2p orbitals forming three equivalent sp2 orbitals
which lie in a plane and a remaining 2p orbital which lies out of plane.

2.2

The chemistry of carbon

Bonding properties of molecular carbon Carbon based polymeric materials are utilised
by a majority of the worlds population on a daily basis. Commonly used systems within this
material class are poly(ethylene), poly(methyl methacrlyate) and poly(urethane) which are
the basis of plastic bags, plexiglass and automobile tyres respectively. These are chosen for
many applications in part due to their superior mechanical, thermal and electrical insulating
properties, of which the latter also imbues them the property of optical transparency. How is
it then that poly(acetylene), a polymer which is elementally almost identical to the insulator
poly(ethylene), can support a conductivity a factor of 1018 times higher[15]?
It is because this disparity is not derived from the atomic composition of these materials,
but the differences in how the carbon atoms bond together. It has long been known that the
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description of electronic orbitals in isolated atoms, does not necessarily hold true when they
are joined together to form molecules. In the case of the most common isotope of atomic
carbon, there exists 6 protons, 6 neutrons and 6 electrons, arranged into an the structure 1s2
2s2 2px 1 2py 1 2pz 0 , where the subscripts in denote that the 2p orbitals lie spatially orthogonal
to each other, as shown in Figure 2.1 a). In this configuration the 2px and 2py orbitals are
half filled, and thus are able to form covalent bonds with two neighbouring atoms by sharing
one electron each. However, it is well known that for allotropes of carbon such as graphite
and diamond, each atom is bonded to 3 and 4 neighbours respectively. This problem was
tackled by L. Pauling in 1931 who stipulated that in the case of methane, the four bonds which
carbon forms with neighbouring hydrogen atoms must be equivalent, and therefore arranged
into a tetragonal geometry[44]. In order to achieve this it was suggested that the electron
wavefunctions of carbon must be orthogonal, linear combinations of the s and p orbitals. When
this occurs one of the 2s electrons is promoted to the empty 2pz orbital, and the remaining 2s
electron mixes with either one, two or three of the 2p orbitals to create hybrid orbitals. In the
case of methane, diamond or ethane the 2s orbital hybridises with all three 2p orbitals and
forms four equivalent sp3 orbitals, illustrated in Figure 2.1 b). Each of the hybridised orbitals
are half filled and therefore can share an electron through a covalent bond with hydrogen to
form methane, or another carbon atom in the same hybridisation state to form ethane, as shown
in Figure 2.2 a).
Bonding occurs because the formed molecular orbital has a lower total energy than the
initial hybrid orbital. This case of bonding where one pair of electrons is shared directly
between two atoms is called a sv bond and is referred to as singly bonded .
In the case of ethene and graphite (graphene) a different bonding structure is evident. Here
the 2s orbital hybridises with two 2p orbitals creating three equivalent sp2 orbitals and leaving
one remaining p orbital, denoted pz for convenience and illustrated in Figure 2.1 c). The
three sp2 orbitals lie in a plane at a relative angle of 120º to each other, and the remaining
pz orbital is orientated geometrically orthogonal to these. Whenever two carbon atoms with
this electronic structure are bonded together, they form a sv bond as before, but a further bond
is formed out of plane between the pz orbitals and which is known as a p bond. In this case
the molecule is referred to as doubly bonded. The electrons contained within these p bonds
orientate spatially above and below the plane containing the sv bonds as illustrated in Figure 2.2
b), and are therefore able to delocalise along a chain of carbon atoms bonded in this fashion.
When carbon atoms in an sp2 configuration are bonded together, this results in a structure
of alternating single and double bonds, and is referred to as conjugation. Examples of such
cases include the polymers poly(acetylene), poly(p-phenylene vinylene) and small molecular
systems such as benzene and pentacene.
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a)

b)

c)

d)

Figure 2.2: Illustrations showing the molecular orbitals formed between carbon atoms in different hybridisation states. a) An image of a sv molecular orbital formed between two sp3
hybridised carbon atoms to form an ethane structure. b) An image showing a double bond
between two sp2 hybridised carbon atoms containing a sv molecular orbital directly between
the carbon atoms and a p molecular orbital lying above and below the carbon atoms. c) A p
molecular orbital in the lowest energy bonding state where the symmetric wavefunction peaks
between the nuclei and so too does the electron density. d) A p molecular orbital in its excited anti-bonding state where the antisymmetric wavefunction has a node between the nuclei
resulting in zero electron density in this region.

15

2.2 The chemistry of carbon

Electronic coupling in one dimension The most simple method to understand a one-dimensional,
electronically coupled chain such as an idealised conjugated polymer is through the Hückel
method. The key assumption of this protocol is that the wavefunction of the molecular orbital
is made up from a linear combination of 2p orbitals and thus follows the linear combination
of atomic orbitals technique. The sv bonds are ignored due to their orthogonality to the out
of plane p orbitals. Moreover, it assumes nearest-neighbour interactions only and treats any
overlap integrals as the Kronecker delta. In this case the wavefunction can be expressed as
y = Â Ci fi

(2.1)

i

where y is the total electronic wavefunction, Ci are coefficients and fi are the wavefunctions
of the 2p electrons. Using these approximations the resultant Hückel Hamiltonian is given by
HH = Â ei |fi i hfi |
i

Â ti j

i6= j

⌦
↵
|fi i f j + f j hfi |

(2.2)

where ei is the energy of the constituent p orbitals and ti j is the transfer integral between
neighbouring orbitals. The transfer (resonance) integral is a measure of the strength of bonding between neighbouring atoms. The molecular orbital energies which result from this treatment can be found by solving the Schrödinger equation for the Hückel Hamiltonian by setting
|H E| = 0. In the simple case of ethene there are two identical electrons and therefore the
determinant is given by
e

E
t

t
e

E

= (e

E)2

t 2 = 0.

(2.3)

This equation can be solved quadratically and it can be shown that two energy levels exist
in the bonded molecule of which their energies are given by E = e ± t. In the ground state
of this molecule, the lowest of these levels is filled with two electrons of opposite spin and
is often referred to as the highest occupied molecular orbital (HOMO). Similarly, the upper
level is unoccupied in the ground state and thus is called the lowest unoccupied molecular
orbital (LUMO). In the case of ethene, because the two contributing atoms are identical it can
p
be shown that C1 = C2 = 1/ 2, and therefore the wavefunctions of the HOMO and LUMO
p
p
are given by yHOMO = 1/ 2 (f1 + f2 ) and yLUMO = 1/ 2 (f1 f2 ). The symmetry of these
wavefunctions is an important aspect to be considered. As the HOMO of ethene is symmetric,
it has a high electron density between the carbon nuclei and encourages bonding, and therefore
is referred to as a bonding orbital, illustrated in Figure 2.2 c). However, as the LUMO is
antisymmetric, there exists a node of electron density between the nuclei. This therefore does
not promote bonding of the atoms and is referred to as an anti-bonding orbital, shown in Figure
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2.2 d).
Ethene is the simplest case possible to consider this model, and as more carbon atoms are
added, more molecular states are formed. In the case of butadiene for example which has 4
carbon atoms, 4 molecular states are formed, of which the lower two are filled with two spinantiparallel electrons each. The energy gap separating the HOMO and LUMO in this case is
reduced to 1.2t from 2t in the case of ethene[45]. Under this framework, if the number of
atoms, and thus electrons in the chain is extended to infinity, then it would be expected that
the energy gap between HOMO and LUMO would reduce to zero. In this case the Fermi level
would reside within the centre of a band and the system would behave as a metal. Why then is
poly(acetlyene), a highly extended system, an intrinsic semiconductor and not a metal? There
are two mechanisms to explain this, of which the first takes the practical consideration of bends
and defects within the polymer that will break conjugation at regular intervals[46]. The second
is more subtle and derives from the work by R. Peierls who showed that a one-dimensional
crystal with a constant period between atoms can lower its overall energy by dimerising[47].
This doubles the period within the chain and opens an energy gap at the Fermi level causing a
metal to insulator transition.

The effects of molecular rearrangement on charged excitations Although the Hückel
model is an expedient method of approximating the energy levels of linear conjugated polymers, it has some significant limitations in that it does not address bond deformation or
electron-phonon coupling which are both present in these systems. In particular, when an
electron is promoted from the HOMO to LUMO, or removed from the HOMO, more antibonding character is obtained which allows structural relaxation of the molecule. In order to
address these issues W. Su, J. Schrieffer and A. Heeger introduced an improved hamiltonian
1979 with the aim of developing a theoretical framework of solitons in poly(acetylene)[48].
The key assumption in this case is that the electron-electron interactions are ignored and it is
given by the expression
HSSH = Â ei |fi i hfi |
i

Â (ti j

i6= j

⌦
↵
K
a4Ri j ) |fi i f j + f j hfi | + 4R2i j
2

(2.4)

where a is the electron phonon coupling constant, 4Ri j represents the displacement of neighbouring atoms from their equilibrium position. The first term in Equation 2.4 is the same as
Hückel’s method and describes the energetics of the p orbitals. The second term modified
from Hückel through the addition of the electron phonon coupling term which describes the
change in transfer integral as the nuclear positions are moved from equilibrium. The final
term in this expression is nuclear potential energy with a spring constant of K. It is described
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a)

b)

Figure 2.3: a) A graph showing the total molecular energy as a function of bond displacement
for a neutral and a charged molecule. Note that the minima of the charged molecule is shifted
with respect to that of the neutral molecule and is lower in energy. b) A reaction diagram which
shows the three key parameters utilised in Marcus theory, the driving energy (DE), activation
energy (DE ⇤ ) and the reorganisation energy (l ). The arrows indicate the progression of a
charge transfer reaction where the donor system will undergo a thermally activated geometry
change, so that it becomes aligned with the acceptor system. Following this charge transfer
can occur, and the system relaxes energetically once again.
classically and is assumed to not interact with the electronic wavefunction. By solving the
Schrödinger equation as before, it can be shown that the energy of the HOMO and LUMO
are given by EHOMO = e (t a4Ri j ) and ELUMO = e + (t a4Ri j )[49]. Knowing that the
ground state of a neutral molecule has two electrons in the HOMO, and that a singly positive
charged ethene molecule has one electron in its HOMO, their energies can be described by the
expressions
1
1
E 0 = K4R2i j + 2EHOMO = K4R2i j + 2a4Ri j + 2(e
2
2
1
1
E + = K4R2i j + EHOMO = K4R2i j + a4Ri j + (e
2
2

t)
t)

(2.5)
(2.6)

where E 0 and E + are the the energies of the neutral and positively charged ethene respectively.
It can be clearly seen that both Equations 2.5 and 2.6 are of the form of a parabola in 4Ri j . By
choosing values such that 12 K = a = (e t) = 1, representative energy curves can be plotted
as a function of bond displacement and are shown in Figure 2.3 for a neutral and charged
molecule.
The key observation here is that for the charged molecule, the energy minimum shifts to
lower values at a different bond displacement in comparison to the neutral molecule. This
means that the molecule will relax to a more stable molecular configuration upon the addition
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of a charge. This underpins the nature of the charge carriers within organic semiconductors
which consists of a positive or negative charge, dressed by the displacements of its molecular
site and the environment from their neutral positions[50]. Together these features are called
a polaron and has a number of distinct features in comparison to charges found in inorganic
semiconductors such as silicon or GaAs.

2.3

Charge transport properties of organic semiconductors

Marcus Theory The theoretical foundations of charge transfer between systems which undergo reorganisation upon the addition of a charge was developed before the advent of polymer
semiconductors. It was first addressed by R. Marcus in 1956 to describe electron transfer reactions between molecules in polarisable environment[51]. This was developed to account
for the non-conservation of energy which would occur if the charge was transferred from the
equilibrium geometry of the donor, to an excited geometry of the acceptor, which in practice
would require absorption of light. Marcus therefore employed a principle that charge transfer could only occur when the molecules were in the same geometrical configuration, and
therefore allowed conservation of energy throughout a reaction. Figure 2.3 b) shows a typical
potential energy landscape indicating both the initial and final states within an electron transfer process. Because the two states are required to be in the same geometrical configuration
for transfer, the process can only occur at the bond displacement where they intersect. Arising
from this there is a number of key parameters. The first is the activation energy (DE ⇤ ) required
to promote the initial state into the geometrical configuration of the final, although this can potentially be negligible if the states intersect at the donor’s minima. The second parameter is
the driving energy (DE) for the reaction, which is the energy offset between the minimum
of the two curves. The third is known as the reorganisation energy (l ) and is defined as the
amount of energy needed to modify the geometry of the acceptor state so to change it into the
equilibrium geometry of the donor. The reorganisation energy is usually separated into the
inner sphere which describes that of the molecule itself, and the outer sphere which relates to
changes in the environment surrounding the molecule.
By solving the positions where the parabola cross and using the definition of reorganisation
2
energy it is possible to show that 4E ⇤ = (l +4E)
. This is a very important point as it shows
4l
that the activation energy required to put the donor system into the state required for charge
transfer relies solely on the driving energy and the reorganisation energy and increasing the
latter of these increases the barrier to charge transfer. The rate constant for a reaction with this
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activation energy takes the form
k = Ae

(l +4E)2 /4l kb T

(2.7)

where A is a constant based on whether the transfer is intramolecular or intermolecular, kb is
the Boltzman coefficient and T is the temperature[52].
In the limit of weak intermolecular coupling between the two molecules, it is possible
to use perturbation theory, and specifically Fermi’s Golden Rule in order to determine the
electron transfer rates which occur under this framework. Fermi’s Golden Rule describes the
transition rate between two quantum mechanical states given a perturbation V to the system
and is given by the expression
2p
|hy1 |V | y2 i|2 r
(2.8)
h̄
where r is the density of final states, y1 and y2 are the total wavefunctions of the initial and
final state respectively[53]. Because of the Born Oppenheimer approximation the electronic
and vibrational components of the wavefunction can be separated due to the difference in
timescales involved with movement and therefore Equation 2.8 can be re-cast as
k12 =

k12 =

2p
|t12 |2 |hyv1 |yv2 i|2 r
h̄

(2.9)

where t12 is the transfer integral as discussed previously and hyv1 |yv2 i is known as the Frank
Condon factor which describes the overlap between the vibrational wavefunctions. It is possible to combine the density of states and the Frank Condon component into a weighted density
of states to include the activation term introduced earlier and Equation 2.9 can be expressed as
k12 =

2p |t12 |2
p
e
h̄
4pl kb T

(l +4E)2 /4l kb T

.

(2.10)

Although the hopping rate between molecular sites is an important parameter, it is the charge
carrier mobility which is the metric that defines how easily electrons and holes move through
a material under a given applied electric field. It is expressed as µ = n/E, where n is the drift
velocity of a charge carrier in the presence of an electric field E and has units of cm2 V-1 s-1 .
Typical values of the charge carrier mobility for holes are 1×10-5 cm2 V-1 s-1 for poor performing polymers, 1 cm2 V-1 s-1 for high performing polymers, 1×101 cm2 V-1 s-1 in the highest performing crystalline molecular semiconductors[26, 42, 54]. Although some studies with hole
mobilities exceeding 1×102 cm2 V-1 s-1 have been reported in solution processed molecular
semiconductors, these are debated within the community[55, 56].
Because charge carrier mobility is the metric by which we describe the electrical per-
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formance of semiconducting systems, rather than the transfer rate charges are able to hop
between molecular sites, modifications to Equation 2.10 must be performed. It is known that
the charge carrier mobility can be related to the carrier diffusion coefficient through the relationship µ = eD/kbt where e is the elementary charge and D is the diffusion coefficient[57].
If it is assumed that the electronic environment is made from equally spaced lattice sites with
separation a then it is possible to relate the diffusion coefficient to the charge carrier transfer
rate given in Equation 2.10, through the relation D = k12 a2 /2n where n is the dimensionality
of the system (1,2,3)[58]. Therefore for the mobility can be expressed as µ = ek12 a2 /2nkbt
which in its full form is
ea2 |t12 |2
µ=
2nh̄

s

p

e
l (kbt)3

(l +4E)2 /4l kb t

.

(2.11)

A separate derivation route would be to proceed by assuming an applied electric field
which modifies the adjacent site energies and calculating the drift velocity from this. Equation
2.11 predicts a number of important features of the charge transport of organic semiconductors
which include an increased carrier mobility with increasing intermolecular transfer integral,
increasing temperature as well as reducing reorganisation energy[59–61].
Miller-Abraham Theory Marcus theory is by no means the only theory of charge transport
and the second most common is known as Miller-Abrahams. This formalism ignores the
polaronic nature of carriers and describes a phonon assisted tunnelling mechanism. Here the
hopping rate can be given by
8
<
2g|R12 | e
k12 = u0 e
:1

(e 2

e1 )
kb T

e2 > e1
else

(2.12)

where u0 is the phonon vibration frequency, g describes the wavefunction overlap between
the initial and final state, R12 is the distance between the two molecular units, and e1 and
e2 are the site energies of the initial and final state respectively[62]. What is clear here is
that assuming that the energetics of the initial and final state are identical, increased hopping
rates can be obtained by having molecular units which are close together and have strong
wavefunction overlap.
Energetic disorder and its effect on charge transport Organic semiconductors are energetically disordered systems in that different molecular sites, which may take the form of
individual molecules or segments of a polymer chain, can take a range of energetic states.
The specific energy of these levels is determined by a number of factors including the local
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dielectric environment, the persistence of electronic coupling along a chain or potentially can
be formed by the presence of impurities. Because polymer semiconductors are structurally
disordered, and that the intra-chain electronic coupling will be affected by this structural disorder, they will therefore be electronically disordered also. Owing to this the HOMO and
LUMO are usually modelled as having a gaussian density of states or an exponential tail of
traps leading into the band gap[63]. Within these tails, the states will have a relatively low
density, and therefore charge transport is inefficient due to the large spatial separation. However, in the centres of these distributions, the distance between states is substantially reduced
leading to more effective transport. This result of these low lying and isolated trap levels contributes to a carrier density dependence in the charge carrier mobility[64]. For example, for
many materials, if the carrier concentration is increased by application of a larger gate voltage
in transistors, this leads to an enhanced mobility as the trap levels become filled. Therefore,
low energetic disorder polymers are sought out for their high carrier mobilities[42].

2.4

Radiative Optoelectronic Processes in Organic Semiconductors

Absorption and emission of optical electromagnetic radiation As discussed in Section
2.2, polymer semiconductors will form two bands separated by an energy gap in their intrinsic
state, the lower filled with electrons and the upper empty. It is well known that these conjugated molecules are often utilised as dyes, because they are coloured and strongly absorbing,
there must be a process whereby the electronic system can absorb a proportion of the visible
spectrum. In order to understand this in the context of the electronic bands formed within
organic semiconductors, Fermi’s Golden Rule is once again employed employed. However in
this instance the perturbation is the presence of an electric field component of light. Therefore
Equation 2.8 can be recast as
2p
|hy1 |er̂| y2 i|2 r
(2.13)
h̄
where er̂ is the electric dipole moment operator and all other symbols are as used previously.
The magnetic component is ignored for simplicity due to the fact the effects which it introduces are substantially weaker than the electric component. Again using the Born Oppenheimer approximation, the nuclear and electronic wavefunctions can be treated separately.
Moreover, because the electric dipole operator does not act on the spin component of the electronic wavefunction, the total wavefunction can be expressed as yi = ye yn ys [45]. Here ye is
the electronic wavefunction, yn is the nuclear wavefunction and ys is the spin wavefunction.
k12 =
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Therefore the rate can be expressed as
2p
|hye1 |er̂| ye2 i|2 |hyn1 |yn2 i|2 |hys1 |ys2 i|2 r.
(2.14)
h̄
Even within this elementary form, Equation 2.14 reveals a number of important aspects relating the the absorption and emission of light in organic chromophores, and introduces the
concept of selection rules. The first of these relates to the vibrational wavefunction overlap.
Here, the transition rate will be influenced strongly by the overlap between the ground and excited state vibrational wavefunctions. This is known as the Frank-Condon principle and originates from the fact that electronic transitions occur on timescales much shorter than vibrational
motions. Therefore, the molecule will remain approximately in the same geometry throughout the process of an electronic transition[65, 66]. The second important concept which this
introduces is the influence of spin on electronic transitions within organic chromophores. The
quantity |hys1 |ys2 i|2 can either take the quantity 1 in the case where the two states have the
same spin quantum number, or zero when they do not. Therefore a transition is known as spin
allowed or spin forbidden. The physical manifestation of this is the observation that the transition between a triplet excited state (S = 1) and a singlet ground state (S = 0) has a transition
rate around 1000 times lower than that between a singlet excited and ground state. The electronic component of Equation 2.14 stipulates that for strong absorption or emission there must
be good spatial overlap between the ground and excited state wavefunction. The electronic
term in Equation 2.14 can be re-cast as |hye1 |er̂| ye2 i|2 = |µ12 |2 , of which µ12 is called the
transition dipole moment and has units of Cm. It is possible to relate the quantum mechanical
transition dipole moment to real observables through the use of the oscillator strength concept.
The oscillator strength of a absorption transition can be experimentally determined using the
formula
k12 =

f = 4.32 ⇥ 10

9

Z

2
e (n) dn = µ12

4pme u
3e2 h̄

(2.15)

where e(n) is the extinction coefficient at a wavenumber u and me is the mass of an electron[67].
In practical terms, f is a ratio between the strength of a real transition in comparison to that
predicted by the classical single electron oscillator model[68]. Typically strong transitions in
organic dyes will possess oscillator strengths around 1, and inorganic semiconductors around
10-4 -10-3 . Using this formalism it is possible to theoretically express the spontaneous emission
rate as

k21 =

ne2 E 2 f
2pe0 h̄2 m0 c3

(2.16)
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Figure 2.4: A schematic of the photo-physical properties of molecular semiconductors. When
a photon is absorbed the chromophore undergoes a vertical transition between the ground
vibrational state of the ground electronic state to vibrational states of the excited electronic
state. The intensity of these transitions will be determined by the vibrational wavefunction
overlap, known as the Frank-Condon factor. If the system is excited into an excited vibrational
state this will rapidly relax on timescales faster than spontaneous emission, and therefore
emission will occur from the ground vibrational level of the excited state, to vibrational levels
of the ground state. If this was the whole picture, then it is expected that the 0-0 absorption
and emission peak should overlap in energy (top panel). However subsequent factors including
molecular reorganisation induce an energetic shift in the excited state upon photo-excitation
and result in a energy separation between the absorption and emission energies of the 0-0
transition.
where the universal constants take their usual symbols, n is the refractive index, and E is the
transition energy. This relationship is very important for the rates of transitions as it shows
that the radiative rate is predicted to increase as the square of the photon energy for a constant
oscillator strength.
Owing to the separation of the wavefunction and now ignoring the spin component, it is
possible to express the total energy of the ground and excited states as E = EE + Ev , where EE
and Ev are the electronic and vibrational energies respectively. In this case the energy diagram
for the ground and excited state can be plotted as shown in Figure 2.4.
The vibrational energy levels with quantum number n can be approximated using the q
har-

monic oscillator analogy and is given by the formula Ev = h̄w n + 12 . In this case w = mk
where k is an effective spring constant and m is the mass. Because of the Frank Condon
principle, transitions are vertical in bond displacement space (denoted by the transition lines
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in Figure 2.4), as these remain stationary throughout the electronic transition. Therefore the
absorption of a photon will take place between the ground vibrational states of the ground
electronic state, to the ground and excited vibrational state of the upper electronic state. The
transition strengths between the vibrational modes will be modulated by the Frank Condon
factor, which therefore results in the well-known vibronic progression found in the spectra of
molecular chromophores. However, if an excited vibrational state is transitioned to, it will
quickly decay to the ground vibrational state through ultrafast thermalisation (Section 2.5)
which is usually much faster than spontaneous emission. Therefore the emission occurs from
the ground vibrational state of the excited electronic state to all vibrational states of the ground
electronic state. This would in theory predict absorption and emission spectra with no energy
shift between their 0-0 transitions, although this in practice is not the case and is in part of
the excitonic nature of the excited states. This shift in emission energy is known as the Stokes
Shift and is detailled further in this chapter.

Neutral Excitations of Organic Semiconductors When an organic semiconductor absorbs
a photon, it will promote one electron from the HOMO into the LUMO which will often have
spatial wavefunctions localised over different segments of the polymer geometry. This process create a hole in the HOMO and an electron in the LUMO which are attracted by their
mutual Coulomb interaction. This bound pair is called an exciton. However, in comparison to
inorganic semiconductors which have high dielectric constants and within which this attraction is effectively screened, the low dielectric constant environment of organic semiconductor
allows for a strong binding between electron and hole. This is in fact the origin of the large
spontaneous emission rates within these systems in comparison to inorganic semiconductors,
because the hole and electron are spatially correlated via Coulomb interaction, and the result
of which means the electronic component of Equation 2.14 is relatively large. The degree of
spatial correlation can be represented by the three typical exciton types, illustrated in Figure
2.5. The first is the Frenkel exciton which has the largest oscillator strength and is confined to a
single molecular unit[69]. The second is a charge transfer exciton where the electron and hole
unit are located on adjacent units although still bound via the Coulomb interaction[70]. This
can occur between the same molecular species such as in the case of anthracene, or different
species in the case of polymer-fullerene blends[22, 71]. Charge transfer excitons tend to have
lower oscillator strength than their Frenkel counterpart and therefore have lower absorption
cross sections and radiative rates. The third and lowest oscillator strength exciton type is the
Mott-Wanner exciton which are found in inorganic semiconductors with high dielectric constants. In this case the electron and hole are separated by many molecular subunits and in the
case of GaAs the Bohr radius is over 10 nm[72].
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Figure 2.5: A cartoon illustrating an idealised molecular lattice and illustrating the three different types of exciton: Frenkel, charge transfer and Mott-Wanner.
If a similar treatment as for polarons is taken for the exciton, which again has one electron
in the HOMO and LUMO, as was taken for a polaron in Section 2.4, it can be found that this
also results in a change in the geometry of the molecular environment. Therefore, an exciton
within an organic semiconductor is often referred to as an exciton-polaron because it also is
party to electron-phonon coupling due to changes in its environment. The life cycle of an
exciton is described in Figure 2.6 and in a typical case follows the stages of 1) Absorption 2)
Thermalisation 3) Bond relaxation 4) Exciton Diffusion 5) Emission.
Light absorption does not have a monopoly on the formation of excitons however, which
can also be formed via electrical excitation within devices such as OLEDs and LEFETs. When
a hole and electron polarons are injected from the anode and cathode they will drift with under
the influence of the electric field until they become captured by a polaron of opposite polarity
to form excitons. In comparison to photon absorption however, the spins of the polarons are
random and therefore, traditionally speaking, excitons with spin 0 and 1 will be formed with
a 1:3 ratio owing to spin statistics. The formed excitons are on the whole charge neutral
and therefore will not drift under the presence of the electric field, but will undergo exciton
diffusion which is of huge consequence for many organic electronic applications.
Exciton diffusion Strictly speaking exciton diffusion processes are non-radiative (excluding
photon-recycling) and by right should be placed within Section 2.5, however in the interest of
flow it will be considered in the context under which it influences radiative phenomena. As
mentioned previously, once excitons are formed they have the ability to diffuse within their
molecular environment before they decay. There are two mechanisms through which exciton
diffusion can occur, Förster resonance energy transfer (FRET) and Dexter energy transfer.
FRET is a transition dipole-transition dipole coupling process where the excitation can
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Figure 2.6: The exciton life cycle. 1) The neutral molecule consists of an empty LUMO and
a HOMO filled with two spin antiparallel electrons. The horizontal lines denote electronic
energy levels. 2) Excitation occurs between the ground state to one of the excited states
via absorption of a photon. 3) Fast thermalisation occurs which demotes the excited state
to to the lowest vibrational excited state of the first excited electronic states. 4) Molecular
rearrangement occurs due to changes in local electronic environment which acts to reduce
the exciton energy gap. 5) Exciton diffusion can occur between the energetically disordered
molecular sub-units. 6) Re-emission of a lower energy photon occurs.
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be transferred between chromophores with suitable coupling strength. The FRET rate can
be calculated once again using Fermi’s golden rule and using dipole-dipole interaction as a
perturbation given by
VDA =

k
µD µA
4pe0 R3

(2.17)

where k = µˆD · µˆA is an orientation factor between the donor and acceptor transition dipoles,
µD and µA and R is the distance between the dipoles assuming a point approximation[73]. It is
possible to show that the energy transfer rate using this formalism is given by
kFRET

9ln (10) k 2 kr
=
128R6 p 5 NA n4

Z

✓

R0
Fd (l )eA (l )l dl = (kr + knr )
R
4

◆6

(2.18)

where kr is the radiative rate of the donor molecule, NA is Avogadro’s number, n is the refractive index of the medium and the integral is the overlap between the normalised donor
fluorescence Fd and the acceptor molar absorption coefficient eA as a function of wavelength
l . kd is the total decay rate of the donor chromophore and R0 is the Förster radius which
indicates the distance for a given chromophore pair that energy transfer is equally likely as
decay on the donor chromophore. The Förster radius can usually take a value in the range of
1-10 nm and therefore FRET is regarded a long range energy transfer process[74]. A number
of important further observations can be made from Equation 2.18. The first is that the process has a very strong inverse sixth power dependence on distance. The second is that the rate
increases linearly with the spectral overlap between donor and acceptor chromophores. FRET
can in practice only occur for singlet excitons, due to the low transition dipole moment of the
triplet exciton to singlet ground state transition.
The second energy transfer mechanism was developed by D. Dexter in 1953 and is known
as Dexter energy transfer (DET)[75]. In comparison to FRET which is a dipole-dipole coupling process, DET relies on overlap between the electronic wavefunctions of the donor and
acceptor species and therefore is a much shorter range process operating on the 1 nm length
scale. The energy transfer rate through DET is given by the expression
kDET = KJe

2R/L

(2.19)

where K is a parameter related to orbital interactions, J is equivalent to the integral in Equation
2.18 normalised for the absorption coefficient and L is the van der Waals radii of the donor and
acceptor[76]. Because this does not rely on dipole-dipole coupling it means that both singlet
and triplet excitons can diffuse using this mechanism.
FRET and DET facilitate exciton diffusion which is usually modelled as a random walk,
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due to the disordered distribution of energetic sites in molecular semiconductors. Under this
formalism the root mean square distance that an exciton will move from its start point is
predicted by
LD =

p

nDt

(2.20)

where n is the dimensionality of the walk, D is the exciton diffusion coefficient and t is the exciton lifetime[77]. It is usually assumed in the literature that diffusion along polymers chain is
one dimensional, although in reality it will be larger than this[78]. In conjugated polymers the
measured singlet exciton diffusion length is usually below 10 nm. The fundamental limitation
for this is in fact not non-radiative processes, but the large radiative rates they possess. It has
been shown that exciton diffusion lengths can be substantially enhanced in organic systems to
1 µm by suppression of this radiative rate via H-aggregation (Section 2.5)[79].
Photoluminescence quantum yield The photoluminescence quantum yield is a metric describing how well a system is at converting neutral excitation into photons through fluorescence. For example if a chromophore absorbs 100 photons and re-emits 50 photons it has
a PLQY of 0.5. The traditional maximum value of PLQY is 1, however, with the discovery
of multi-exciton generating processes such as singlet fission, it is possible that it can take a
higher value. The PLQY can be described as a ratio of the spontaneous emission rate to the
total decay rate and in the steady state is expressed as
PLQY =

kr
kr
=
kT
kr + Âi knr,i

(2.21)

and therefore in order to have a large PLQY the radiative rate must compete with all of the
non-radiative processes which will be described in Section 2.5. Owing to their large oscillator
strength, organic chromophores are indeed possible of high PLQY in solution and the solid
state.
One limitation of the PLQY as a metric of fluorescence efficiency is that it does not take
into account for the energy loss through intra-band internal conversion. For example a chromophore which absorbs photons at 3 eV and emits at 1 eV with a PLQY of 1 will have lost
2/3 of its energy to vibrational excitation within the system. Typical values of PLQY depend
greatly on the structure and electronic properties of the chromophore in question, as well as
the environment in which it exists. Generally speaking high band-gap organic chromophores
can have up to a PLQY of 1.0 in solution, and 0.5 in the thin film at room temperature,
whereas low band-gap counterparts have 0.2 in solution and less than 0.05 in the thin film[80].
However, these values are not universal. Although it is possible to have phosphorescence in
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organic systems, whereby a transition from the excited triplet to the ground state occurs, with
a phosphorescence quantum yield, it will not be studied within this thesis.
Fluorescence lifetime and rate constants Once an ensemble of excitons are generated
within a system, they will begin to decay with a rate of kT . Assuming kT does not change
with time, it is possible to write a rate equation for the decay of excitons dn/dt = kT n. Therefore it can be shown that the decay of excitons with time follows an exponential decay of the
form n(t) = n(0)e kT t where kT is the inverse of the natural lifetime t. Because the fluorescence intensity is proportional to the number of excitons within the system, the fluorescence
decay also follows this exponential relationship. Therefore by measuring the fluorescence decay, the lifetime of excitons can be directly extracted. Having measured the PLQY and the
fluorescence lifetime it is possible to deconvolute the radiative and non-radiative rates into
kr =

PLQY
t
kr

Â knr,i = PLQY
i

(2.22)
kr .

(2.23)

This is particularly useful when trying to identify whether changes in the PLQY are owing
to a change in the non-radiative processes, or a change in the radiative processes owing to an
aggregation effect.

2.5

Non-Radiative Processes in Organic Semiconductors

Internal conversion and vibrational relaxation In the absence of fluorescence up-conversion
processes, all organic semiconductors re-emit photons with at total quantum yield of at least
100%. However, the distinction between PLQY and the total quantum yield is whether they
are emitted through useful fluorescence (or phosphorescence) which our eyes can detect, or not
so useful infra-red emission[81]. There are two key processes which facilitate the conversion
of an excited electronic state into infra-red photons, internal conversion (IC) and vibrational
relaxation. Internal conversion is a process whereby an excited electronic state can transition
to an excited vibrational level lower electronic state without the emission of a photon. This
is then followed by rapid vibrational relaxation of the excited vibrational state. This process
was studied extensively by W. Siebrand who used perturbation theory to predict that the nonradiative transition rate between two electronic states is given by
kic =

2pr 2
J F
h̄

(2.24)
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where F is the Frank Condon Factor between the initial and final vibrational modes and J is the
electronic coupling which includes the spin wavefunctions of the initial and final states[82].
Equation 2.24 looks very similar to Equation 2.8, but the key difference is that the perturbing hamiltonian is the nuclear kinetic energy operator ∂∂Q where Q is the bond displacement.
Because the final vibrational state will be an excited mode of the ground electronic state,
the Frank Condon factor becomes important as this will change as the energy gap is modified. Sideband showed that for a displaced but un-distorted oscillator the Frank Condon factor
between vibrational modes is given by
F=

e ggv
v!

(2.25)

k
D Q2
(2.26)
2h̄w
where the symbols are as used before and D Q is the displacement between the equilibrium position of the ground and excited state. The important observation here, is that as the
vibrational quantum number of the accepting mode increases, which is attributed to a larger
optical band gap, the Frank Condon factor decreases and therefore the internal conversion rate
decreases[83].
This theory of non-radiative decay was expanded upon by R. Englman and J. Jortner in
1970 who treated molecules in two limits, those in which the ground and excited states were
strongly geometrically displaced, and those which were not[84]. In the case of a large displacement (strong coupling limit, Figure 2.7 a)) the ground and excited states will intersect
in configuration coordinate space. This results in a formalism similar to that found in Marcus theory whereby a transition can occur between the excited and ground state through the
process of thermal activation followed by electron transfer.
The second electronic situation treated is the weak coupling limit (Figure 2.7 b)) where
molecular re-arrangement is small between the ground and excited state, and therefore there
is no intersection. This case is similar to that discussed by Siebrand, but here a direct energy
relationship was given, which was expressed as
g=

kIC µ

r

1
e
wm DE

CDE/wm

(2.27)

where C is a constant and wm is the frequency of the vibrational mode of highest energy,
implied to be C-H stretching modes. DE is the energetic displacement between the ground
and excited states which is approximately equal to the optical band gap. Because of this it
was predicted that replacement of hydrogen atoms with the heavier deuterium atom would
reduce the internal conversion rate due to a decreased maximum frequency. This was studied
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b)

Figure 2.7: a) A diagram illustrating the ground excited state in the strong coupling limit. Here
the excited electronic state can become thermally excited to a point where it overlaps with the
ground state. In this case the non-radiative decay mechanism will be treated similar to that
for charge transfer in Marcus theory. b) An illustration of the weak coupling limit where no
intersection exists. Here non-radiative decay will proceed through a electron transfer from the
u = 0 of the excited electronic state to u 0 of the ground electronic state (i). This is followed
by rapid thermalisation of the vibrational modes.
experimentally in conjugated polymers by A. Kohler et al. who found that it was not the C-H
modes which contributed to this non-radiative decay, but carbon-carbon stretching modes[85].
Equation 2.27 is physically manifested as an increasing non-radiative rate as the optical
band gap of an organic chromophore is reduced. This was recently studied by S. Dimitrov et
al. in polymer semiconductors who was able to correlate a reduction in the optical band-gap
with an increasing singlet exciton decay rate[86]. This increase in the non-radiative rate with
decreasing band-gap is known as the energy gap law and is the mechanism why it is difficult
to achieve efficient NIR emission from organic semiconductors or dyes.
Directly after internal conversion has occurred, the new configuration is a vibrationally
excited level of the ground electronic state. Due to the vast continuum of vibrational modes
which exist within polyatomic molecules, this energy is quickly redistributed on sub 1 ps
timescales until it reaches thermal equilibrium with the environment[87]. In fact, vibrational
excitation can even undergo FRET between molecular modes, due to a non-zero transition
dipole moment[88].
Extrinsic impurity quenching Organic semiconductor thin films are never pure, and will
have defects in the form of structural irregularities or remnants from their synthesis. The role
these impurities play on the photo-physical processes within these systems has been studied
for decades. M. Yan et al. was a pioneer in this respect and in 1993 showed that the photooxidation of PPV reduced the PLQY and introduced a super-exponential component to the
fluorescence decay[89]. It was found that these observations were accompanied by the emer-
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gence of an infra-red absorption feature relating to a carbonyl group. It is now well known that
organic chromophores containing carbonyl groups can undergo ultrafast internal conversion,
which may provide a mechanistic explanation to the observations provided[90]. However, this
form of quenching was found only upon photo-excitation of the polymer films, and therefore
is not an intrinsic quenching mechanism.
Aside from the structural defects the presence of oxygen can cause in the presence of light,
there are other quenching mechanisms it is attributed to. For example in 2013 O. Mikhnenko
et al. conducted a study of the exciton diffusion properties of a wide range of organic semiconductors. They were able to extract a trap density for each system and found that it was
comparable despite large variation in the diffusion coefficients. They therefore suggested that
exciton diffusion is trap limited, and the origin of the quenching sites are hydrated oxygen
species, which they had studied previously in order to explain general observations of electron
trapping[78].
The synthesis and purification of polymer semiconductors is not a process which is free
from errors, and therefore residual synthetic components may be left over within the polymer
material which is carried to the final form. F. Cacialli et al. gave evidence that the remnants of
a palladium catalyst is a significant source of fluorescence quenching in a polymer semiconductor which can be present at concentration of up to 0.6 wt. % in the un-purified film[37].
Moreover, purification of poly(3-hexylthiophene) in order to remove residual monomer, magnesium salts and catalyst shows an doubling of the power conversion efficiency in solar cells,
and may give evidence to reduced exciton quenching at these sites[91].
In an intrinsic neat film of polymer semiconductor, the Fermi level should lie between the
HOMO and LUMO and there should exist no polarons. However, when exposed to oxygen
some organic semiconductors can become p-doped with hole polarons, a process which has
been studied extensively in P3HT[92]. When a singlet or triplet exciton is within the proximity
of a polaron it is possible that the system undergoes exciton-polaron annihilation which in
effect destroys the exciton[93]. Z. Liang et al. showed that through the addition of an electron
doping molecule colbaltocene to P3HT, the hole polarons could be compensated. In doing so
they displayed an increase in the PLQY by almost an order of magnitude[94]. This correlated
inversely with the dark conductivity of the films, suggesting that the intrinsic doping level was
reduced.
Singlet Exciton Annihilation As discussed in Section 2.4, the singlet exciton will possess a
lower band-gap than its ground state molecule due to molecular reorganisation. Therefore, the
singlet possesses its own distinct absorption features which are observable in photo-induced
absorption measurements. This means the transition between a singlet and the ground state can
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couple to the transition between a singlet and a higher lying state via FRET if there is sufficient
spectral overlap[93]. In doing so this promotes one of the singlets to an excited state, which
decays rapidly back to the initial singlet state via IC and vibrational relaxation, and demotes
the other to the ground state. This reaction is written as S1 + S1 ! S0 + Sn>1 ! S0 + S1 .

Singlet annihilation was initially studied in anthracene crystals where a non-linearity or
roll-off in the fluorescence signal was observed as the excitation intensity was increased[95].
This process is common in ultrafast laser experiments, where the excitation density is high
and therefore the singlets are separated by small distances. However, this is not expected to
be observed in low intensity measurements which utilise continuous wave lasers.
Singlet to triplet conversion Although there are strict selection rules which hamper transitions between singlet and triplet states, such as that described in Equation 2.14, they are
indeed possible. The transformation between a singlet and triplet exciton is known as intersystem crossing (ISC) and which is a unique form of internal conversion, where the spin quantum
number of the exciton is not maintained. ISC is observed primarily in organic materials which
contain heavy atoms and therefore have a large spin-orbit coupling (SOC). SOC facilitates
mixing between the triplet and singlet states and allows a crossing to proceed[96]. When this
occurs, if the material is not phosphorescent, it is usually considered a non-radiative process,
if a back transfer to the singlet is not completed. For example, in some sulphur containing
molecules such as poly(3-octylthiophene), ISC is considered the major non-radiative process
when the chromophore is dissolved in solution and absent from aggregation effects or chain
defects[97]. Singlet fission is another singlet to triplet conversion mechanism but has only
been shown for a select number of polymers and under particular excitation conditions[98].
Charge transfer exciton and excimer formation The spontaneous emission rate of an organic chromophore is significantly influenced by the spatial wavefunction overlap between
the ground and excited states, as discussed in Section 2.4. For organic semiconductors in the
context of maximising the PLQY it is therefore preferable the the HOMO and LUMO to be
localised on the same molecular site as a Frenkel exciton, be that molecule or polymer chain
segment. There has therefore been substantial interest to understand the formation of interchain species in neat conjugated polymer thin films from from the viewpoint of reducing nonradiative losses in light emitting as well as photovoltaic systems. One of the first studies within
this area was by E. Frankevich et al. who discussed the possibility of a charge transfer between
a singlet exciton and segments of polymer chain different to the one on which it resides[99].
This could be between sites on adjacent chains, or between different conjugations lengths on
the same chain. They suggested that these charge transfer states decay with low fluorescence
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quantum yields with a lifetime of between 0.1 ns - 1 ns and that they could recombine to form
an intra-chain exciton, or dissociate into free carriers. Fluorescence from inter-chain states has
been observed in a number of polymers, including PFO and MEH-PPV, which typically takes
the form of an emission shoulder at a lower energy to the 0-0 transition[100, 101].
More recently the influence of molecular and electronic structure on the formation and
recombination of charge transfer excitons, referred to here as polaron pairs. R. Tautz et al.
showed that by introducing a strong electron accepting unit into the polymer backbone, the
polaron pair formation yield can be enhanced threefold, up to 24%, in comparison to the homopolymer which presents 8%[102]. Moreover, by increasing the spatial separation between
donor and acceptor units the recombination rate can be reduced, most likely due to a decrease
in the spatial electronic wavefunction overlap. Because of the charge separated nature of an
inter-chain state in comparison to a intra-chain, it can be predicted that they undergo different
solvatochromatic shifts when their local dielectric constant is changed. This was recently
leveraged by Z. Hu et al. who gave evidence that the energetics of the interchain state in
poly(thiophene) derivative aggregates could be modified by changing the solvent in which
they reside. In doing so it is argued that the energy level of the non-emissive inter-chain state
can be pushed above that of the emissive intra-chain state, and therefore negate fluorescence
quenching caused by its presence[43].
The low oscillator strength of charge transfer excitons is not the only reason they facilitate
non-radiative decay. It is possible for the polaron pair to undergo intersystem crossing, or
dissociate into free charges which can recombine bi-molecularly to form a triplet polaron
pair. In this electronic configuration it is possible to recombine into a non-emissive triplet
exciton and which has been identified as a substantial loss mechanism in donor-acceptor blend
solar cells[103, 104]. The formation of triplet excitons via inter-chain polaron pairs in single
component polymer aggregates was recently demonstrated by A. Thomas et al.[105].
Electronic to vibrational energy transfer Because the transition dipole moment between
vibrational sub-levels within a single electronic manifold is non- zero, it is possible to undergo
optical excitation between these levels. In this case the frequency of absorption between the
v = 0 and v = 1 vibrational levels which usually corresponds to a signal in the 500 cm-1 to
3000 cm-1 . However, it is possible to have optical transitions between he v = 0 and v = n > 1
vibrational sub-levels, although these become progressively weaker as n increases because of
the reduction in the Frank Condon factor. This can give rise to optical absorption in the NIR
and even the visible regime for overtone transitions of high energy vibrational modes such
as the C-H and O-H stretching modes[106]. Because these transitions are not forbidden, it is
possible to excite them to a higher vibrational state via FRET from an exciton[107]. As with
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internal conversion, these excited vibrational modes subsequently undergo ultrafast relaxation
and therefore the energy is rapidly lost. The strength of this effect increases as the optical
bandgap of the chromophore decreases, due to an increased vibrational mode absorption cross
section. It is significant in NIR emitting rare earth systems such as erbium complexes where
it has been studied extensively.
Unlike with internal conversion however, replacement of hydrogens with heavier atoms
such as deuterium and fluorine does reduce the electronic to vibrational energy transfer rate.
This is because a heavier atom results in a smaller energy gap between vibrational levels.
Therefore, for a given energy, the bond with the heavier atom will require a transition to a
higher vibrational quantum number, which will have a lower Frank Condon factor and therefore a lower absorption cross section. This effect is true not only when the chromophore’s
hydrogens are substituted, but when the local environment such as solvent has its hydrogens
replaced[108].

H-Aggregation Aside from the interchain charge transfer states which are formed upon
aggregation, there are also other effects present which act to suppress the radiative rate and
which are dependent on the dipole alignment of the chromophores. If the transition dipole
moment of a molecular unit is considered a point dipole denoted by an arrow, there are two
orientation limits which a dimer of these can take upon aggregation[109]. The first is a parallel
orientation denoted by "" or #". In this case "" has a higher energy due to coulomb interactions
and a total transition dipole moment larger than the isolated dipole. The #" orientation has a
lower energy and has a reduced transition dipole moment of zero theoretically. Because this
forbidden transition lies at the bottom of the band, from where emission occurs, it will have
consequences on the emission properties. As discussed in Section 2.4, a reduction in the
transition dipole moment will reduce the spontaneous emission rate, and for a constant nonradiative rate, will lower the fluorescence quantum yield. This form of aggregation is known
as H-aggregation and is common in poly(thiophene) derivatives[110].
The alternative dipole orientation is known as head-to-tail, or J-aggregate, takes the geometry of the lower energy !!and the higher energy ! . Because in this case the bottom of
the band will have a larger transition dipole moment than the isolated chromophore, it will result in an enhancement of the spontaneous emission rate and theoretically a larger PLQY[111].
However, few systems have been experimentally demonstrated which actually display a fluorescence enhancement upon aggregation due to competing non-radiative aggregation effects.
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The limitations of charge carrier mobility and fluorescence efficiency

It can clearly be understood from Section 2.4 and 2.5 that in order to achieve a high fluorescence quantum yield, the spontaneous emission rate has to compete with a plethora of either
non-radiative processes, or mechanisms which act to reduce the rate at which it operates. However, there are organic semiconductor systems in the solid state in which this balance is met,
such prototypical examples are PFO and F8BT which have solid state PLQY of &0.5[80].
These systems combine the attributes of a large optical band-gap, low spin-orbit coupling and
a weakly ordered microstructure (processing dependent) which act to reduce internal conversion, intersystem crossing and unfavourable interchain aggregation effects respectively. However, they present hole charge carrier mobility of up to 10-4 and 10-2 cm2 V-1 s-1 respectively,
well below that found within modern high charge carrier mobility polymers which have hole
mobility of over 1 cm2 V-1 s-1 . There has been a long-standing battle to develop systems which
present both the attributes of high charge carrier mobility as well as high fluorescence efficiency. It has long been thought that close intermolecular packing required to achieve a high
inter-chain transfer integral in high charge carrier mobility systems, allowed for interchain
non-emissive states to form. As discussed in Section 1.1, this problem was tackled by both
F. Cacialli et al. and B. Yap et al. who showed that the PLQY and mobility are not necessarily correlated and that both could be enhanced through modification of the intermolecular
interactions[37, 38].
Another less discussed limitation is the pre-requisite of a low optical band-gap for high
charge carrier mobility. All polymer systems with a hole mobility over 1 cm2 V-1 s-1 reported
to date possess low optical bandgaps of .1.7 eV. This is potentially due to a number of reasons including stronger intra-chain transfer integrals which increases the band width, or the
necessity of the use of strong donor and acceptor units. Moreover, there may be trap levels
which are pushed into the band as the optical band-gap is reduced which has been shown previously for n-type transport[112]. In addition, the smaller optical bandgap in these systems
may provide energy levels which are easier to inject into from metal electrodes. Finally, it is
argued by R. Fornari et al. that narrower bands formed by donor acceptor polymers with small
optical bandgaps have a reduction in activation energy for transport and are less sensitive to
conformational disorder[113].
As discussed in Section 2.4 and 2.5 organic chromophores attain both a higher nonradiative rate through internal conversion and a lower spontaneous emission rate at constant
oscillator strength. Therefore high mobility polymer semiconductors will possess lower PLQY
in comparison to their high band-gap, lower mobility counterparts, because internal conver-
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Figure 2.8: An illustration of the FET geometry used within this thesis which is known as a
top-gate bottom-contact architecture. The channel length and width of the device are indicated
as shown.
sion begins to outpace the spontaneous emission rate even when solvated.
This observation between the relationship between band-gap and mobility is not preserved
in small molecule organic semiconductors. For example the molecule 2,6-diphenylanthracene
has been shown to present a hole mobility of over 30 cm2 V-1 s-1 with a band-gap of 2.7 eV and
a PLQY of 0.48[114]. This molecule has the highest mobility-PLQY product of any molecular
semiconductor reported to date and was used to simultaneously drive an OLED from which it
was the emissive material.

2.7

Optoelectronic Device Physics

Organic Field-Effect Transistors As discussed in Section 1.1, the first observation of the
field effect in an organic material was by F. Ebisawa et al. in 1983 using poly(acetlyene),
and the primary demonstration of a fully functioning polymer transistor by A. Tsumura et
al. in 1986. A field effect transistor (FET) is a three terminal semiconductor device with
a primary function which allows large changes in current between two of the terminals by
relatively small change in the potential of the third. However, through understanding of the
operating principles of this device it is also a useful medium to extract intrinsic properties of
semiconductors such as the field effect mobility. An illustration of the FET geometry used
within this thesis is shown in Figure 2.8.
It can be seen that there are four key components within these devices. The source and
drain electrodes which facilitate current injection into the active semiconductor layer which
can control the flow of current between the source and drain electrodes through the application
of a potential at the gate electrode. The dielectric layer insulates the gate electrode from the
semiconductor and source/drain electrodes, and therefore ideally allows no current to flow
between these points. FETs can either be specific to hole or electron transport, known as p- or
n-type respectively, or both in ambipolar transistors.
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The operation of the transistor can be understood by first ignoring the source/drain electrodes and considering the metal/insulator/semiconductor stack. If a voltage Vg is applied
between the gate and the semiconductor then the charge density n accumulated at the interface
is given by
n=

er e0V
= CiVg
d

(2.28)

where er is the relative permittivity, d is the thickness and Ci is the capacitance per unit
are of the dielectric layer. If the source and drain electrodes are now considered, the source
grounded and a voltage Vd is applied between them the potential will drop linearly across
the channel which separates them. In this case the carrier density as a function of position
x within the channel can be written as n = Ci (Vg V (x)) assuming there is no threshold for
charge injection. Given that Ohms law states J = nµ dV
dx then the current between source and
dV
drain is given by Id = µWCi (Vg V (x)) dx , where W is the width of the channel defined by
the source/drain electrodes. Integrating this across the length of the channel it can be shown
that
✓
µWCi
Id =
(Vg
L

VT )VD

VD2
2

◆

(2.29)

Where VT is a threshold for charge injection into the device. Field effect mobility is usually
evaluated in the saturation regime where Vg t VD and in which case Equation 2.29 can be
2
i
simplified to Id = µWC
2L (Vg VT ) . Therefore charge carrier mobility can be extracted in this
regime by using the relationship
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(2.30)

Because carrier mobility is dependent on the charge concentration, due to disorder and trap
filling, the mobility is a function of gate voltage and must be extracted accordingly. This
can also be possibly affected owing to heating within the device under large current densities
which would act to increase the effective mobility.
Organic light-emitting diodes An organic light emitting diode (OLED) is a two terminal
device which converts electric current into light, a process known as electroluminescence. As
discussed in Section 1.1, electroluminescence from a polymer has been known for around 50
years, but was developed for modern semiconducting polymers by J. Burroughes et al. in
1990. In its most basic form an OLED consists of an molecular semiconductor sandwiched
between two electrodes, usually of different work-functions as illustrated in Figure 2.9 a).
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d)

Figure 2.9: a) A cartoon illustrating the energy levels of the OSC and the high and low workfunction electrodes before they are brought into contact. b) Once the OSC is sandwiched
between the contacts, the Fermi level will equlibrise across the device result in a built in
voltate (Vbi ). c) Once a suitable electric field is applied across the device in forward bias
to just counteract the build in potential this will result in a flat band structure. d) Once this
voltage is exceeded carriers flow between the contacts and can recombine to form excitons
within the bulk of the OSC.
In many cases ITO coated with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is utilised as a high work-function electrode, and aluminium or calcium used as
the other. When this structure is formed, the Fermi level will equalise across the device to
obtain thermal equilibrium and will result in a built in potential across the organic component
as illustrated in Figure 2.9 b).
When the device is polled in forward bias it will initially reduce the built in potential
until a flat band condition is met. If the device is biased to voltage greater than the built
in voltage in the forward direction it will now make it energetically favourable for carriers
injected into the HOMO/LUMO from the anode/cathode to drift across the device. This results
in a turn-on voltage being present in OLEDs and is equivalent to the difference in cathode and
anode work-functions. Once in the device the injected holes and electrons will drift at speeds
proportional to their charge carrier mobility. Because the mobility of electrons in many organic
systems is substantially lower than holes, the recombination zone can be located near to the
cathode, and which can quench excitation. When the electrons and holes recombine, they can
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either create singlet or triplet excitons of which the singlet creation efficiency is denoted fem .
The maximum external quantum efficiency which is the ratio of photons emitted to injected
electrons, of an OLED has been described by the equation
EQE = fc ⇥ fem ⇥ PLQY ⇥ foc

(2.31)

where fc is the efficiency of electron and hole capture, and foc is the light out-coupling
efficiency. Traditionally the maximum value of fem for a fluorescent OLED is 0.25 owing to
spin statistics, however with the advent of processes such as thermally activated delayed fluorescence this may be substantially higher. This EQE is not constant in all regimes of device
operation and because of the exciton-polaron and exciton-exciton annihilation processes described in Section 2.5, the PLQY can decrease as a function of current and exciton density.
Therefore a roll-off point J90% defined as the current density at which the EQE drops to 90%
of its maximum and can range from below 1 mAcm-2 to almost 1000 mAcm-2 depending on
the material system. In order to create bright electroluminescent devices, it is not enough that
the peak device EQE is large, but it must be large at high current densities.
Within this thesis the OLEDs which will be presented emit in the NIR and therefore a
suitable metric for brightness must be chosen. Many measures of this, including the lumen,
are relative to the spectral response of the eye at a particular wavelength and therefore long
wavelength emission will be penalised. When applications which do not require visible light,
such as communications, are a potential end use, the spectral response of the eye is not a
meaningful metric. Therefore many the LEDs fabricated from NIR emitting systems such as
organic-inorganic perovskites are measured using Radiance. This is defined as the light power
emitted by a source per solid angle per source area (Wm-2 str-1 ). Very recently, large advances
have been made in brightness of NIR OLEDs which can operate with radiance of up to 400
Wm-2 str-1 at 740 nm[115]. However, the vast majority of organic systems reported to date
have values below 1 Wm-2 str-1 .

Chapter 3
Experimental methods
3.1

Spectroscopic techniques

Film and solution preparation Spectroscopy was performed on both polymer systems dissolved in solvent and thin films coated onto rigid substrates. In order to create both of these
sample types, a concentrated solution of polymer was first made up. Polymer powder was
weighed inside of a weighing paper boat and the scale was allowed to stabilise over a period
of minute. The value of the weight was found to vary by up to 5% for identical samples,
which introduces an experimental error into concentration dependent experiments. The polymer powder was subsequently transferred into a stoppered glass vial and transferred into a
MBraun nitrogen filled glovebox. This atmosphere has a nominal H2 O and O2 concentration
of <1 ppm, although on occasion it was found to rise above this value. In order to make
concentrated stock solutions, a volume of solvent was added to the vial. Usually the target
concentration was approximately 10 g/l although it could vary from this depending on the
quantity of polymer available or the needs of the particular experiment. Once the solvent was
added the filled vial was heated at 70ºC on a hotplate inside the glovebox for approximately 1
hour to aid dissolution. If the polymer was found to be difficult to dissolve, a magnetic stirring
rod could be utilised.
In order to create solutions for spectroscopy the concentration was reduced to concentrations between 0.01 g/l - 1 g/l depending on the requirements of the experiment. This was then
transferred into a stoppered, quartz cuvette with a path length of 1 mm.
Spin-coating was utilised as a method of fabricating thin films of polymer. This process
involves depositing a concentrated solution of material onto the desired substrate which can
then be rotated using a set procedure of angular velocities. The substrate is held in place
with a vacuum chuck and when rotated it first causes the solution to spread over the substrate
surface. Following this, excess solution will be removed from the substrate by the centripetal
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force. This will leave a thin, surface tension bound film remaining on the substrate surface.
The flow of the atmosphere caused by the rotating substrate will speed evaporating of this
film and, once finished, leave a thin film of solid material. The thickness of this final film
is dependent on two key parameters, the speed of chuck rotation and the concentration of
solution. Within this thesis, concentrations on the order of 10 g/l were used. Usually spin
coating was performed with an initial ramp of 5s in order to spread the solution, and following
90s at a speed of 1400 rpm at which point the bulk solvent was evaporated, a final 20s was
performed at 5000 rpm in order to remove any remaining solvent the edges of the substrate.
This resulted in film thicknesses of approximately 50 nm, and was highly reproducible.
Prior to spin-coating the substrates were cleaned by via ultrasonic cleaning to remove particulates which can reduce the quality of the final polymer film and introduce pin-holes. The
substrates were first cleaned in a deionised water/Decon90 solution for 10 minutes, followed
by 10 minutes in deionised water, acetone and isopropanol. Following this they were dried
using a nitrogen gun. If it were required for the subsequent procedures, exposure to oxygen
plasma was performed in a plasma asher. For spectroscopy measurements 15 mm diameter
circular spectrosil substrates were utilised as a substrate. For PDS, 13 mm diameter water-free
spectrosil substrates were utilised. For structural characterisation 10×15 mm silicon (1,1,1)
wafers with native oxide were used. OLEDs were fabricated on ITO patterned 12×12 mm
glass substrates with a 8 mm indium tin oxide stripe.
Absorption spectroscopy Absorption spectroscopy is a method of determine the spectrally
resolved light absorption of a sample. As discussed in Section 2.4 the time varying electric
field component of light will perturb the electronic system and induce transitions between the
ground and excited state, and in doing so absorbing a photon. The rate of this absorption
will depend on the overlap between the ground and excited electronic, vibrational and spin
wavefunctions, as well as the density of final states. Due to the changing nature of these four
parameters, there will be a difference in the absorption of a sample as a function of photon
energy which can link the initial and final states. Therefore the ideal absorption spectrum of a
single component sample will be a continuous function indicating the transition rate between
the ground state and a range of excited states. However, effects such as Rayleigh scattering
can contribute to the effective absorption if refractive index variation exist within the sample
due to aggregation or defects. This will result in a scattering process which scales in intensity
with a l-4 dependence, which can lead to a background as the wavelength decreases.
How strongly a sample absorbs light is known as the absorbance and which can take values
between 0-1. To quantify the absorption strength of individual molecules, so to calculate
parameters such as the Förster radius, the molar absorption coefficient (e) is utilised. This can
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Figure 3.1: The generalised experimental set up for measuring the fluorescence spectrum using
a strip photodiode and a scanning monochromator with a single photodiode. The excitation
light beam is focussed onto the sample which can be placed into an inert atmosphere to prevent
photooxidation. The sample will then fluoresce with broadband emission, a portion of which is
collimated and subsequently focussed into the slits of a monochromator. In the case of using
a strip photodiode (Spectrometer 1), the monochromator will spatially separate the photon
energies which will be incident on a calibrated one dimensional array of diodes. In the case of
a photomultiplier tube (Spectrometer 2), the monochromator will scan the wavelength incident
on the detector. Note that a filter may be added between sample and spectrometer to block
scattered laser light.
be calculated by measuring the absorbance of a solution with known molarity (M) and path
length (L) and using the equation e(l ) = A(l )/ML and has units of M-1 cm-1 . Molecules with
high molar absorption coefficients are organic dyes which possess high oscillator strength and
can take values >105 M-1 cm-1 .
The experimental apparatus used to measure the background corrected absorption spectrum was a John Woollam M2000 spectroscopic ellipsometer set in transmission mode. Samples
were prepared as described previously and for a 1 mm path length cuvette concentrations of
between 0.01-0.1 g/l used and for thin films thickness of between 10-100 nm.
Steady-state fluorescence spectroscopy Like absorption, the transition probability between
the excited and ground state will depend on the various wavefunction overlaps and therefore a
spectrally varying continuous intensity will be observed. The generalised experimental layout
of a generalised fluorescence spectroscopy set-up is shown in Figure 3.1.
Two different experimental set-ups were utilised to measure fluorescence spectra. The
first was home built using a 407 nm LDH-P-C 400B pulsed laser diode as the excitation
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source and a monochromator coupled to a silicon diode array as the detector. Thin films were
excited within a nitrogen filled holder and solutions measurements were performed within
the stoppered cuvettes in air. The second set-up used was an Edinburgh Instruments FLS980
fluorimeter with a Xenon lamp coupled into a monochromator as the excitation source. In
this case a photomultiplier tube was used as a detector and the fluorescence wavelength was
scanned using a monochromator.
Fluorescence quantum yield The FQY is a value which describes the efficiency of a material system to convert excitons into photons, and is discussed in Section 2.4. In order to perform
a measurement of FQY the sample must be excited with a light source and the amount of light
absorbed and re-emitted determined. However, because of the refractive indices of polymer
films, substrates and cuvettes it is possible for wave-guiding to occur which creates highly
anisotropic emission, which can make this measurement difficult. In order to circumvent this
problem, an integrating sphere is utilised. This apparatus is a sphere coated internally with
barium sulphate which scatters light isotropically and negating the effects of anisotropic emission. In the set up utilised presently, one end of the sphere is coupled to a fibre optic cable
which transports the signal to an Andor Shamrock SR-500i spectrometer. The input slits on
the spectrometer define the spectral resolution and therefore were maintained below a 100 µm
separation. The spectrometer is further connected to either an Andor iDus 420 silicon detector,
used in the visible regime and an Andor iDus DU490A InGaAs detector, used in the NIR. The
excitation laser used was a 523 nm Thorlabs CPS532 continuous wave diode laser.
The methodology used here to determine the FQY is based on a protocol reported by C.
Wurth et al.[116]. First an excitation beam is directed into a nitrogen filled sphere and the
background corrected spectrum measured, known as the not scan. The spectra were measured
using an acquisition time of 0.01 seconds and summed over 1000 accumulations. Care was
taken to ensure that the signal did not exceed the limits of the detector of 6×104 counts per
acquisition. Following this the sample is loaded into the sphere in the path of the laser beam
and again the spectrum is measured, known as the on scan. The spectra are divided by a
wavelength dependent calibration, shown in Figure 3.2 a) which was itself calculated using a
calibrated standard broad band white light source and comparing to the signal detected by the
spectrometer. Following this, the relative amount of light absorbed by the sample can be found
by subtracting the integrals over the laser intensity and the amount of emission determined by
integrating over the lower energy photoluminescence. The FQY can then be found using the
equation
R P2

P1 Ion (l )dl
R L2
L1 Inot (l )dl
L1 Ion (l )dl

FQY = R L2

(3.1)
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a)

b)

Figure 3.2: a) The detector calibration curves for the silicon and InGaAs detector. b) An
example measurement of a polymer semiconductor showing the absorption of the laser once
the sample is placed into the integrating sphere and the resultant fluorescence.
where the integrals bounds define the wavelength range of the laser line (L1 L2) and the
photoluminescence (P1 P2) respectively. One of the major errors in this experiment is laser
intensity fluctuation between not and on measurements. In order to prevent this the lasers used
were allowed to warm up for 1 hour in advance of the experiment. Moreover the experiment
was repeated twice for every sample to ensure that the laser remained the same intensity, if it
was found to have fluctuated outside of a nominal range the results were discarded.
Reference polymer samples of and F8BT and F8TBT were found to have FQY of 0.48
± 0.05 and 0.09 ± 0.01 using this technique, consistent with what has been reported in the
literature[80, 117]. This suggests this PLQY measurement protocol is accurate and that the
calibration is correct.
Another popular methodology which has been reported in the literature is to take an additional measurement which is the sample inside the integrating sphere but not directly excited
by the laser[118]. This is argued to help further account for the effect of anisotropic emission
within the sphere. However, only relatively small differences were found between the PLQY
extracted using this technique and that previously reported here.
Transient fluorescence spectroscopy Time correlated single photon counting (TCSPC) was
used to determine the decay kinetics of excitons. As the name suggests it works by building a
histogram of photon detection occurrences at varying time intervals after a start signal has been
initiated, of which a visualisation is shown in Figure 3.3 a). The TCSPC detection electronics
used were an Edinburgh Instruments LifeSpec -ps with built in monochromator. Samples
were excited using a 407 nm LDH-P-C 400B pulsed laser diode with a tuneable repetition rate.
Simultaneous to the emission of a pulse, an electronic signal is sent to the detection electronics
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a)

b)
Figure 3.3: a) A diagram illustrating the TCSPC experiment whereby the time delay between
a prompt electrical signal and the arrival of a photon is detected. b) The instrument response function measured for the 407 nm LDH-P-C 400B laser and the Edinburgh Instruments
LifeSpec -ps electronics by measuring the decay at the wavelength of the laser excitation
scattered from a sample.
to begin the timing procedure. The electronics will measure the time delay between the start
signal and the arrival of a photon of wavelength selected by the monochromator.
The accuracy of the TCPSC electronics relies on one photon being collected per 50-100
pulse cycles[119]. In order to achieve this, low photon detection rates of between 1000-20000
s-1 were used. TCSPC operates in the 10 ps -100 ns time window and can be limited by
the width of the excitation pulse, or electrical limits. In order to determine the limits of the
technique described here an instrument response function can be generated by measuring the
TCSPC histogram generated at the wavelength corresponding to the excitation wavelength.
This is shown in Figure 3.3 b) and prevents the clean extraction of decays with lifetimes
below 200 ps.
A small number of measurements were performed using a different set up to that aforementioned above with an excitation pulse generated form the output of a tuneable Ti:sapphire
laser sapphire laser which had a pulse width of < 1 ps1 . This afforded much higher time res1 This

was performed by Chaw-Keong Yong at the University of Oxford
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olution than that achieved with the pulsed diode laser and was used to determine the kinetics
of samples with very short exciton lifetimes.
Transient absorption spectroscopy In order to determine the kinetics of various species
within organic semiconductors such as singlet excitons, triplet excitons and polarons, transient
absorption spectroscopy (TAS) is utilised. These species display unique spectral absorption
below the ground state optical band gap and are illustrated in Figure 3.1 a). By measuring the
time dependence of the transmission of a sample following optical excitation, it is possible
to isolate and extract the kinetics of individual species. TAS can be carried out with time
resolution arising from electrical gating for long timescales usually over 1 ns, and optical
gating utilising non-linear optics for timescales shorter than 1 ns.
For measurements requiring sub 1 ns timescales, the pump and probe pulses were generated from the output of a Spectra-Physics Solstice Ti:sapphire laser which operates at a
repetition rate of 1 kHz at 800 nm2 . This beam was split into two where one component was
passed through a TOPAS optical parametric amplifier which was used to tune the excitation
wavelength of the pump pulse. The time delay was created by passing the second component
through a mechanical delay stage with a range of approximately 0.1 ps - 1.5 ns. The broadband probe was formed by passing this component through a non-collinear optical parametric
amplifier. The samples were thin films spin coated onto spectrosil substrates as described
previously but encapsulated inside of a nitrogen atmosphere using a cover slip and two-part
epoxy which was allowed to harden overnight. The pump and probe were aligned onto the
sample so that the pump beam overlapped the smaller probe beam. After passing through the
sample the probe was directed into a into a Andor Shamrock SR-303i spectrometer and the
spectra detected using a Hamamatsu 512 pixel linear strip diode.
For transient absorption on timescales longer than 1 ns, optical gating is impractical and
therefore an electrically gated measurements were performed using a custom-built board from
Stresing Entwicklunsbüro.
Exciton diffusion length As discussed in Section 2.4, excitons have the ability to spatially
diffuse within organic semiconductors and the root mean square displacement that they travel
before decay is known as the exciton diffusion length (LD ). Aside from the practical uses
such as in solar cells, this length-scale is an important parameter in understanding the physical effects resulting in changes of the exciton trap density, radiative and non-radiative rates.
There are many experimental methodologies to determine this quantity, and almost all of them
2 These measurements were performed by Jasmine Rivett of the Cavendish Laboratory but the results analysed

by the present author.
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a)

b)
Figure 3.4: a) An illustration of the transient absorption signals which are present in organic
semiconductors including the ground state bleach, singlet exciton, stimulated emission and
polaron. The arrows indicate the signals intensity as a function of time. b) A generalised
diagram of the transient absorption spectroscopy utilised showing the paths of pump and probe
beams.
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utilise controllable excitation quenching. Common well studied methods include, interface
quenching, bulk quenching and exciton-exciton annihilation which can be performed either
in steady state, or using time resolved techniques. Bulk quenching was chosen as the most
suitable method for a number of reasons. The first is because the analysis of the quenching
efficiency relies on the assumption that the quenching efficiency of an exciton in direct contact
with a quencher is unity. This cannot be guaranteed in surface quenching. Moreover, surface
quenching only determines the diffusion length out of the plane of the substrate. On top of
this, obtaining a perfect interface between quencher and test film can be difficult, and previously has relied on cross-linked PCBM to prevent diffusion. Therefore bulk quenching was
chosen as a methodology.
Bulk quenching is performed by blending a polymer film with small, controlled quantities
of an excitation quencher. PCBM is utilised for this method for this purpose due to its relatively high solubility and its very large (assumed unity) quenching efficiency. As the PCBM
concentration is increased, excitons will have to diffuse a smaller distance to interact with
them, and therefore the FQY will decrease. In order to understand the relationship between
PCBM concentration ([PCBM]), LD and quenching efficiency Equation 2.21 must once again
be considered. If a further quenching rate (kQ ) by the presence of PCBM is included here it
will become
FQYQ =

kr
.
kr + Âi knr,i + kQ

(3.2)

Therefore the ratio of FQY without the presence of external quencher to that with quencher is
given by
Q=

kQ
FQY
= 1+
= 1 + t0 kQ
FQYQ
kr + Âi knr,i

(3.3)

where t0 is the exciton lifetime in the absence of external quencher. If it is assumed that
quenching is diffusion limited it can be shown that in the steady state that kQ = 4pDRQ [PCBM]
where D is the sum of the fluorophore and quenchers diffusion coefficients and RQ is the
quenching radius and which is usually assumed to be 1 nm for PCBM[78, 120]. Therefore
Equation 3.3 can be rewritten as
Q = 1 + 4pRDt0 [PCBM]

(3.4)

which is known as the Stern-Volmer relationship and is used regularly to to determine excitonic parameters such as diffusion coefficient and diffusion length in organic semiconductors[78].
Given that the PCBM quencher is assumed static, D is then equal to the exciton diffusion coef-
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ficient. Therefore given Equation 2.20, the diffusion coefficient can be re-written in terms of
exciton diffusion length and exciton lifetime in the absence of PCBM and therefore can be
re-written as
2
4pRLD
[PCBM].
(3.5)
n
It should be noted that this model makes the assumption that the PCBM molecules are dispersed evenly throughout the polymer film and that minimal aggregation occurs. Evidence of
aggregation would be present in the results and would present a non-linearity in the Q as the
PCBM concentration is increased.
Practically the fluorescence ratio Q is equal to the ratios of FQY with and without the
presence of quencher. However, it was found that if care was taken to ensure that the films
containing varying concentrations of PCBM had the same optical density, then steady state
fluorescence intensity could also been used with low experimental error. This steady-state
procedure has been demonstrated at length in the literature. To deposit the films, first solutions
were prepared with a constant concentration of polymer and with varying concentrations of
PCBM. PCBM/Polymer ratios of 0.01-1 wt.% were used and were spin-coated onto cleaned
spectrosil substrates using the methodology described previously in this section. The PCBM
concentration was converted from wt. % into nm-3 by assuming a polymer density of 1.2
gcm-3 . The fluorescence intensity at the peak of emission was then measured as a function
of PCBM concentration in an FLS980 fluorimeter using a small excitation profile so that only
an approximately 2 × 2 mm spot in the centre of the substrate was measured. The excitation
intensity and position of the substrates was maintained constant for all PCBM loadings to
ensure the series was comparable. A representative fluorescence quenching series is shown
in Figure 3.5 for F8BT. This illustrates the experimental accuracy of this technique as the
fluorescence ratio varies linearly with PCBM concentration and suggests PCBM aggregation
is negligible. It is fitted with Equation 3.5 and an exciton diffusion length of (12.1 ± 0.1) nm.
This is within the limits of what has been reported previously in the literature for F8BT[121].

Q = 1+

Photo-thermal deflection spectroscopy Absorption spectroscopy is limited in its sensitivity and dynamic range and therefore is not suitable in assessing the sub-bandgap states in
semiconductors. Photo-thermal deflection spectroscopy utilises the mirage effect in order to
very accurately determine the absorption profile over many order of magnitude. Signal from a
white light source (pump) is passed through a monochromator followed by a chopper and directed onto the sample immersed within fluorinert FC-72. The incident light will be absorbed
and heat the surrounding area via non-radiative relaxation to form a temperature gradient. A
separate beam (probe) from a continuous wave 670 nm diode laser is incident on the thermal
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Figure 3.5: The fluorescence ratio (Q) of F8BT as a function of PCBM concentration fitted
with a Stern-Volmer analysis yielding an exciton diffusion length of (12.1 ± 0.1) nm.
gradient, which induces a refractive index gradient and thus causes the light to deflect proportional to the absorbed light[42]. Therefore by scanning the pump beam across the wavelength
range it is possible to determine relative absorption by monitoring the deflection using a split
photodiode which is locked in to the frequency of the pump chopper.
This technique allows determination of the Urbach energy (EU ) of a material as well as
observing the absorption of sub-bandgap states such as charge transfer excitations or low-lying
traps. This can be achieved by fitting the absorption profile in the vicinity of the bandgap with
the relationship
A(E) = A0 e((E

Eg )/EU )

(3.6)

where A(E) is the absorption coefficient at photon energy E around the bandgap energy Eg .
This extraction can give an indication of the energetic disorder present within a polymer semiconductor system. However, there are limitations with this treatment which derive from the
fact it probes the joint density of states, and not the HOMO or LUMO individually. For example, the HOMO and LUMO could be highly disordered, but if the disorder is correlated and
the energy gap between the states remains constant, and would give an artificially low value
of disorder.
X-ray diffraction In order to determine the structure of some polymer semiconductors, xray diffraction (XRD) was utilised. This process involved observing the scattering angle of
mono-chromatic x-rays from the surface of a sample. XRD was performed at the Swiss Light
Source at beam-line X04SA MS-Surf-Diffr using a beam energy of 15.5 keV. When monochromatic x-rays of wavelength l are incident on surface of a sample which has a periodicity
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of electron density d, then constructive interference of the reflected wave will be present for
nl = 2dsin(q )

(3.7)

where n is an integer denoting the order of diffraction, and q is the angle of the beam to the
surface of the sample. In this XRR measurement the beam source was stationary, the sample
scanned by an angle q and the Pilatus 100 detector scanned at angle of 2q simultaneously. By
measuring the intensity of the scattered x-ray as a function of angle, it was possible to gain information about the out of plane component of the thin film structure. The measurements were
performed inside of an argon filled Kapton dome to prevent beam damage through oxidation.

3.2 Device techniques
Transistor fabrication and characterisation Transistors were fabricated in a top-gate bottom contact structure, which is illustrated in Section 3.2. Initially the source and drain electrodes were deposited using photolithographic means. The cleaned glass substrates were exposed to oxygen plasma at 300 W for 10 minutes in order to increase the surface energy and
remove any remaining contaminants from the solvent cleaning. LOR5A (Microchem) was
deposited by spin coating at 5000 rpm for 30 seconds and baked on a hotplate at 115°C for
2 minutes. Following this S1813 (Dow) was spin coated on top of the LOR5A layer at 5000
rpm for 30 seconds and subsequently annealed at 180°C for 5 minutes. The substrates were
then quenched on a cold metal surface.
The photoresist layers were exposed through a patterned photomask for 12 seconds using
a Karl Suss mask aligner. Following this they were developed in MF319 (Dow) for 30 seconds
with agitation and subsequently in de-ionised water for 10 seconds and dried with a nitrogen
gun. The patterned photoresist substrates were again exposed to oxygen plasma as before but
at a lower power of 50 W for 1 minute to remove any residual photoresist in the patterned
areas.
Source and drain electrodes were deposited by first thermally evaporating 10 nm of titanium as an adhesion layer followed by nm of gold as the electrode. Removal of the unwanted photoresist and gold was completed through immersion in n-methyl-2-pyrrolidone
(Sigma) overnight and subsequent ultrasonification in isopropanol. Following this the semiconductor layer was deposited by spin coating from a concentrated solution of approximately
10 g/l as described previously. This layer could be annealed using a hotplate inside of a nitrogen glovebox at a temperature of between 25-300°C. A dielectric layer was deposited on top
which was usually 500 nm of the low dielectric constant Cytop (Asahi Glass). Finally the gate
electrode was deposited via thermal evaporation of aluminium through a shadow mask on top
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of the dielectric layer.
Electrical characterisation was performed using a Agilent 4155B Semiconductor Parameter Analyser. For transfer measurements the current was measured at the drain contact,
which was held at a fixed voltage while the gate voltage was swept. In the saturation regime
for a p-type transistor, a typical experiment would be to hold the drain at a voltage of -60 V
and sweep the gate from 10 V to -60 V. For output measurements the gate was held at a an
increasing fixed potential of between 0 V - -60 V and the drain voltage swept at every point.

OLED fabrication and characterisation OLEDs were fabricated onto 12⇥12 mm substrates coated with a 8⇥12 mm conductive ITO electrode. Following solvent cleaning the
substrates were exposed to oxygen plasma for 10 minutes at 300 W as described for the transistors. Following this they were coated with a p-type conductor and hole injection layer
PEDOT:PSS by spin-coating from a dispersion in water at 5000 rpm for 1 minute at ambient conditions. The substrates were transferred into a nitrogen filled glove-box where the
PEDOT:PSS layer was annealed at 140°C for 1 hour. Following this the active layer was
spin coated at 1400 rpm for 2 minutes as described perviously. The cathode was formed by
thermally evaporating 20 nm of calcium followed by 100 nm of silver through a shadow mask
to define a pixel size of 4.5 mm2 . The devices were subsequently legged with metal electrodes
to allow electrical characterisation and could be encapsulated using a cover slip and a 2-part
epoxy resin which was allowed to solidify overnight.
Electrical driving and characterisation was performed using a Keithley 2400 source measure unit connected to each pixel via a switch board. Characterisation of the electroluminescence spectrum of these devices was carried out using a Ocean Optics USB spectrometer
coupled to a fibre optic cable which could be aligned to each active pixel using a x-y stage.
This was usually performed at a current density of between 0.1-100 mAcm-1 and a spectral
change with voltage and current density was tested for.
The external quantum efficiency and brightness were determined utilising a calibrated antireflection coated silicon photodiode placed at a known distance from the pixel, nominally
10-20 cm, as illustrated in Figure 3.6 a). The quantum efficiency as a function of photon
wavelength of the photodiode is shown in Figure 3.6 b). Because the diodes reported within
this thesis are planar, it was assumed that the emission assumed a Lambertian profile. Because
the emission profile of the electroluminescence is broad, photons of different energy reaching the detector will be converted to current with different quantum efficiencies. Therefore
the C value is defined and can be calculated by taking into account the overlap between the
electroluminescence spectra (S(l )) of the OLED and the detection diode’s quantum efficiency
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a)

b)

Figure 3.6: a) A diagram of the experimental set-up used for OLED characterisation. b) The
quantum efficiency as a function of wavelength for the anti-reflection coated silicon diode
utilised for EQE and brightness characterisation of OLEDs.
(Q(l ), Figure 3.6 b)) given by the equation
C=

R

Q(l )S(l )dl
R
.
S(l )dl

(3.8)

This is a weighted average of the sensitivity of the detector to the emitted photons and allows
a single value of quantum efficiency to be utilised.

Chapter 4
The optoelectronic properties of
poly(indacenodithiophene-cobenzothiadiazole)
derivatives
4.1

Chapter introduction

It is a well known phenomenon that emissive chromophores such as dyes, OSCs and often inorganic quantum dots undergo a reduction in FQY upon aggregation. This Chapter
deals with the aggregation induced fluorescence quenching which is present in derivatives
of poly(indacenodithiophene-co-benzothiadiazole). Although methodologies have been developed previously to suppress aggregation induced fluorescence quenching in polymer semiconductors, it has never been dealt with systems which are proven to exhibit high charge
carrier mobilities over 1 cm2 /Vs. IDTBT was chosen as a test bed to explore fluorescence
quenching in polymer semiconductors due to a combination of large charge carrier mobility
of < 2 cm2 /Vs and its relatively large FQY in solution of 0.20. This large solvated FQY is
in fact relatively unique for high charge carrier mobility systems because the vast majority of
them have substantially lower optical band gaps and therefore suffer more from the energy
gap law. It was postulated that because the intrinsic FQY was large, methodologies could be
developed to retain this in the solid state.
It was initially hypothesised the source of this reduction in the high mobility polymer semiconductors in the solid state such as poly(indacenodithiophene-co-benzothiadiazole) (FQY =
0.02), was the formation of H-aggregates as discussed in Section 2.5.In the beginning of this
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Chapter the effects of aggregation on the radiative and non-radiative rates of four derivatives
of IDTBT are studied, each with a different solubilising side chain. It is found the aggregation induced quenching process is in fact due to an increase in the non-radiative rate and
therefore H-aggregation is ruled out as a potential mechanism. It is found that the solid state
PLQY can be varied by over an order of magnitude in the range of 0.01 to 0.17 between the
different side chain derivatives and which correlates with an increase in exciton lifetime and
diffusion length. These observations gave evidence to rule out a trap limited diffusion at extrinsic quenching sites such as hydrated oxygen species which would not be expected to vary
dramatically by small modifications to side chain. Therefore the quenching mechanisms in
these systems were explored further. It was found through transient absorption spectroscopy
that a long lived decay in the ground state bleach is observed which is visible until 1000 ns
after excitation. This is speculated to be owing to dark states, of which the most likely origin
is an inter-chain polaron-pair.

4.2

The effect of alkyl chain structure on the optoelectronic
properties of
poly(indacenodithiophene-co-benzothiadiazole)

It is known that the aggregation properties of organic chromophores can be modified by changing the structure of the alkyl chains that flank the conjugated core and which are primarily
used for increasing the molecule’s solubility. This has been used previously to induce Hor J- aggregation, or modify the intermolecular interactions for a given molecular core and
be leveraged to affect the solid state fluorescence quantum yield and charge carrier mobility. The proceeding hypothesis was that by changing the structure of alkyl chain structure
in high charge carrier mobility systems, the intermolecular interactions could be modified
and therefore improve its solid state FQY. Although the mechanism by which aggregation
quenches fluorescence will be discussed later in this Chapter, it was initially hypothesised that
H-aggregation played a large role in this process. IDTBT was chosen as a conjugated core due
to a number of factors. The first was that it can possess high charge carrier mobilities despite
a lack of long range order. Therefore side chain modification was not thought to significantly
influence its overly amorphous microstructure. Secondly, side chain variants for this conjugated core were easily accessible. The conjugated monomer of R-IDTBT is shown in Figure
4.1 a) which consists of an electron rich indacenodithiophene (IDT) unit and an electron poor
benzothiadiazole (BT) unit. This core is attached to solubilising chains at the bond designated
with an R. The four alkyl chains were investigated in this study are hexadecyl (C16), dodecyl
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(C12), 3-hexadecylbenzene (P-C16), 2-hexyloctane (C2C6) and are shown in Figure 4.1 b)1 .
The solution absorption spectra of C16-IDTBT and P-C16-IDTBT, the two prominent
derivatives studied within this work are shown in Figure 4.1. It can be seen that the P-C16IDTBT possesses a larger optical bandgap even in its non-aggregated state. It was postulated
that this may arise from separation of the electron donating alkyl chains from the conjugated
core which acts to reduce the IDT unit’s donating character. In comparison the thin films
preserve a difference in optical band gap but are both shifted to longer wavelengths. This
observation is also seen in the fluorescence measurements whereby the P-C16-IDTBT emits
at a higher photon energy than C16-IDTBT. It can also be seen that the spectra become sharper
indicating a reduction in the disorder in the thin film as compared to solution.
PLQY measurements were carried out on solutions and neat thin films of the four side
chain derivatives, using the methodology described earlier and the extracted values are shown
in Table 4.1.
Polymer
C16-IDTBT P-C16-IDTBT C2C6-IDTBT
Solution FQY
0.20
0.23
0.24
Thin film FQY
0.02
0.17
0.03
Solution lifetime (ns)
1.38
1.64
1.54
Thin film lifetime (ns)
0.09
0.74
-

C12-IDTBT
0.20
0.01
1.36
-

Table 4.1: The PLQY and fluorescence lifetime of the four IDTBT derivatives in solvated in
o-DCB and in the thin film.
The most striking observation here is the large variability in the PLQY in the solid state.
For example C16-IDTBT presents a low thin film fluorescence quantum yield of 0.02 whereas
P-C16-IDTBT presents a substantially larger value of 0.17. C2C6-IDTBT and C12-IDTBT
have similar low fluorescence quantum yields to that of C16-IDTBT however their differences
are not accounted by the experimental error and therefore assumed to be real physical properties. It can be seen that there also exist small differences in the solution FQY whereby C16IDTBT and C12-IDTBT have a similar FQY of 0.20 but C2C6-IDTBT and P-C16-IDTBT
have larger values of 0.24 and 0.23 respectively. The potential origins of this will be discussed
later in the Chapter.
In order to determine whether the differences in FQY were due to non-radiative quenching
or a consequence of a reduction in the radiative rate - the latter indicating H-aggregation - the
fluorescence lifetime was measured for solutions of all the polymers as well as the thin films
of C16-IDTBT and P-C16-IDTBT of which the traces are shown in Figure 4.2 accompanied
by extracted lifetimes in Table 4.1. In line with the FQY measurements, the C12 and C16
1 The

C16, C12 and C2C6 derivatives were generously provided by the Iain McCulloch research group and
Imperial College London. The P-C16-IDTBT derivative was generously provided by Merck, Southhampton UK.
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a)

b)

c)

d)

e)

f)

Figure 4.1: a) The indacenodithiophene-co-benzothiadiazole backbone b) The four alkyl
chains investigated in this study: 4-hexadecylbenzene, 2-hexyl octane, hexadecyl and dodecyl
(left to right) where the R- group indicates the attachment point to IDTBT. c) The absorption spectra of C16-IDTBT and P-C16-IDTBT when dissolved in o-dichlorobenzene d) The
absorption spectra of C16-IDTBT and P-C16-IDTBT in the as-cast thin film. e) The fluorescence spectra of C16-IDTBT and P-C16-IDTBT when dissolved in o-dichlorobenzene. f) The
fluorescence spectra of C16-IDTBT and P-C16-IDTBT in the thin film.
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b)

Figure 4.2: The fluorescence decays measured at 718 nm for C16-IDTBT and P-C16-IDTBT
in both solution and the solid state.
derivatives possess the same exciton lifetime in solution which indicates the same radiative
and non-radiative rate for each derivative. It can be observed from Figure 4.2 and from Table
4.1 that thin film P-C16-IDTBT has a much larger fluorescence lifetime than C16-IDTBT in
the thin film, having values of 0.74 ns and 0.09 ns respectively. When the radiative and nonradiative rates are extracted from these lifetimes using Equations 2.22 and 2.23 it is found
that the larger PLQY and lifetime in P-C16-IDTBT is due to a lower aggregation-induced
non-radiative rate, as shown in Table 4.2.
Polymer
C16-IDTBT P-C16-IDTBT C2C6-IDTBT
-1
Solution kr (ns )
0.14
0.14
0.16
-1
Solution knr (ns )
0.58
0.47
0.49
-1
Thin film kr (ns )
0.25
0.23
-1
Thin film knr (ns )
10.9
1.13
-

C12-IDTBT
0.15
0.59
-

Table 4.2: The radiative and non-radiative rates of all IDTBT side chain derivatives in solution
and in the thin film. The errors on these values are approximately 11%.
To summarise the important insights at this point there are a number of key observations:
1. All derivatives of IDTBT have relatively large FQY in solution of over 0.2.
2. Aggregation of chains increase the non-radiative rate of all IDTBT derivatives which
reduces its FQY.
3. The increase in non-radiative rate upon aggregation can be varied by modifying the
solubilising side chain. This allows FQY to vary from 0.01-0.17 in the thin film.
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4. P-C16-IDTBT prevents the non-radiative quenching most effectively and this could be
due to the bulky phenyl group located adjacent to the conjugated core. One hypothesis
is that this is acting in a similar manner to the side chain modification used by B. Yap et
al.[38].

4.3

The effect of alkyl chain structure on the exciton diffusion length and trap density in
poly(indacenodithiophene-co-benzothiadiazole)

Based on the fact that excitons formed within P-C16 possess a longer lifetime than those
in the other materials, combined with the fact that the exciton diffusion length is given by
p
the relationship LD = nDt as discussed in Section 2.4, it was hypothesised that this could
be substantially longer in P-C16 IDTBT in comparison to the other polymers. To measure
the exciton diffusion length the methodology discussed in Section 3.1 was utilised. PCBM
and polymer powders are co-dissolved in the same solution with a known weight fraction
of polymer to PCBM. In practice this is achieved by first dissolving the polymer powder at
a concentration of 11.11 g/l in DCB and allowing to dissolve. PCBM stock solution were
prepared with concentrations of 1 g/l, 1/2 g/l, 1/4 g/l, 1/8 g/l, 1/16 g/l and 1/32 g/l were made
by first dissolving PCBM to a concentration of 1 g/l and diluting down by a factor of two
repeatedly. To make the blend solutions, 90 µl of the 11.11 g/l polymer solution was added to 8
vials followed by addition of 10 µl of the PCBM solutions or neat DCB. This resulted in blend
solutions consisting of 10 mg/ml of the polymer and between 0.1 g/l and 1/320 g/l of PCBM or
no PCBM. The same stock PCBM solutions were used for all polymers to reduce errors in the
comparison. Following this the solutions were agitated by shaking and heated on a hotplate at
70°C for 1 hour to help aid complete dispersion of the two components. Before spin coating
the solutions were allowed to cool to room temperature by placing the vials onto a metal
heatsink for 10 minutes. 75 µl of solution was placed onto cleaned circular quartz substrates
measuring 15 mm in diameter and spin coated at 1400 rpm for 120 s with a 5 s ramp, followed
by a 5000 rpm step for 20 seconds to remove un-evaporated solution from the edges of the
substrate. Following this the emission quenching was determined via the method discussed in
Section 3.1, and the relative fluorescence ratio as a function of PCBM concentration is shown
in Figure 4.3. The experiment was repeated for each side chain derivative as well as F8BT and
F8TBT as comparisons.
The relative fluorescence ratio of the neat polymer films in comparison to PCBM loaded
films increases linearly as the PCBM concentration is increased in line with the Stern Volmer
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Figure 4.3: The fluorescence ratios of neat polymer thin films relative to those blended with
an excitation quencher PCBM as function of quencher concentration fitted with the SternVolmer equation. The polymers studied are a) C12-IDTBT b) C2C6-IDTBT c) C16-IDTBT
d) P-C16-IDTBT e) F8BT f) F8TBT.

62

The optoelectronic properties of
poly(indacenodithiophene-co-benzothiadiazole) derivatives

framework. This gives evidence that there is that PCBM aggregation is negligible which can
lead to errors in experiment, and can occur at higher PCBM concentrations. In order to extract
the exciton diffusion length they were fitted with a Stern Volmer relationship, discussed in
Section 3.1. The extracted exciton diffusion lengths in Table 4.3.
Polymer
C12-IDTBT
C16-IDTBT
C2C6-IDTBT
P-C16-IDTBT
F8BT
F8TBT

Exciton diffusion length (nm)
6.4 ± 0.2
7.5 ± 0.1
7.1 ± 0.5
16.4 ± 0.5
12.1 ± 0.1
9.2 ± 0.1

Table 4.3: Calculated exciton diffusion length from the Stern-Volmer analysis and assuming
1d diffusion. The errors shown are the standard errors extracted from the Stern-Volmer fitting.
Firstly, the exciton diffusion length measured for F8BT is comparable to what has been
measured in literature, validating the accuracy of the experiment. It can be seen that for the
IDTBT derivatives the C12 has the lowest exciton diffusion length, C16 and C2C6 are indistinguishable outside the error of the experiment and P-C16 has by far the largest at 16.4 nm.
This confirms the hypothesis that the increase in exciton lifetime via a reduction in the nonradiative rate, whilst retaining the same conjugated core results in a longer diffusion length. In
fact the diffusion length in P-C16-IDTBT is over a factor of two larger than C16-IDTBT and is
among the largest singlet exciton diffusion lengths reported for a neat polymer semiconductor.
In order to determine how side chain modification effected the exciton diffusion coefficient, this was then calculated using the expression D = L2/t where the symbols have their
aforementioned meaning and is shown in Table 4.4.
Initially it can be seen that the exciton diffusion coefficient for both C16-IDTBT and PC16-IDTBT are substantially larger than that found in F8BT and F8TBT. This may arise from
the stronger intra-chain electronic coupling which facilitates along-chain exciton transport and
Polymer
Exciton diffusion coefficient (10-4 cm2 s-1 ) Exciton trap density (1016 cm-3 )
C16-IDTBT
63 ± 9
130 ± 22
P-C16-IDTBT
36 ± 5
14 ± 2
F8BT
7±1
8±1
F8TBT
3.5 ± 0.5
41 ± 7
Table 4.4: The extracted exciton diffusion coefficients and exciton trap densities assuming
1d diffusion and taking into account the change in non-radiative rate when transitioning from
solvated to aggregated polymer chains.
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a larger charge carrier mobility in these polymer systems. Moreover, the diffusion coefficient
found for C16-IDTBT is larger than that of P-C16-IDTBT which may be related to a bulkier
side chain which exists in the latter and potentially reduced interchain transport.
One theory of aggregation induced quenching is a trap-limited exciton diffusion length
model. Here, aggregation of the polymer chains, or small molecules, facilitates exciton diffusion which is not possible in disordered solvated chains. However, there exists a trap density
in the thin film which can quench excitation. Therefore, no matter how large the diffusion
coefficient, excitons will only be able to diffuse a distance which is prescribed by the built in
trap density. This model was discussed in detail by O. Mikhnenko who suggested that this
trap density arrises from electron transfer to a hydrated oxygen defect[78]. Here they assume
that the reduction in fluorescence lifetime upon transitioning from the solvated phase to the
thin film is solely due to a diffusion limited quenching process and that the trap density can be
given by the expression.
1
c0 =
4pRD

✓

1
tt f

1
t0

◆

(4.1)

where the symbols have their previous meanings, t0 is the fluorescence lifetime in solution
and tt f is the fluorescence lifetime of a neat thin film. However, this theoretical framework
does not consider the change in radiative rate of the systems which can be substantial in
the case of polymer alignment and H- or J- aggregation. For example, in Chapter 6 some
material systems will be discussed which possess longer lifetimes in the thin film as compared
to solution. Using Equation 4.1 in this scenario would result in a negative trap density which
is unphysical. Moreover, it can be seen from Table 4.2 that the radiative rate of both C16IDTBT and P-C16-IDTBT increases when transitioning from the solution to the solid state,
most likely due to an increase in the inter-chain electronic coupling as chain alignment occurs.
Therefore, a modification to Equation 4.1 is proposed which takes into account the differences
in non-radiative rate, rather than simply lifetime and is given by
Dknr
1
knrt f knr0 =
(4.2)
4pRD
4pRD
where knrt f and knr0 is the non-radiative rate in the thin film and solution respectively. This
has the unfortunate necessity that the PLQY has to be measured in line with the lifetime
and fluorescence quenching measurements, but is nonetheless a more accurate formalism.
Using the diffusion coefficients and the non-radiative rates the exciton trap density which
corresponds to the change in non-radiative rate for a purely diffusion limited quenching can
be calculated and is shown in Table 4.4 for C16-IDTBT, P-C16-IDTBT, F8BT and F8TBT.
It can be seen that C16-IDTBT has a significantly larger exciton trap density than the other
c0 =
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three polymers and is almost an order of magnitude to what is found in P-C16-IDTBT, which
is almost as low as F8BT. The extracted exciton trap density for F8BT is identical to that
reported by O. Mikhnenko et al. however. This suggests that within this system, the change
in exciton lifetime upon aggregation is dominated by an increase in the non-radiative rate.

4.4

Investigations into aggregation induced fluorescence quenching in
poly(indacenodithiophene-co-benzothiadiazole)

F. Spano and co-workers have carried out considerable work on the theory and experiment
of solid state polymer aggregates and in particular within thiophene derivatives. The theory
describing this is contained within Section 2.5. At the beginning of this project it was initially
hypothesised that because the dipole moment of donor-acceptor co-polymers lies along the
polymer chain, when chains of IDTBT come together in the solid state they would undergo
H-aggregation. However, this has been disproved in the previous Section which showed the
large solid state fluorescence quenching observed for C16-IDTBT results from an increased
non-radiative rate with an unchanged radiative rate. This is in comparison to a standard Haggregating materials which present a decrease in the radiative rate upon aggregation. Therefore other mechanisms has to be identified to explain these results.
Because of the large difference in the exciton trap density between C16-IDTBT and PC16-IDTBT, this gives evidence to suggest that the quenching mechanism proposed by O.
Mikhnenko is not the key factor involved with aggregation induced fluorescence quenching in
IDTBT derivatives. In order to study this further an experiment was performed whereby C16IDTBT thin films were exposed to different environments for an extended period of 9 days. All
films were prepared within a nitrogen filled glove box with a nominal oxygen concentration
of < 1 ppm and a reference film stored under these conditions also. Two films were exposed
to ambient air conditions of which one was exposed to light and one maintained in the dark.
Two further films were immersed in deionised water whereby one was exposed to light and
the second maintained in the dark. The samples immersed in water were removed within 1
hour of measuring and were dried briefly using a nitrogen gun. The PLQY of each sample is
shown in Figure 4.4 a).
It can be seen initially that the sample which was stored in nitrogen has the same PLQY as
that measured immediately within the error of the experiment. Both of the samples exposed
to air have a PLQY reduced by over 50%, although the sample exposed to light degraded
more. For those immersed in water, that which was maintained in the dark only showed
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Figure 4.4: a) The PLQY of C16-IDTBT following 9 days exposure in different environments
b) The transfer curves of C16-IDTBT measured after storage in a nitrogen atmosphere and the
same device measured after 24 hours of air exposure.
minimal degradation where as that exposed to light has substantially more. The absence in
reduction in FQY for the films stored in water and dark gives evidence that the traps are not
water related, as suggested in the literature[78]. It is well known that photo-degradation can
reduce the PLQY of organic semiconductors, which describes the larger reduction for the
light exposed films. However, air exposure itself can also act as a source of fluorescence
quenching in organic semiconductors. Although not discussed further, triplet excitons can be
quenched through the interaction with triplet molecular oxygen, through which it can convert
to singlet oxygen and reduce the exciton to the ground state[122]. Oxygen exposure can also
dope organic semiconductors which can raise the concentration of hole polarons within the
film and is prominent in polymers in poly(3-hexylthiophene)[92]. Moreover, this has been
found be a source of fluorescence quenching in these films[94]. A key indicator of whether
oxygen has doped an organic transistor is an increase in the off-current of a transistor exposed
to oxygen. This was performed on C16-IDTBT and the saturation transfer curves at low
negative gate voltages are shown in Figure 4.42 . When the device is fabricated in nitrogen
and tested without exposure to air, the off at a gate voltage of 10 V is approximately 10-10
A. When exposed to air for 24 h this increases by over an order of magnitude suggesting an
atmospheric doping effect, assumed to arise from oxygen. Following a subsequent storage in
nitrogen for a further 24 h the off current reduces again which suggests the doping process is
reversible. Because singlet excitons can be quenched by this process through singlet-polaron
annihilation, it suggests that the PLQY reduction when exposed to air, but not light may arise
from this process. However, further experiments would have to be performed to quantify this,
as the transistors were only exposed for 24 h and the films 9 days. The reason that the water
2 These

devices were fabricated and tested by Mark Nikolka of the Cavendish Laboratory.
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immersed films in the dark did not undergo substantial reduction in PLQY may be due to
the fact that the concentration of oxygen dissolved in water is approximately 10 ppm at room
temperature, substantially lower to that found in standard atmospheric conditions. Therefore
the oxygen doping process would be expected to be slower for films immersed in water, in
comparison to those in ambient conditions[123].
These environmental results, although interesting, do not provide a mechanism for the
difference in PLQY, exciton lifetime and diffusion length between C16-IDTBT and P-C16IDTBT as they were processed and stored in an identical manner. Therefore if environmental
doping was the only factor which influenced the solid state fluorescence quenching then it
would be assumed they would be similarly influenced due to their identical conjugated core,
and their similar optical bandgap. Owing to this, attention was again turned to intrinsic sources
of quenching but not related to traditional H- or J- type aggregation. It has been well-known
for decades that it is possible to form interchain states in polymer semiconductors, whereby
bound hole and electron exist on spatially separated chains, known as charge transfer or bound
polaron-pair states. These states are usually only formed with a low ratio in comparison to
singlet excitons and therefore was not considered a suitable explanation to this point in explaining the large aggregation induced quenching. However, as they can be formed readily in
some donor-acceptor copolymers it was decided to investigate this line of enquiry[102]. They
are known to possess low oscillator strengths due to spatial separation of the wavefunction
and therefore result in low absorption cross sections and spontaneous emission rates. Because
of this low rate, they present longer lifetimes than their singlet counterparts. However, if the
reverse of their formation is thermodynamically unfavourable, they act as dark states, and their
signature can not be easily detected in time-resolved fluorescence spectroscopy. However, as
these states repopulate the ground state at a much lower rate than excitons, they should be visible as a long tail in the ground state bleach recovery. Therefore in order to detect the presence
of dark states, transient absorption spectroscopy was initially carried out in the visible regime
in order to track the kinetics of the ground state bleach recovery.
Thin films of neat IDTBT were prepared as described previously and incapsulated in a
nitrogen atmosphere using epoxy and a cover slip which was allowed to harden over 24 hours.
The film was excited with a 400 nm, laser pulse at three different fluences spanning two order
of magnitude:, 0.14 µJcm-2 , 1.4 µJcm-2 and 14 µJcm-2 . The transient absorption maps are
shown in Figures 4.5 a), b) and c) respectively.
There are a number of initial observations which can be made from this. The positive dT/T
feature which is observed below 700 nm is the ground state bleach recovery identified due to
its overlap with the C16-IDTBT absorption spectra. There also exists a second positive feature
at between 750 nm - 800 nm for all the samples and this is attributed to stimulated emission.
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Figure 4.5: The transient absorption maps for C16-IDTBT with fluences of 0.14 µJcm-2 (a),
1.4 µJcm-2 (b) and 14 µJcm-2 (c). The extracted transient absorption spectra at given times
after the initial excitation for fluences of 0.14 µJcm-2 (d), 1.4 µJcm-2 (e) and 14 µJcm-2 (f)
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a)

b)

c)

d)

Figure 4.6: a) The ground state bleach recovery and fluorescence decay of C16-IDTBT as a
function of time on the <1 ns timescale. Note the long lived tail present in the ground state
bleach but not in the fluorescence. b) The ground state bleach spectra as a function of time on
the >1 ns timescale. Note that the signal persists even at 1000 ns. c) The transient absorption
of the near infra-red regime showing a broad absorption feature. d) The transient absorption
decays of the ground state bleach and the broad NIR absorption as a function of time.
It can be observed from the spectra that for all pump fluences there persists a long tail in the
ground state bleach recovery even after 1500 ps in despite of the 90 ps fluorescence lifetime
of the polymer. In order to investigate this further, the kinetics of the ground state bleach were
extracted and are shown in Figure 4.6 along with the fluorescence decay.
The initial observation here is that none of the ground state bleach recoveries decay monoexponentially and the rate of the prompt decay increases with increasing pump intensity. The
increase in decay rate can be explained through exciton annihilation. More importantly there
exists a long tail in the GSB recovery for all three laser intensities which is not observed
in the fluorescence decay. This evidences the formation of charge separated states or triplet
excitons in C16-IDTBT which decay with a much lower rate constant than that of singlet
excitons. It can be seen that the GSB recovery signal is relatively unchanged at time scales
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of 1 ns despite the large variation in singlet decay rate. This observation is in line with recent
observations of polaron-pair formation in polymer semiconductors. For example A. de Seo et
al. gave evidence that suggests that polaron pairs in conjugated polymers are formed on sub 1
ps timescales[35, 102].
In order to study this observation further, transient absorption was carried out on long
timescales using an electrically gated detection method. The spectra from the visible regime
are shown in Figure 4.6 b). It can be seen that the ground state bleach signal persists even until
times of 1000 ns suggesting a decay process substantially lower than that found in high oscillator strength excitons. It should be noted that the relative fraction of long lived species in the
long time transient absorption may seem more than that found in the short time. However, this
may be owing to the substantially reduced time resolution of the long time, electrically gated
electronics. In order to identify the species which is the source of the long decay component,
transient absorption was carried out in the near infra-red regime. It has been shown previously
that the polaron absorption of C16-IDTBT lies in the approximate wavelength range 700 nm 1000 nm and therefore if these were generated it would present an absorption feature here[42].
The transient absorption spectrum of the wavelength range 700 nm - 1000 nm is shown in Figure 4.6 c) for times between 1ns and 1000 ns. It can be seen that although there are no sharp
features within this regime, there is a change in the absorption over the entire range as a function of time. This would be consistent with the polaron absorption, which is also relatively
invariant over this wavelength range. By combining the signal between 850 nm -1000 nm a
time resolved decay can be extracted which is shown in Figure 4.6 alongside the recovery of
the ground state bleach. It can be seen that both the ground state bleach and the near infra-red
decay have comparable decay characteristics, in contrast to the fluorescence. When the near
infra-red decay is fitted with a mono-exponential decay, a time constant of 6.5±0.5 ns which
is within the range suggested for polaron pairs in neat organic semiconductors, and much less
than that for unbound charges[99]. However, the ground state bleach shows a longer decay
component on the order of 100 ns. This may suggest another long lived species present such
as triplet excitons, which can have comparable lifetimes.
The existence of these dark states within C16-IDTBT can only partially explain the solid
state quenching observed. However, there are two factors which must be considered here. The
first is that the long tail of the ground state bleach in Figure 4.6 only accounts for approximately 10% of the total excitation and therefore the formation of these states is not the largest
factor present. Moreover, because the formation of these states is on sub 1 ps timescales, their
formation should not affect the transient fluorescence decay on longer timescales. However,
if these states are a prerequisite to long lived triplet excitons or free charges, then these could
provide a diffusion limited singlet exciton quenching.
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Figure 4.7: Absorption spectroscopy of IDTBT with side chains consisting of a) C12 b) C16
c) C2C6 d) P-C16 dissolved in a solvent blend of DCB and methanol with methanol volume
ratios ranging from 0% to 50 %.
The aggregation properties of the four polymer derivatives were studied in solution in an
attempt to provide more flexibility in the degree of aggregation and to ultimately determine
whether the aggregation induced quenching could be tuned between the isolated chain and the
thin film. This was experimentally carried out using a solvent-antisolvent technique. Here
C16-IDTBT was dissolved in miscible solvent blends of DCB and methanol whereby the
volume fraction of methanol was varied from 0 % to 50 % and the concentration of IDTBT
was maintained constant at 0.1 mg/ml. Initially absorption spectroscopy was carried out on
the solutions in an attempt to determine the solubility threshold for the chains and is shown in
Figure 4.7.
It can be seen that for all systems, the absorption spectra remains unchanged for the 0%20% methanol. Above this threshold there is both a redshift in the spectra as well as a long
scattering tail in the low energy regime. This tail is argued to arise from aggregates in the
solution which undergo Rayleigh scattering and indicates the solubility limit for all polymer
derivatives tested lies between the 20% and 30% methanol volume fraction. The time resolved
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Figure 4.8: Time resolved fluorescence decays IDTBT derivatives with side chains of a) C12
b) C16 c) C2C6 d) P-C16
fluorescence was measured for these solutions by exciting with a pulsed laser at 407 nm and
measuring the fluorescence at 718 nm. The time resolved fluorescence for each side chain
derivative are shown in Figure 4.8.
A similar trend can be seen for all side chain derivatives in that the the exciton lifetime is
longest when solvated in DCB, and decreases as the fraction of methanol is increased. It can be
seen for C16, C12 and C2C6 that the time resolved fluorescence follows a mono-exponential
decay for the 0%, 10% and 20% methanol fractions. However, above 20% in all cases the
decay becomes bi-exponential suggesting two species present. It is thought that the monoexponential decay seen in the 0%-20% and the long tail present above 20 % originates from
solvated chains, where-as the prompt short component is the aggregated chains which occur
when the solubility limit of the polymer chains are exceeded. For P-C16-IDTBT this is less
obvious and may suggest the aggregated component has a similar fluorescence lifetime to the
solvates, in line with previous experiments.
It was surprising that a reduction in exciton lifetime was observed below the solubility
limit of the polymer chains while the methanol fraction was increased from 0%-20%. One
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b)

Figure 4.9: a) The fluorescence decay of C16-IDTBT as a function of concentration in a
solvent blend of o-DCB/methanol 90/10. The extracted fluorescence lifetime of C16-IDTBT
as a function of concentration in DCB and a DCB/methanol 90/10.
potential theory to explain this is that, as the quality of the solvent is decreased, intra-chain
aggregation becomes more favourable, in comparison to polymer chain-solvent molecule interactions. This is a well established theory and results in polymer chains coiling up in poor
solvents and elongating in good solvents[124]. In order to test whether the reduction in lifetime pre-precipitation was an increase in intra-chain interactions in solution, rather than interchain interactions the concentration of polymer was varied by two orders of magnitude in
DCB and DCB:methanol 90:10. The time resolved fluorescence of these solutions at 720 nm
were measured and are shown in Figure 4.9 a) and the extracted lifetime in Figure 4.9 b).
It can be seen that as the for both the o-DCB and the o-DCB/methanol 90/10 the lifetime increases slightly as the concentration is increased. It is believed that this is due to self
absorption and reemission of photons due to the very large optical density of the higher concentration solutions. However, for all concentrations the C16-IDTBT dissolved in o-DCB
presents a longer exciton lifetime than that dissolved in o-DCB/methanol 90/10. Therefore
this gives evidence that this reduction in lifetime is an intra-chain effect because if it were an
interchain effect, the magnitude of which would be expected to increase as the concentration
of chains is increased. This may give evidence to enhanced intra-chain exciton diffusion owing to a more compact polymer chain, which allows the exciton to travel to quenching sites.
Solvatochromatic effects were ruled out as a mechanism as the exciton lifetime of these materials are the same in polar solvents such as chloroform and non-polar solvents such as toluene.
Moreover, this may give evidence that the PLQY in solution, even in good solvents, is modified by intra-chain effects and may explain the differences in lifetime for different R-IDTBT
side chain derivatives dissolved in solution.
It is well known that phenyl rings are relativley stable to oxidisation in comparison to alkyl
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or phenylene-vinylene systems[45]. Therefore one potential origin of the exciton quenching in
C16-IDTBT, which is removed in the case of P-C16-IDTBT, is the formation of keto defects
at the intersection point between the solubilising alkyl chain, and the polymer backbone.

4.5

Conclusions and further work

This Chapter describes the influence which solubilising chain structure has on the optoelectronic properties of poly(indacenodithiophene-co-benzothiadiazole). It begins by exploring
the PLQY and lifetime of four derivatives in solution and the thin film. It was found that one
particular variant with a phenyl initiated solubilising chain has a significantly larger exciton
lifetime and PLQY in the thin film and was owing to a reduced non-radiative rate. The exciton
diffusion length of the derivatives was measured and was found to be substantially larger in
the case of P-C16-IDTBT compared to C16-IDTBT, in line with the longer exciton lifetime.
Through calculating the exciton diffusion coefficient it was found that the trap density for
P-C16-IDTBT is an order or magnitude lower to that found in C16-IDTBT assuming a trap
limited non-radiative rate enhancement upon aggregation. The suggested mechanism for this
is that the bulkier side chain induces a steric effect to separate chains and reduce inter-chain
state formation.
In order to obtain a better understanding of the fluorescence quenching mechanisms in
C16-IDTBT transient absorption spectroscopy was performed on thin films. It was found that
there existed a long tail in the decay of the ground state bleach, which was not observed in
the fluorescence and gave evidence for the existence of a non-emissive dark states. In the near
infra-red regime a long lived absorption feature was identified with a lifetime of approximately
6.5 ns, which is thought to be the result of a polaron-pair absorption. The ground state bleach
decay persists until times of 1000 ns which may also indicate triplet excitons or charges being
formed within the polymer also.
To study the effect of aggregation on the exciton lifetime solvent-non solvent experiments
were conducted whereby C16-IDTBT was dissolved in solvent blends of o-DCB and methanol. It was found that even at methanol fractions below which aggregation was observed
in the absorption spectra, the exciton lifetime was found to reduce. This could be owing to
an intra-chain aggregation process, which could facilitate exciton diffusion to quenching sites
such as oxidised defects.
Potential

further experiments to expand the work described here include:

1. Investigate the dark state formation in P-C16-IDTBT and compare it to that described
here for C16-IDTBT in order to ascertain if this is related to the substantial increase in
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PLQY, exciton lifetime and diffusion length.
2. Fluence dependent, long-time transient absorption to determine whether there is bimolecular recombination of the dark species which would give an insight into their dynamics,
such as diffusion length.
3. Conduct transient absorption on solutions of C16-IDTBT in o-DCB/methanol blends
at concentrations below the aggregation limit 0%-20% methanol. Because the fluorescence lifetime can be tuned within this regime without macroscopic aggregation, this
could be compared to an emergence of a long lived component in the ground state bleach
recovery, or polaron-pair absorption.
4. Conduct a more in-depth experiment to determine the relationship between oxygen and
light exposure time and the PLQY reduction.

Chapter 5
Fluorescence and electroluminescence
enhancement via downconversion
5.1

Chapter introduction and initial hypothesis

Within this chapter the effect of energy transfer from low PLQY polymer semiconductors to
high PLQY dye molecules is discussed. Energy transfer between two distinct chromophores
is an extensively used phenomena and tool used across the whole spectrum of organic electronics, from solar cells to OLEDs. For example, it can be leveraged to enhance the exciton
diffusion length, or tune the emission colour of many organic and inorganic systems[125].
Energy transfer is often referred to as downconversion, because in the vast majority of cases
the acceptor of energy has a lower energy gap and emits photons with a lower energy than that
of the donor. As a result of this energy transfer processes usually result in a reduction of the
overall PLQY due to the effects of bandgap on the radiative and non-radiative rates. This is not
universal however, and examples of an observed increase in PLQY upon energy transfer have
been reported. This was evidenced even at the very early stages of OLED development by C.
Tang et al. who enhanced the PLQY and electroluminescence efficiency of Alq3 by a factor
of 5 and 2 respectively via energy transfer to highly fluorescent dye molecules[126]. More recently M. Tabachnyk et al. showed that non-emissive triplet excitons could be successfully be
harvested by PbSe nano-crystals and in doing so undergo a fluorescence enhancement[127].
The hypothesis which preceded this body of work was that if energy transfer was possible from a low fluorescence quantum yield, high-mobility polymer to a highly fluorescent
chromophore, it may be possible to increase the effective PLQY in this fashion. At an early
stage in this project it was postulated that the major challenge for high charge carrier mobility
semiconductors, which already possess low PLQYs due to fast non-radiative processes, was

76

Fluorescence and electroluminescence enhancement via downconversion

delivering an energy transfer process which would be efficient and out-compete these pathways. Therefore it was decided to identify acceptor systems which would be compatible with
long range FRET. Moreover it was important within this project that the charge carrier mobility of the high mobility component was not adversely effected in the presence of acceptor
chromophores. Initially two scenarios were identified:

1. A bilayer structure whereby one layer was highly fluorescent and one was of high charge
carrier mobility.

2. A blend structure where small quantities of acceptor are blended into a high charge
carrier mobility matrix. The latter of these was identified as the most practical option
due to the limitations of exciton diffusion length which is usually ⇠10 nm and which
would set stringent limitations on the donor layer thickness.

This chapter begins by discussing squaraine dye molecules as high oscillator strength near
infra-red (NIR) emitting acceptor chromophores, which were chosen as acceptors due to their
large oscillator strengths. Following this we show that it is possible to achieve highly efficient
energy transfer from C16-IDTBT to a range of squaraine dye molecules, and prove the initial hypothesis that fluorescence enhancement is possible in these composite systems. This is
the first reported case of highly efficient energy transfer from a low PLQY and high mobility polymer system to any acceptor chromophore. Blends of IDTBT and the best performing
squaraine dye are integrated into PLEDs and it is shown that an order of magnitude increase
in the external quantum efficiency is present in the optimised squaraine dye blend, in comparison to the neat IDTBT devices. It is shown that the charge carrier mobility of the blend
systems in comparison to the neat IDTBT is not degraded through the fabrication and characterisation of field effect transistors. In the final section of this chapter the photo-physics of
squaraine/polymer blend systems is discussed to assess their limitations. It is observed that
the dispersed dye molecules undergo relatively efficient energy transfer between themselves
within the polymer host. This is evidenced by a red shift in the fluorescence spectra, which is
not present in fluorescence excitation measurements, fluorescence anisotropy measurements,
and direct measurement of the exciton diffusion length. This process may introduce a diffusion limited non-radiative rate due to transfer to non-emissive aggregate states. Following
this we also show that the photo-physical properties of the primary dye molecule studied in
this chapter is dependent on its environments polarity, which may have consequences in its
performance in polymer/dye blends.

5.2 Squaraine dye molecules as emissive NIR organic chromophores

5.2
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The two material requirements to test the initial hypothesis was that the donor system possessed a large charge carrier mobility and the acceptor system possessed a large fluorescence
quantum yield. For the donor system, C16-IDTBT was again identified as a suitable test
bed due to its weakly ordered structure. This property was expected to allow the polymer to
accept inclusions of acceptor molecule without overly affecting the structure, or having the
acceptor pushed to the grain boundaries which has been shown previously. Moreover, the optical bandgap of IDTBT is relatively large for its level of charge carrier mobility, being 1.7 eV,
in comparison to other similar mobility systems such as the DPPDTT or CDTBTZ families
which have band gaps of approximately 1.1 eV. This gave a much greater degree of flexibility
in the choice of suitable acceptor systems.
Despite this, one of the major challenges with testing the initial hypothesis was that it
was difficult to identify suitable acceptor molecules due to the lack of efficient NIR emitters.
The initial choice was between an organic chromophore, or inorganic quantum dots. The
quantum dot option was identified as non-ideal due to the large volume fractions required in
polymer films to achieve efficient energy transfer, and which was expected to significantly impact charge transport. Some exploration was performed with perovskite CsPbI3 quantum dots1
blended into F8BT as an initial trial. However, the energy transfer process was very weak
and is potentially explained by the ligands which encapsulate the dots or by phase separation.
Some initial exploration was carried out on laser dye 1,1´,3,3,3´,3´-Hexamethylindotricarbocyanine
iodide (HITC iodide, 97% Aldrich), although with little success due to its poor solubility and
therefore its tendency to form non-emissive aggregates, even at concentrations as low as 0.01
g/l. Following this, squaraine dye molecules were identified as potential candidates to solve
this issue due to the fact they are one of the only organic families which have high PLQYs in
the NIR regime, and that they have been successfully been implemented into energy transfer
utilising optoelectronic devices previously. For example in 2013 B. Stender et al. showed
that efficient energy transfer was possible from a wide bandgap emissive polymer to highly
emissive squaraine molecules, and in doing so realised relatively efficient NIR OLEDs[128].
However, in this case the donor was an already fluorescent molecule and so there was little
scope for enhancement of the overall PLQY. Following this work in 2013 J. Huang et al.
gave evidence that energy transfer between P3HT and a squaraine dye molecule could be used
to improve the exciton diffusion length and therefore improve the exciton harvesting in bulk
heterojunction solar cells[125]. In particular this work indicated the potential for squaraine ac1 Synthesised

by Nathanial Davies from the Cavendish Laboratory
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a)

b)

c)
Figure 5.1: Structures of the squaraine dye molecules utilised within this work a) TSQ b)
PYSQ c) SQ3

ceptors to be utilised in systems which have low PLQYs and short exciton lifetimes of around
0.1 ns. In this case however the overall PLQY was reduced in comparison to the neat P3HT.
The criteria for the choice of squaraine dye molecules came from the requirements that
it must have a lower band gap than that of IDTBT (1.7 eV) and that the absorption of the
squaraine overlapped spectrally with the fluorescence of C16-IDTBT. The second of these
requirements was developed in order to maximise the Förster radius (Section 2.4) between
the chromophores and therefore enhance the resonance energy transfer rate. From discussions
with Prof. Christoph Lambert at the University of Wurzburg three squaraine chromophores
were identified and the structures of which are shown in Figure5.1a)-c). All three of the dyes
have a common structural feature of alternating electron deficient and electron rich units. This
D-A-D structure is argued to enhance the oscillator strength and therefore absorption cross
section in comparison to that of D-A structure[129].

5.2 Squaraine dye molecules as emissive NIR organic chromophores
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Molecule Optical bandgap (eV) Max. Solvated PLQY Thin Film PLQY R0 with IDTBT (nm)
TSQ
1.65
0.8
< 0.01
3.5
PYSQ
1.55
0.8
< 0.01
4.1
SQ3
1.50
0.6
< 0.01
4.6
IDTBT
1.70
0.20
0.022
Table 5.1: Selected optoelectronic properties TSQ, PYSQ and SQ3.
The squaraine powders2 were initially dissolved in o-DCB to a concentration of 1 g/l in
a nitrogen filled glovebox to a concentration. Initially the spectral overlap between the fluorescence of IDTBT and the absorption of the squaraines was to be determined, in order to
calculate the Förster radius between them. These stock solutions were always stored in a nitrogen environment and used to create all blend solutions which proceeded it. Solutions were
dissolved to a concentration of 0.01 g/l and the absorption and fluorescence spectra measured
which are shown in Figure 5.2 a-c). TSQ presents prototypical squaraine spectra which consists of sharp and symmetric absorption and emission profiles large intensity ratio between the
0-0 and 0-1 transition. This suggests there is only small differences in the ground and excited
state molecular configuration as described in Section 2.4. This is not shown in PYSQ and
SQ3 which have more complex spectra. PYSQ shows a double peak in the fluorescence spectra which is thought to arise from the symmetric and antisymmetric forms of the molecular
structure. SQ3 shows a sharp emission spectra as with TSQ but has an extended absorption
spectra spanning the wavelength range 600-800 nm. The molar absorption coefficients of the
dye molecules were also determined and plotted alongside the normalised IDTBT photoluminescence in Figure 5.2 d).
It can be seen that all three of the squaraine dye molecules possess peak molar absorption coefficients above 2×105 M-1 cm-1 and spectrally overlap with the fluorescence of IDTBT.
Using these results the Förster radius between IDTBT and the squaraine molecules were calculated and are shown in Table 5.1 along with their PLQY in solution. The solution PLQYs
are larger than that of solvated C16-IDTBT, all possessing values larger than 0.5. However,
in the thin film the dye molecules undergo severe fluorescence quenching and have almost
unmeasurable fluorescence.
It can be seen that despite the very low PLQY of C16-IDTBT, Förster radii of up to 4.5
nm are extracted using Equation 2.18, using the experimentally determined absorption and
emission spectra, and PLQY. It is possible to theoretically estimate the total PLQY of a two
component system, whereby both components have different PLQY, and only one is optically
2 All

squaraines were synthesised in the group of Prof. Christoph Lambert at the University of Wurzburg
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a)

b)

c)

d)

Figure 5.2: The absorption and fluorescence spectra of a) TSQ b) PYSQ c) SQ3. d) The spectral overlap between the emission spectrum of IDTBT and the molar absorption coefficients
of the three dye molecules.
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Figure 5.3: The theoretically predicted PLQY as a function of energy transfer from IDTBT to
the squaraine dye molecules.
excited. This is given by the expression
fT = f2 E + (1

E)f1

(5.1)

where fT is the resultant PLQY of the system, E is the energy transfer efficiency from the first
to the second component and f1 and f2 are the PLQY of the first and second chromophore
respectively. This treatment assumes that the PLQY of the individual components is constant
as a function of energy transfer. Using this formalism it is possible to predict for a first component of IDTBT and the squaraine dye acceptors with PLQY displayed in Table 5.1 and is
shown in Figure 5.3.
It can be seen that because of the substantially larger PLQY of the dye molecules in
comparison to IDTBT, even modest energy transfer efficiencies should result in large relative
changes to the total PLQY. Again this model assumes that the dye molecules are not directly
excited.

5.3 Energy transfer in IDTBT/Squaraine blend films
In order to determine the efficiency of energy transfer as a function of concentration, fluorescence quenching measurements were performed in a similar manner to those described in
Section 4.3. The squaraine stock solutions were diluted to concentrations ranging from 0.01
g/l - 1 g/l and 10 µl of these solutions were added to 90 µl of 10 g/l IDTBT solution. This
formed systems with polymer/dye ratios in the range 0.01-1 wt.%. The solutions were agitated and allowed to rest for 1 hour before spin coating. The films were formed by spin coating
at 1400 rpm for 2 minutes followed by 5000 rpm for 20 seconds in a nitrogen atmosphere.
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a)

b)

c)

d)

Figure 5.4: The fluorescence spectra of C16-IDTBT blended with a) TSQ b) PYSQ c) SQ3
and the absorption spectra of C16-IDTBT blended with TSQ at varying dye concentrations.
Initially the fluorescence spectra for the three material systems was measured as a function
of squaraine concentration. Because the aim of this experiment was to emulate the processes
which would be occurring in OLEDs or OLETs it was important here to only directly excite
the C16-IDTBT host. This is because it is the C16-IDTBT component which will be initially
electrically excited and subsequently pass that excitation to the dye molecules. If the squaraine molecules have much larger PLQY values than the C16-IDTBT, then their direct optical
excitation would result in artificially larger PLQYs than in the scenario of direct excitation of
C16-IDTBT followed by energy transfer to the squaraines. In order to achieve this both fluorescence spectra and PLQY were measured by exciting the C16-IDTBT with a wavelength of
532 nm which is an energy only weakly absorbed by all three of the dyes.
The fluorescence spectra of all the systems were measured using an FLS980 fluorimeter
and are shown in Figure 5.4.
It can be seen that for all three spectra there are two common features: 1) That the 720 nm
component of the fluorescence, attributed to the IDTBT 0-0 transition, is quenched as the dye
concentration is increased. 2) There is an increase in a lower energy peak which is attributed
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to the dye emission. In the case of TSQ there is little change in the intensity of the IDTBT
component as well as the dye component although there is change in the spectral shape. In
the case of PYSQ it is clear that a quenching is being observed, in combination with a clear
increase in the lower energy dye component. The effect is strongest in the case of SQ3 which
shows a substantial quenching of the IDTBT component as well as a large enhancement of
the dye emission at 800 nm. In order to determine whether there was any change in film
thickness or IDTBT absorption with increasing dye loading, which would add an error into
the fluorescence quenching measurements, absorption spectroscopy was carried out on all the
films. The absolute absorption spectra for the TSQ loaded films are shown in Figure 5.4 d) and
it can two observations can be made: 1) There is negligible variations in the absorption spectra
of the films which suggests they remain a constant thickness as the dye loading is increased.
2) There is no dye absorption apparent at wavelengths below the optical bandgap of IDTBT
which illustrates its low concentration within the film and also evidences that it is not being
directly excited.
To completely ensure that the emission of the dye was not coming from direct excitation, photoluminescence excitation (PLE) measurements were performed on neat C16-IDTBT,
C16-IDTBT doped with 0.3 wt. % of SQ3 and a solution of SQ3 in o-DCB dissolved to a concentration of 0.01 wt. %. The normalised PLE spectra for these systems is shown in Figure
5.5 a). It can be seen that the fluorescence of the 795 nm component of the doped film follows that found for the 720 nm component of the same film which is the same as the 720 nm
component of the neat IDTBT film. This is highly contrasted to the PLE of SQ3 in solution
and therefore evidences the IDTBT absorbing the excitation photons followed by subsequent
energy transfer to the SQ3 chromophores.
The PLQY of the blend systems was measured as described previously and exciting with a
532 nm laser diode and the values are shown in Figure b). It can be seen that both the systems
doped with TSQ and PYSQ do not undergo an increase in the PLQY as the concentration
of dye is increased. However, the system doped with SQ3 shows an increase in PLQY up
0.08 at a dye concentration of 0.3 wt. %, followed by a slow decrease as the concentration is
increased further. In order to investigate the origins of the differences in PLQY between the
three polymer/dye systems the energy transfer efficiency was quantified as a function of dye
loading. By assuming that energy transfer is the only quenching mechanism of C16-IDTBT
fluorescence this can be determined by measuring the drop of fluorescence in a spectral range
consisting of only C16-IDTBT emission and using the equation Q = 1 F/F0 . In this case
Q is the quenching efficiency, F0 is the fluorescence of a neat C16-IDTBT film and F is the
fluorescence intensity of C16-IDTBT doped with dye molecules. This methodology is only
possible because the IDTBT absorption does not change as a function of dye loading, and if
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a)

b)

c)

d)

e)
Figure 5.5: a) The photoluminescence excitation spectra of neat C16-IDTBT, C16-IDTBT
blended with SQ3 at a concentration of 0.3 wt. % and solvated SQ3 b) The fluorescence
quantum yield of C16-IDTBT/dye blend films as a function of dye concentration without
direct excitation of the dye molecules. c) The energy transfer efficiency from C16-IDTBT
blended dye molecules as a function of dye loading in wt. %. d) The energy transfer efficiency
from C16-IDTBT blended dye molecules as a function of dye number concentration in cm-3 .
e) The quenching efficiency for IDTBT/SQ3 blend films spincoated from o-DCB and toluene.
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it did time resolved techniques would be required. However, admittedly there may also be
charge transfer occurring which is not quantified within this work and could be a source of
error. The quenching efficiency for all three systems is shown in Figure 5.5 c) as a function
of dye loading in wt. %. In combination with this the quenching efficiency as a function of
number concentration in cm-3 is shown in Figure 5.5 d) alongside that achieved for PCBM as
described in Section 4.3. It can be seen that for both a given number and weight concentration
the TSQ has the lowest quenching efficiency, PYSQ the middle and SQ3 the largest. This in
fact correlates with an increase in Förster radius for TSQ, PYSQ and SQ3 respectively which
would predict increasing resonance energy transfer rates between C16-IDTBT and the dye
molecules.
Next the quenching efficiency of C16-IDTBT by the dye molecules is compared to that
achieved with PCBM. As discussed in Section 4.3 the quenching process in PCBM is a short
range charge transfer with a capture radius of around 1 nm. Therefore this requires excitons
to diffuse to a close proximity of a PCBM molecule before quenching can occur. If it is
assumed that Dexter energy transfer occurs with the same efficiency at short range than that
of charge transfer to PCBM, then it would be presumed that all the dye molecules would have
a larger quenching efficiency than that of PCBM as they have contributions from both Dexter
and Förster transfer mechanisms. However, it can be seen that only SQ3 has a larger transfer
efficiency than PCBM for a given number concentration. One explanation for this may be
that for TSQ in particular there is only an energy difference in energy gaps between itself
and IDTBT of approximately 50 meV. Therefore it may be possible for excitons to thermally
transfer back into the C16-IDTBT matrix before decay and therefore reducing the effective
quenching efficiency.
At this point SQ3 was the most promising squaraine dye candidate for use in electroluminescent devices and therefore it was decided to study this system further. In an attempt to
increase the energy transfer efficiency from IDTBT to SQ3 it was decided to spin coat the
solutions from a low boiling point solvent. The rational behind this was that quicker evaporation of the solvent may disperse the dye molecules more evenly throughout the IDTBT.
Toluene was decided on as a faster evaporating solvent which has a vapour pressure of 3.8
KPa (25ºC) in comparison to that of o-DCB which has 0.16 KPa (20ºC). The quenching efficiency of IDTBT/SQ3 blend films spin coated from 10 mg/ml polymer solutions in toluene
and o-DCB are shown in Figure 5.5 e). It can be seen that there is no difference in quenching
efficiency as a function of dye loading outside of the experimental error between the films cast
from o-DCB and toluene. This suggests that within these limits the solvent evaporation rate
does not significancy effect the dye distribution and therefore the rate at which excitons can
energy transfer to the dye molecules.
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IDTBT/Squaraine blend OLEDs

C16-IDTBT/SQ3 blends were integrated into light emitting devices as a proof of principle
of their operating characteristics. OLEDs were fabricated as described in Section 3.2. In
this case however, thicker films of IDTBT were desired. The reasons for this was previous
measurements utilised films with thicknesses of around 50 nm which would result in high
leakage currents in vertical devices. Moreover, increasing the thickness of polymer films has
been shown to enhance the external quantum efficiency of polymer diodes. Spin coating was
performed on top of the PEDOT:PSS layer at a speed of 1400 rpm for 2 minutes from solution
of 30 mg/ml IDTBT and varying concentrations of SQ3. This resulted in opaque blue films
with thicknesses of approximately 400 nm determined by surface profilometry. Following this
they were capped with 20 nm of calcium and 100 nm silver. The devices were characterised
as described in Section 3.2. The current density of all working devices was averaged at each
voltage step and is shown in Figure 5.6 a).
It can be seen that there is a turn on of approximately 2V for all devices, and that the current
density does not change significantly outside of the intra-substrate device to device variation.
This gives some evidence to the fact that the addition of SQ3 does not significantly reduce the
charge carrier mobility. The electroluminescence spectra were taken at an approximate current
density of 0.1 mAcm-2 , although this was found not to change significantly with increasing
current density until the devices broke down. These spectra are shown in Figure 5.6 b) and
in agreement with the spectroscopic measurements presents an IDTBT peak at around 720
nm and an SQ3 peak at 800 nm. What is different though is the relative intensities of the
peaks for a given dye loading. It can be seen that the SQ3 peak is much prominent in the
case of electroluminescence than fluorescence at a constant dye loading. This most likely
originates from direct charge trapping by the SQ3 as suggested previously[128]. Other less
likely explanations for this is enhancement could be a donor-acceptor orientation effect due to
the thicker film, or enhancement of the FRET rate by a cavity or Purcell effect caused by the
metal electrodes. It is evident that even at dye loadings as low as 0.025 wt. % the emission
from the SQ3 component is approximately equal to that of the IDTBT host. These very large
sensitisation factors are encouraging, and in particular could be developed in future to lower
the gain threshold as performed by H. Ye et al[130].
The external quantum efficiency as a function of current density is shown in Figure 5.6 c)
along with the extracted peak external quantum efficiencies in Figure 5.6 d). The first observation is that the current density dependent, and peak external quantum efficiency increases as
a function of dye loading, the latter rising by a factor of from 0.02% to 0.2%. It can be seen
that the EQE initially rises as a function of current density, reaching a peak at between 100
mAcm-2 and 500 mAcm-2 . There are two important points here. The first is that the rise in
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a)

b)

c)

d)

e)

f)

Figure 5.6: Characterisation of IDTBT/SQ3 OLEDs. a) The JV characteristics of OLEDs of
neat IDTBT as well as IDTBT blended with SQ3 in ratios ranging from 0.025 wt. % to 0.3 wt.
%. b) The electroluminescence spectra of the diodes for a selection of dye loadings. c) The
external quantum efficiency as a function of dye loading for three selected dye loadings. The
efficiency roll off current density where the EQE drops to 90% of its maximum is indicated.
d) The peak EQE as a function of dye loading. e) The radiance as a function of voltage for
four selected
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EQE with current density is most likely due to injection issues at low voltages. The second
it that the roll-off point, the current density at which the EQE drops to 90% of its maximum
(J90% ) is relatively large in comparison to other polymer semiconductor systems. Therefore
although the peak efficiencies, even at 0.3 wt. % SQ3 loading, are relatively low in comparison to state of the art polymer systems which can exhibit up to 18%, they retain their modest
efficiencies at high current densities of over 100 mAcm-2 . As the SQ3 concentration is increased, J90% moves slightly to lower values which may be due to a longer exciton lifetime in
the squaraine molecules which would increase the probability of an annihilation event. The
relative increase in EQE is larger than that of PLQY for a given dye loading. For example
at a SQ3 concentration of 0.3 wt.%, the PLQY is increased by a factor of 3.5 and the EQE a
factor of 10. This can be rationalised by the substantially larger proportion of emission from
the SQ3 component in the case of electroluminescence.
The radiance was also measured in order to determine the brightness of the devices. This
radiometric unit was used because it is the standard for NIR optoelectronic devices, due to
the fact it is not influenced by the sensitivity of the human eye. The radiance as a function of
voltage is shown in Figure 5.6 f) and the peak radiance as a function of SQ3 loading is in Figure
5.6 g). It can be seen that in agreement with the EQE, the radiance also increases a function of
SQ3 loading. Neat IDTBT presents a peak value of under 1 Wstr-1 m-2 , in comparison to 0.3
wt. % which has 4.5 Wstr-1 m-2 . The relative increase is in fact lower than that of the EQE by
a factor of 2. This can potentially be rationalised by the aforementioned reduction in the J90%
point and therefore although the peak EQE is increasing, it is so at lower current densities. If
we compare the radiance value of the 0.3 wt. % SQ3 system we find that it is among the largest
reported for polymer semiconductor systems operating at similar wavelengths. However, this
is substantially lower than recently reported organic phosphorescent systems which can have
values of 360 Wstr-1 m-2 [115].
To understand if the similarity in current density for all of the dye loadings was in fact due
to insensitivity of the charge carrier mobility to the inclusion of SQ3 it was decided to fabricate field-effect transistors out of IDTBT and IDTBT/SQ3 blends. The devices were fabricated
as described previously, although no annealing was performed on either the active semiconductor layer or the dielectric layer. This was in order to mimic the OLED and spectroscopic
studies reported earlier in this Chapter. Representative transfer curves of neat IDTBT and
three IDTBT/SQ3 blends with ratios of 0.025 wt. %, 0.075 wt. % and 0.3 wt. % are shown in
Figure 5.7 a). The hole charge carrier mobilities extracted at a gate and drain voltage of -60V
are shown in Figure 5.7 b).
The first observation is that the charge carrier mobility of the neat IDTBT is similar to that
reported before for this material system. Moreover, it can be seen that there is little differences
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Figure 5.7: a) The saturation transfer curves for neat IDTBT and IDTBT loaded with three
concentrations of SQ3 with a drain voltage of -60 V. b) The extracted charge carrier mobilities
at a gate voltage and drain voltage of -60 V.
in the charge carrier mobility for all blend ratios outside of the device to device variation. This
suggests that the inclusion of SQ3 does not act as a significant hole trap when blended within
the IDTBT matrix. There are limitations in this comparison however, as the carrier number
density is significantly larger in the case of transistors than OLEDs.

5.5

Limitations of semiconductor polymer-dye blends as emissive
systems

Although the aforementioned results are promising as a methodology of fluorescence enhancement, there are a number of expected limitations. The first results from the fact that these systems are cast in a far from equilibrium state. For example when the polymer/dye blends are
annealed at temperatures above room temperature the energy transfer efficiency dramatically
reduces. This suggests that when the systems are spin coated the dye molecules are distributed
throughout the the polymer matrix. This dispersal will aid energy transfer as the exciton diffusion length of polymer semiconductors are usually less than 10 nm. However, when annealed
binary systems are driven to phase separate and therefore the intermixing of polymer and dye
will lower. This will result in pure phases of polymer and dye, and therefore excitons formed
within the polymer host will not be able to energy transfer before they decay. One possible
methodology to circumvent this problem would be to engineer the system in an equilibrium
configuration such as a bilayer. However, this raises its own problems such as a need for a
donor layer with a thickness lower than the exciton diffusion length, and solid state aggregation of many acceptors which is reduced in the blend. This would not be suitable for OLEDs,

90

Fluorescence and electroluminescence enhancement via downconversion

but may find application in LEFETs, in which the accumulation and exciton formation layer
is directly adjacent to the dielectric.
A second limitation of these results are the lower than expected PLQY of the IDTBT/SQ3
blend films. For example in the case of both TSQ and PYSQ, no enhancement of the PLQY
was measured as the loading was increased despite values of over 0.8 reported in solution. SQ3
does present an increase in PLQY, but this is modest in comparison to what is theoretically
predicted. If we use an energy transfer efficiency of 0.5, an IDTBT thin film PLQY of 0.02 and
an SQ3 PLQY of 0.6 then the expected PLQY of the blend system is 0.31 assuming the IDTBT
is excited in isolation, as shown in Figure 5.3. The most likely explanation for this would be
that the dye molecules are not in their solvated state within the polymer blend, and because
they themselves undergo aggregation induced quenching, this could reduce their PLQY. This
is evidenced by the red shift in the dye fluorescence peaks in Figure 5.4 c) and the SQ3
electroluminescence peak in Figure 5.6 b) as the dye concentration is increased. However, his
explanation is complicated by the possibility of homo-FRET occurring between dye molecules
as the concentration is increased, which would also explain a red shift as excitation migrates
to sites of lower energy. It was thought that this could be particularly relevant to squaraine
molecules which have large oscillator strengths and a low Stokes shift. In order to study this
further it was decided to characterise the fluorescence and exciton diffusion properties of a
different squaraine dye - BSB - shown in Figure 5.8 a).
This specific dye was chosen due to its large self-Förster radius which is due to its small
Stokes shift, shown in Figure 5.8 b) and large PLQY in solution of 0.85. BSB was blended
with PMMA using the same methodology as reported earlier with IDTBT and the fluorescence along with the photoluminescence excitation spectra are shown in Figure 5.8 c) as a
function of BSB concentration. It can be seen that in agreement with the previous measurements on squaraine-polymer blends the photoluminescence red-shifts with increasing dye
loading. However, the PLE does not significantly shift. This gives evidence that energy transfer is involved in the process which results in the red shift, and may be a result of diffusion to
lower energy, less emissive states. In order to exclude the possibility of self absorption from
this experiment, the optical density of the films was maintained well below 0.1, as shown
in Figure 5.8 d). The fluorescence lifetimes were measured for BSB at different concentrations in PMMA and it can be seen that the decay rate increases with increased loading and
moreover, the decay seems to remain mono-exponential. This is an interesting observation as
it may suggest a diffusion limited quenching process relying on energy transfer between dye
molecules separated within the matrix. If it were an isolated aggregation process it may be expected to become a multi-exponential decay as the loading is increased due to a distribution of
aggregated and non-aggregated chromophores. Homo-FRET is a difficult process to identify
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Figure 5.8: a) The molecular structure of BSB. b) The absorption and fluorescence spectrum of
BSB at low concentration in a PMMA matrix showing the low stokes shift of the molecule. c)
The fluorescence and fluorescence excitation spectra of BSB blended into PMMA at varying
concentrations. d) The absolute absorption spectra of the films form which the fluorescence
was measured. e) The time resolved fluorescence measurements as a function of concentration of BSB in PMMA. e) Time resolved fluorescence anisotropy spectroscopy of a 0.1 wt.
% BSB in PMMA blend film showing no observable difference between parallel and perpendicular emission. This suggests that energy transfer is occurring which acts to scramble the
information of excitation polarisation.
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a)
Figure 5.9: a) The fluorescence ratio of PMMA blended with BSB at a concentration of 1 wt.
% as a function of PCBM concentration. This is fitted with a Stern Volmer analysis as shown
by the red line.
because, unlike hereto-fret, the donor is identical to the acceptor and therefore there is no reduction in fluorescence lifetime as the energy transfer efficiency is increases, in the absence of
an energy transfer mediated quenching process. One methodology to identify homo-FRET is
fluorescence anisotropy spectroscopy because an energy transfer process reduce the information regarding the polarisation of the excitation. This was conducted on a blend of PMMA and
BSB at a low concentration of 0.01 wt. % and is shown in Figure 5.8 f). It can be seen that
there is no observable difference in the time resolved fluorescence data between the emission
perpendicular or parallel to the polarisation of the incident excitation. This suggests there is
in fact a strong energy transfer process occurring between dye molecules.
In order to directly measure the exciton diffusion length of BSB molecules dispersed inside
of a PMMA matrix, a similar experiment to that carried out in Section 4.3 was performed.
BSB was blended into PMMA at a concentration of 1 wt. % with PCBM at varying
concentrations. The resulting fluorescence ratio as a function of PCBM concentration was
fitted with a Stern Volmer analysis. The extracted exciton diffusion lengths are (4.4 ± 0.2) nm.
This gives evidence that there is substantial energy transfer between dye molecules within
a polymer matrix, and agrees with the fluorescence anisotropy results. Therefore there may
exist a diffusion limited quenching process whereby excitation can migrate to non-emissive
dye aggregates. This result may potentially explain the lower than expected PLQY of the dye
molecules within the IDTBT host.
Because squaraine dyes have a zwitterionic, charge separated ground state, their photophysical properties have been shown to be previously dependent on the dielectric properties
of their environment. One key consideration resulting from this is the effect of environment
polarity on the non-radiative processes within these material systems. In numerous studies it
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Figure 5.10: a) The fluorescence decays of SQ3 dissolved in a number of organic solvents
with varying dielectric constants. b) The extracted fluorescence lifetime of SQ3, plotted as a
function of solvent dielectric constant.

has been shown that the PLQY decreases as the solvent dielectric constant increases and has
been argued to originate from a twister intramolecular charge transfer state. However, these
results are inconsistent across the wide range of existing squaraine dye molecules. In order
to determine whether the dielectric properties of the environment affected could potentially
effect the fluorescence properties of the dyes reported here, the fluorescence lifetime of SQ3
was measured in a wide range of organic solvents with varying polarity at 800 nm. The
fluorescence decays are shown in Figure 5.10 a).
It can be seen that there is dramatically different fluorescence decay properties depending
on the solvent SQ3 is dissolved in which is not an aggregation effect because toluene and
o-DCB are both good solvents for this systems and no precipitation was observed. If the
decays are fitted with mono exponential decays, and the extracted lifetimes are compared
against the solvent dielectric constant it can be seen that there is in fact a negative correlation
as shown in Figure 5.10 b). Therefore, when blended with IDTBT, even the “solvated” dye
molecule’s photo-physical properties will be dependent on their dielectric surroundings. It is
possible that by increasing the dye loading, the dielectric properties could be modified as to
reduce the PLQY of the dye molecules themselves without physical aggregation. This process
has been partly observed by C. Madigan et al. who were able to observe solvatochromatic
shifts in organic chromophores, blended in polystyrene, by adding a high dielectric constant
molecule[131].
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Conclusions and further work

In this chapter we have discussed fluorescence enhancement of a low bandgap, high mobility
polymer semiconductor IDTBT, through efficient energy transfer to a lower bandgap highly
fluorescent squaraine dye molecule. Initially highly fluorescent dye molecules were identified which had the combination of a high PLQY as well as good spectral overlap with the
emission of IDTBT to aid Förster resonance energy transfer. Three squaraine dye molecules
were trialled in blend systems with IDTBT, and two of them, PYSQ and SQ3, were found to
achieve good energy transfer efficiencies at low dye loadings of around 0.5 wt. %. This is despite the fast non-radiative mechanisms present in IDTBT. SQ3 was the only dye molecule to
provide a significant increase in PLQY when blended with IDTBT. The best achieved PLQY
was a value of 0.08, up from 0.025, and was therefore was investigated further. No change
in the energy transfer efficiency as a function of dye loading was found when spin-coating
from high evaporation rate solvents and therefore it was speculated that the dye molecules are
randomly distributed throughout the matrix in both cases. Within these devices it was found
that the proportion of emission from the SQ3 component was significantly larger than in the
thin film for a given dye loading which was attributed to charge injection from the IDTBT to
the SQ3 component as well as energy transfer of excitons. Due to this enhanced component
from the more emissive SQ3, the EQE increased more significantly than the PLQY, from 0.02
in the case of neat IDTBT to 0.2 in the case of a 0.2 wt. % dye loading. The radiance also
increased from 1 Wstr-1 m-2 to 4.5 Wstr-1 m-2 also. It was found that the addition of the dye
molecules did not significantly impact the current density, suggesting minimal effect to the
charge carrier mobility, an observation which was further strengthened by invariability in the
hole field effect mobility also. The main unique conclusion from this section that it it is in
fact possible to enhance the fluorescence efficiency of high mobility polymer semiconductors, without significantly impacting the charge carrier mobility, by energy transfer to a more
emissive species.
The following section of this work investigated the potential limitations of squaraine doped
polymer systems. The first observation here was that there is energy transfer between dispersed dye molecules within a polymer host. It was suggested that energy transfer between
dye molecules to non-emissive aggregates may contribute to the decreased PLQY at higher
dye loadings. Following this is was found that for SQ3 the fluorescence lifetime depends dramatically on the dielectric constant of the environment. Therefore it is difficult to compare
the solution PLQY to that within the thin film, especially when the dye loading is increases,
which may influence the local environment further.
Because it has been proven within this section that it is possible to decouple PLQY and
charge carrier mobility through careful implementation of downconversion, it is believed that
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material and process engineering could potentially be utilised to push this technique further.
One strategy may be to try to engineer efficient energy transfer from high mobility polymer
systems to quantum dots due to their tunability as well as their potential high fluorescence
efficiency even in the solid state. Although this was investigated very briefly, it was not studied
in depth, and may be better implemented in a bilayer structure.
Aside from the PLQY considerations which have been the main focus of this project, there
is another aspect of efficient energy transfer, the fact it acts as an excitation concentrator.
Because almost unity energy transfer is achieved at a dye loading of 1 wt.% in the case of
SQ3 in IDTBT, it means that within this system the SQ3 has a larger effective absorption
cross section than if the host was non-absorbing. Efficient excitation concentration has been
utilised by H. Ye et al. in a blend of organometallic complexes whereby they were able to
realise optical gain with continuous wave pump with a power as low as 3 mW[130]. Therefore,
efficient energy transfer from a high charge carrier mobility polymer to a fluorescent sensitiser
may be a methodology to realise lower lasing thresholds in these systems.
Potential

further experiments to expand the work described here include:

1. Determine the energy transfer efficiency for polymers such as P-C16-IDTBT which
have a longer exciton diffusion length. This may allow efficient energy transfer at dye
concentrations low enough to suppress quenching mechanisms and therefore result in a
larger fluorescence enhancement.
2. Explore further energy transfer between high mobility polymer semiconductors and
highly emissive quantum dots which offer the highest performance in the near infrared.
3. Explore the change in lasing threshold in polymer/dye blend systems with large sensitisation factors.

Chapter 6
A high charge carrier mobility and
emissive polymer semiconductor
6.1

Chapter introduction and initial hypothesis

It is known that developing organic chromophores which display low optical band gaps and
high fluorescence efficiency is a difficult task. To date the benchmark organic material system which present the highest NIR PLQY are squaraine dyes which are discussed at length
in Chapter 5. They are argued to possess this attribute due to their high oscillator strength
owing to large wavefunction overlap. Two theorised causes for the relationship between optical band gap and FQY exist as are discussed in Sections 2.4 and 2.5 . The first is the energy
gap law which describes an increase in the non-radiative rate as the band gap is decreased.
The second is the emission energy dependence of the spontaneous emission rate which decreases super-linearly as the band gap is decreased. In an unrelated matter, high mobility
polymer semiconductors display a seeming trade off between charge carrier mobility and optical bandgap. High charge carrier mobility, loosely defined here as over 1 cm2 V-1 s-1 , has
never been reported in a polymer semiconductor with an optical bandgap of over 2 eV. This
is in stark contrast to small molecule semiconducting systems which can display the trio of
high carrier mobility, high PLQY and high optical bandgap[114]. In the opinion of the author
there is no theoretical explanation of why high band gap and high carrier mobility are mutually
exclusive in polymers, but not in small molecular systems. One potential explanation could
arise from universal trap levels, which are moved into the transport bands as the optical gap is
reduced, in line with the work on electron transport by H. Nicolai et al.[112]. However, this
has never been verified for holes and if true should also operate in small molecular systems.
A second possible explanation is that high carrier mobility originates in part due to a low

98

A high charge carrier mobility and emissive polymer semiconductor

disorder backbone, which results in exciton delocalisation and therefore a lower optical gap.
However, this hypothesis is weakened by the fact there exists many low bandgap, low mobility
polymers also[132]. Moreover, the low bandgap of these systems still persists when dissolved
in solution when the intra-chain coupling would be expected to be significantly lower. Further
to this the literature suggests that the optical bandgap is primarily dominated by the electron
densities in the donor and acceptor units in this class of polymers[133]. For example strong
donors containing thiophene moieties as well as strong acceptors with carbonyl groups result
in lower gaps in comparison to their un-substituted counterparts such as in the case of F8BT
and IDTBT.
The proceeding hypothesis was that if the optical bandgap of high charge carrier mobility polymers could be increased, without negatively impacting the mobility, then it may be
possible to enhance their radiative rate, reduce their non radiative rate and ultimately increase
their PLQY. The chapter begins by a survey of the radiative and non-radiative rates in a wide
range of polymer semiconductors in solution with average emission energies ranging from 1
eV-3eV. It is found that the PLQY does decrease as the optical bandgap is decreased across the
entire energy range. In the approximate range of 1.5 eV - 3 eV it is the reduction in radiative
rate which contributes to the reduced in PLQY. Below 1.5 eV it is the non radiative rate which
sharply increases and dominates in this regime. Following this we discuss a methodology to
increase the optical bandgap of high mobility polymers which involves aromatic extension of
the donor units, reducing their electron density. It is shown that the optical bandgap can be
increased from 1.7 eV to 2 eV by addition two additional aromatic rings to IDTBT whilst
maintaining a high charge carrier mobility of over 1 cm2 V-1 s-1 . Further to this the optoelectronic properties of the new polymers are discussed, which include a substantially increased
solid state PLQY up to over 0.15. The observation of emissive and absorptive interchain states
are made in these polymers of which the emission is significantly stronger than that reported
perviously in the literature. The charge transport properties of this new polymer are studied
and the hole mobility is found to be similar, if not larger to that found in IDTBT. Therefore the
structural design principles reported herein may further provide insight into the development
of high charge carrier mobility and emissive polymer semicondcutors.

6.2

The effect of bandgap on the radiative and non-radiative
rates in polymer semiconductors

As discussed in Section 2.4 and 2.5 the optoelectronic properties of organic chromophores
are heavily dependent of their optical bandgap. For example, the radiative rate is predicted
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to follow the relationship described in Equation 2.16. Moreover, the internal conversion rate
is predicted to increase as the optical bandgap is reduced in line with the energy gap law described in Section 2.5. Owing to these factors, it is very difficult to achieve efficient emission
at low NIR optical bandgap in all organic chromophores. There have been some studies into
these phenomena, however they usually focus on only the PLQY or fluorescence lifetime,
rather than the individual radiative and non-radiative rates. Therefore, it was decided to determine these parameters for a wide range of polymer semiconductors with emission energies
ranging from 1-3 eV. It was decided to perform this experiment on solvated polymers, as it
gives an indication of the intrinsic internal conversion rate, and not convoluted with aggregation induces quenching effects. The semiconductors studies in this esperiment include:
1. Poly[(9,9-dioctylfluorenyl-2,7-diyl) (PFO, Cambridge Display Technology)
2. Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4´-(N-(4-sec-butylphenyl)diphenylamine)] (TFB,
Cambridge Display Technology)
3. Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT, Cambridge Display Technology)
4. Poly[(9,9-dioctyluorene)-2,7-diyl-alt-(4,7-bis(3-hexylthien-5-yl)-2,1, 3-benzothiadiazole)2’,2”-diyl] (F8TBT, Cambridge Display Technology)
5. Poly(3-hexylthiophene-2,5-diyl) (P3HT, Group of Martin Heeney Imperial College London, United Kingdom)
6. poly[2,6-(4,4-bis-alkyl-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(CDT-BTZ, Sigma Aldrich)
7. Poly[N-9´-heptadecanyl-2,7-carbazole-alt-5,5-(4´,7´-di-2-thienyl-2´,1´,3´-benzothiadiazole)]
(PCDTBT, Sigma Aldrich)
8. Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2b]thiophene)] (DPP-DTT, Sigma Aldrich)
9. Poly[indacenodithiophene-co-benzothiadiazole] (IDTBT, Group of Ian McCulloch, Imperial College London, United Kingdom
10. Poly[dithiopheneindenofluorene-co-benzothiadiazole] (TIF-BT, Group of Ian McCulloch, Imperial College London)
11. (l-C18)-DPP-(b-C17)-BTZ (DPP-BTz, Group of Jin-Kyun Lee, Inha University, South
Korea)
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Figure 6.1: a) The PLQY for a range of polymer semiconductors in solution as a function of
their average emission photon energy. b) The exciton lifetimes for the polymers as a function
of average photon energy. c) The photon energy dependence of the radiative rate. d) The
photon energy dependence of the non-radiative rate.
12. 4,4´-[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b´]dithiophene-2,6-diyl]bis[7-(5´-hexyl[2,2´-bithiophen]-5-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine] (DTS(PTTh2)2, Sigma Aldrich)
13. Poly{[N,N’-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’(2,2’-bithiophene)} (N2200)
Polymer powders were dissolved in o-DCB at a concentration of approximately 0.1 g/l and
the fluorescence lifetime measured using either time resolved fluorescence spectroscopy, of
the decay of the ground state bleach if the lifetime was too short to determine. PLQY measurements were performed using the methodology described previously and exciting with a
wavelength which overlaps strongly with the polymer absorption spectrum. The PLQY as a
function of average emission energy is shown in Figure 6.1 a).
It can be seen that there is a strong decrease in the PLQY as the photon energy is decreased
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in line with the predictions. The measured fluorescence lifetimes are shown in Figure 6.1
and although there is no clear trend present low lifetimes are found at high and low photon
energies. When the radiative rates are extracted from these two values, shown in Figure 6.1 c),
it can be seen that there is a constant decrease as the photon energy is reduced. Plotted alongside there results is the theoretically predicted spontaneous emission rate from Equation 2.16
and assuming a constant oscillator strength of 1 and 0.1. It can be seen that the experimentally
determined values decrease at a rate faster than that predicted experimentally. This may by
due to an enhanced charge transfer character of the lower bandgap semiconductors, which
usually consist of strong electron withdrawing and donating units. The non-radiative rate as a
function of average photon energy is plotted in Figure 6.1 d). It can be seen that between 3-2
eV there is little trend in this rate. However, as the bandgap it reduced below 2eV, it increases
very rapidly.
Because these results are performed in solution they are not directly applicable to thin
film semiconductor films which have additional non-radiative decay pathways and potentially
different radiative rates determined through H- or J- aggregation. Despite this, apart from a
select few material systems, the PLQY in solution is usually considered an upper bound on the
PLQY attainable in the thin film. Therefore, the low bandgaps required for high charge carrier
mobility are a significant limitation in developing highly fluorescent and high mobility polymer semiconductors. Therefore, this began the search for higher optical bandgap polymers
which also display high fluorescence quantum yields.

6.3

The photo-physical properties of C16-TIFBT

The optical bandgap of donor-acceptor polymer semiconductors is controlled by the strength
of said donor and acceptor units. For example, addition of sulphur atoms to the donor unit
of a polymer increases its local electron density and can substantially reduce the bandgap.
This is illustrated directly in the comparison between F8BT which has an optical bandgap
of approximately 2.3 eV and its sulphur substituted variant Poly[2,6-(4,4-bis-(2-ethylhexyl)4H-cyclopenta [2,1-b;3,4-b´]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) with
approximately 1.4 eV[134]. Therefore, this molecular design approach was taken to increase
the optical bandgap of C16-IDTBT. C16-TIFBT is a variant of C16-IDTBT which has a double
phenyl extension of the electron donating IDT unit which reduces the density of sulphur atoms
and therefore its electron density. The absorption and emission spectra of TIFBT and IDTBT
are shown in Figure 6.2.
It that can be seen that in this solution phase there is a significant increase in the optical
bandgap through the backbone extension, owing to a redshift in the band edge of the ab-
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a)

b)
c)
Figure 6.2: a) The structural evolution of C16-IDTBT into C16-TIFBT through an aromatic
backbone extension. b) The absorption and emission spectra for C16-IDTBT and C16-TIFBT
showing the increase in bandgap achieved through a reduction in the sulphur density of the
electron donating unit.

103

6.3 The photo-physical properties of C16-TIFBT

Figure 6.3: The fluorescence decay of C16-IDTBT and C16-TIFBT dissolved in 0.1 g/l in
o-DCB.
Polymer
Eg PLQY Lifetime (ns) kr
C16-IDTBT 1.7 0.20
1.38
0.14
C16-TIFBT 2
0.41
2.40
0.17

knr
0.58
0.25

Table 6.1: A summary of the photo-physical parameters of C16-IDTBT and C16-TIFBT dissolved in o-DCB.
sorption spectra. In order to determine whether this increase in optical bandgap resulted in
a fluorescence enhancement, PLQY and fluorescence lifetime was performed on 0.1 g/l solution of C16-TIF-BT in o-DCB and compared to that measured for C16-IDTBT previously. The
PLQY of TIF-BT was found to be 0.41 in comparison to that found for C16-IDTBT, discussed
previously, and was 0.20. The fluorescence lifetime was extracted from the fluorescence decay
as described previously and shown in Figure 6.3. The decay lifetime was found to be 2.40 ns
in the case of C16-TIF-BT in comparison to 1.36 ns for IDTBT as reported previously. The
optoelectronic parameters for solvated C16-TIF-BT and C16-IDTBT are summarised in Table
6.1.
It can be seen that the major reason for the increase in the PLQY is the reduction in
the non-radiative rate of which it is assumed that the major cause is the reduction in internal
conversion addressed earlier in this section. It should be noted that this is not the only possible
contributing factor. For example, as discussed in Section 2.5, poly(thiophene) derivatives have
a sizeable intersystem crossing rate in solution which is attributed to the high concentration
of sulphur atoms which have larger nuclei than carbon and therefore have a larger spin-orbit
coupling. Therefore, the spin orbit coupling present in TIFBT may be lower than that found
in IDTBT, and therefore it may have a lower intersystem crossing rate.
In order to determine whether the improved fluorescence properties are translated into
the solid-state where they are useful in optoelectronic devices, thin film were coated onto
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b)
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d)

Figure 6.4: a) The absorption spectra of C16-IDTBT and C16-TIFBT thin films spincoated
from a 10 g/l solution. b) The PDS spectra for thin films of C16-IDTBT and C16-TIFBT.
c) The fluorescence spectra of as cast C16-IDTBT and C16-TIFBT thin films. d) Bright red
emission of C16-TIFBT when excited with a 407 nm laser.
spectrosil substrates by spin coating a 10 g/l solution as described previously. The absorption
spectra of a thin film fabricated through this process are compared again to C16-IDTBT and
is shown in Figure 6.4 a).
It was found that the the TIFBT maintains its larger optical bandgap in the thin film and
the spectra become sharper, assumed to be from increased order due to chain alignment. In
order to explore the absorption properties further and to determine the Urbach energy, photothermal deflection spectroscopy was performed and is plotted in Figure 6.4 b) for C16-IDTBT
and C16-TIFBT. An initial observation is that there is a broad sub-bandgap absorption feature
between 800-1000 nm in TIFBT which is not present in IDTBT. Features similar to this have
been observed previously in IDTBT derivatives, and have been attributed to an intra-chain
charge transfer state[135]. The second observation from the PDS data is that the Urbach
energy for C16-TIFBT is found to be 32 meV in comparison to 24 meV for C16-IDTBT
which may suggest a larger amount of energetic disorder.
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The fluorescence spectra of C16-TIFBT was measured as described previously and is
shown in Figure 6.4 c). It can be seen that aside from the red-shift from C16-IDTBT there
exists a broad low energy feature which is present in the spectra of C16-TIFBT. The PLQY of
C16-TIFBT neat thin films was measured as described previously and exciting with a 532 nm
laser, and found to be substantially larger than C16-IDTBT with a value of 0.155. The bright
red fluorescence of an as-cast thin film of C16-TIFBT is shown in Figure 6.4 d).
In order to study the lower energy state further, time resolved fluorescence spectroscopy
was carried out as a function of emission wavelength for both C16-TIFBT and C16-IDTBT.
The normalised fluorescence map is shown in Figure 6.5 a). It can be seen that at longer
wavelengths there is a fluorescence component which decays with a slower rate. The time
resolved fluorescence traces, extracted from this map at three wavelengths are shown in Figure
6.5 c). It can be clearly seen that the decay is slower at longer wavelengths and that the
short wavelength component at 590 nm also shows a longer tail after approximately 2 ns. To
investigate this further the emission spectra at different times after excitation was extracted
from the data and are shown in Figure 6.5 c) for time scales between 0 - 6.4 ns and Figure
6.5 d) for time scales between 3.2 - 18 ns. It can be seen that the emission initially dominated
by the higher energy component, which becomes dominated by the lower energy component
at timescales between 3.2-6.4 ns. When fitted with a mono-exponential decay, the shorter
wavelength species has a fluorescence lifetime of 0.37 ns, approximately a factor of four larger
than that found in C16-IDTBT.
In order to determine the origin, being an intrinsic intra chain state or a interchain state
formed upon aggregation, a solvent/non-solvent solution aggregation method was employed
similar to that in Chapter 3 for IDTBT derivatives. The polymer was dissolved to in solvent
blends of o-DCB and methanol with ratios ranging from pure o-DCB to 90% methanol by
volume. It was expected that if the state was intrinsic it would present a longer lifetime in
solution even in neat o-DCB. If it were an inter-chain state it would only be present when
the ratio of methanol became large enough to force the polymer chains to aggregate. Time
resolved fluorescence was carried out at four o-DCB/methanol ratios at 600 nm and 700 nm
and the results are shown in Figure 6.6.
It can be seen that when the polymer is dissolved in neat o-DCB both the 600 nm and 700
nm component display the same fluorescence decay lifetime. However, as the methanol concentration is increased there are two key observations. The first is that the 600 nm component
decreases in lifetime, which is consistent with what was seen for C16-IDTBT. Moreover, as
the methanol ratio increases there begins to appear a longer component in the 700 nm decay
which is attributed to the 700 nm component seen in the thin film. Therefore, in combination
with the longer decay lifetime there is evidence to suggest that the lower energy state is an
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a)

b)

c)

d)

f)
Figure 6.5: a) A time resolved fluorescence map of an as-cast C16-TIFBT thin film. b) Extracted fluorescence decays of C16-TIFBT at three chosen wavelengths indicating a slower
exciton decay at longer emission wavelengths. c) The emission spectra integrated over different timescales following excitation between 0-6.4 ns. d) The normalised population data for
the two species extracted using a genetic algorithm and a singular value decomposition. e)
The isolated emission spectra for the two species.
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Figure 6.6: The time resolved fluorescence traces of C16-TIFBT at 600 nm and 700 nm in
a solvent blend of a) neat o-DCB. b) 50/50 o-DCB/methanol. c) 25/75 o-DCB/methanol. d)
10/90 o-DCB/methanol.
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a)

b)

c)

d)

Figure 6.7: a) The X-ray reflection indicating an increase in the structural order of TIFBT
as the annealing temperature is increased. b) The extracted out of plane spacing from the
X-ray reflection data showing a decrease as the annealing temperature is increased. The annealing temperature dependence of photolumenescence spectra of TIFBT. d) The annealing
temperature dependent PLQY showing a decrease as the annealing temperature is increased.
inter-chain charge transfer state.
Because the structure of polymer semiconductors can be modified through thermal annealing at temperatures above room temperature, it was decided to determine whether this was
present in C16-TIFBT. Thin films were cast as described previously onto silicon substrates,
one film was not annealed, and one each at 100ºC, 200ºC and 300ºC for 1 hour, followed by
quenching on a room temperature metal plate. XRD was performed on the samples and the
results are shown in Figure 6.7 a). It can be seen that the non-annealed sample which was
used for the previous measurements shows no structural features within the resolution of the
experiment. However, as the annealing temperature is increased it can be seen that a peak begins to appear between 0.2-0.4 Å-1 . This peak gets stronger with reference to the background
as the annealing temperature is increased suggesting that the film is gaining more structural
order. Moreover, the out of plane spacing from which this peak originates gets smaller as
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a)

b)

Figure 6.8: a) The fluorescence quenching ratio as a function of PCBM loading for C16IDTBT and C16-TIFBT. This shows the increased quenching efficiency for TIFBT at a constant PCBM concentration indicating a longer exciton diffusion length. b)
the annealing temperature is increased and is shown in Figure 6.7 b). In order to determine
how these structural changes influenced the photo-physical properties, the fluorescence spectra and PLQY was measured as a function of annealing temperature and shown in Figure 6.7
c) and d) respectively. It can be seen that as the annealing temperature is increased form room
temperature to 200ºC the emission from the lower energy charge transfer exciton increases in
intensity relative to the frenkel exciton. This is accompanied by a drop in the PLQY from
0.155 to under 0.08. However, when the films are annealed at 300ºC the lower energy peak
reduces significantly relative to the frenkel emission and there is a slight increase in the PLQY
to around 0.1. Moreover, there is a red-shift in the emission from frenkel emission indicative
of a more crystalline system.
Due to the longer exciton lifetime of C16-TIFBT in comparison to C16-IDTBT, it was
thought that it may possess a longer exciton diffusion length, similar to the observation for PC16-IDTBT. This measurement was performed as before, blending the polymer with varying
concentrations of PCBM. The fluorescence quenching data is shown in Figure 6.8 a) along
with that presented for C16-IDTBT previously. This was measured at 600 nm which can be
seen from Figure 6.8 is within the spectrally pure Frenkel exciton regime, and does not have
significant contributions from the interchain state.
It can be seen that for a constant PCBM concentration C16-TIFBT has a larger quenching
efficiency suggesting a longer exciton diffusion length. When the data is fitted with 3.5 the
exciton diffusion length is found to be 13.1 nm. The approximate diffusion coefficient can
also be extracted using the equation D = LD2 /t as described previously. The lifetime used here
will be the prompt decay of the Frenkel exciton, which contributes to approximately 95% of
the the steady state emission at 600 nm and therefore the Stern-Volmer framework will be still
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considered valid. The diffusion coefficient is found to be 4.4 ± 0.7 cm2 s-1 which is similar to
what was found previously for C16-IDTBT and much larger than that found for F8BT and
F8TBT. In order to calculate the exciton trap density care has to be taken because two species
are emitting and therefore only the Frenkel state must be considered. By integrating over the
deconvoluted fluorescence signals it is found that the fraction of emission that comes from the
Frenkel state is 0.81 and the interchain 0.19. Therefore if it is assumed that it is the Frenkel
which is excited directly, then the PLQY of this state is in fact 0.125 and the radiative and
non-radiative rates calculated accordingly using its lifetime of 0.37 ns. The photo-physical
parameters of C16-IDTBT and C16-TIFBT in the as-cast thin film are compared in Table 6.2.
Polymer
C16-IDTBT
C16-TIFBT

PLQYT
0.022
0.155

PLQYF
0.125

t F (ns) LD (nm) D (10-3 cm2 s-1 ) nex (1017 cm-3 )
0.09
7.5
6.3 ± 1.0
13.0 ± 2.2
0.37
12.8
4.4 ± 0.7
3.8 ± 0.8

Table 6.2: A comparison of the photo-physical parameters for C16-IDTBT and C16-TIFBT.
PLQYT denotes the total PLQY and PLQYF is the PLQY of the intrachain Frenkel exciton.
Note that the lifetime quoted for TIFBT is extracted form the prompt, higher energy Frenkel
decay which is comparable to the decay of IDTBT which only shows one species.
It can be seen that the exciton trap density is lower than that of C16-IDTBT by a factor
of 3, and given a similar diffusion coefficient results in significantly less aggregation induced
fluorescence quenching.

6.4

Charge Transport Properties of TIF-BT and IDT-BT

In order to determine how the IDT unit extension effected charge transport both IDT-BT and
TIF-BT were integrated into field effect transistors1 . Substrates were prepared as reported previously and 10 g/l solutions in o-DCB were prepared. The films were formed by spin-coating
these solutions at 1400 rpm for 1 minute. Following this a solution of 3:1 Cytop:Cytopsolution was spin coated at 1400 rpm for 1 minute followed by a short annealing step at 80ºC
for 10 minutes. Although this step was not performed for the spectroscopic studies, films annealed at 100ºC for 1 hour did not present a drop on PLQY and therefore was not considered
significant. Following the Cytop deposition, 20 nm aluminium gate electrodes were thermally
evaporated to align over the active area of the TFTs. The devices were tested inside of a
nitrogen filled environment.
1 The

transistors were fabricated and tested by Dr Mark Nikolka of the Cavendish Laboratory, but analysed
by the present author.
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Figure 6.9: a) The output characteristics of C16-IDT-BT and C16-TIF-BT TFTs. b) The transfer characteristics of C16-IDT-BT and C16-TIF-BT in the linear and the saturation regime. c)
The extracted gate voltage dependent mobility for the two polymers. d) A literature survey of
the mobility and PLQY of a range of polymer semiconductors, in comparison to IDTBT and
TIFBT reported here
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The output characteristics for TIF-BT and IDT-BT are shown in Figure 6.9 a). It can
initially be seen that for a given gate voltage the currents achieved for TIF-BT are larger
than that of IDTBT. The transfer characteristics were measured in the linear and saturation
regime in order to determine the charge carrier mobility of the two systems. This is shown
in Figure 6.9 b). Again it can be seen that for the same device geometry, both the linear and
saturation transfer characteristics present higher currents at large negative drain voltages. In
order to quantify the charge carrier mobility for both polymers, Equation 2.30 was utilised as a
function of gate voltage and the extracted mobility is plotted in Figure 6.9 C. For C16-IDTBT
it can be seen that there is a gate voltage independent mobility of approximatley 2 cm2 V-1 s-1 ,
similar to that reported previously. However, for TIFBT there is initially a plateau at low
negative gate voltages, but which rises to a peak of 6 cm2 V-1 s-1 at large negative gate voltages.
This dependence can be due to a number of factors such as injection issues, or heating within
the film which increases the charge carrier mobility as the current density is increased. A
conservative estimate reveals a larger field effect mobility in C16-TIFBT in comparison to
C16-IDTBT evidenced through the mobility extraction and also the larger currents seen in
device characteristics.
This observation of a high charge carrier mobility and relatively large fluorescence quantum
yields are rare in the literature for polymer semiconductor systems. In order to compare
the extracted mobility and PLQY values to that reported previously, a literature survey was
performed for a wide range of systems of which the PLQY is plotted as a function of hole
mobility[38, 42, 136–146].. It can be seen that within this study that C16-TIFBT is the only
system with a mobility over 0.1 cm2 V-1 s-1 with a PLQY over 0.1. We therefore propose the
design principles reported within this chapter as a stepping stone to develop high charge carrier
mobility polymers which also have large fluorescence quantum yields.

6.5

Conclusions and further work

In this chapter, the photophysical properties of a new polymer semiconductor is reported which
displays both an enhanced PLQY and hole mobility in comparison to C16-IDTBT. The chapter
begins by discussing the effect of optical bandgap on the radiative and non-radiative properties
of a wide range of organic semiconductors. By conducting a study on polymers in solution it
is shown that there is both a reduction in radiative-rate and an increase in non-radiative rate as
the optical bandgap is reduced. This gave an indication that in order to achieve a high charge
carrier mobility polymer with a high PLQY, high mobility polymer systems with larger optical
bandgaps must be identified. This is achieved through a structural modification to C16-IDTBT
whereby the IDT unit has an additional phenyl unit added which reduces the density of sulphur
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atoms, reduced the electron density on this unit and therefore increases the optical bandgap
form 1.7 eV to 2 eV. In solution this polymer exhibits double the PLQY found for IDTBT
under the same condition which is owing to a substantionally lower non-radiative rate. In the
thin film this is also the observed, and the polymer films exhibit a PLQY of 0.155 in the ascast form. An interchain state is observed in both the emission and the photothermal deflection
spectra which is speculated to be a charge transfer state. The exciton lifetime in TIF-BT is
four fold larger than that found in IDTBT which results in an increase in the exciton diffusion
length from 7.5 nm to 12.8 nm, estimated form a Stern-Volmer analysis. In transistors TIF-BT
exhibits a slightly larger hole charge carrier mobility than IDTBT, and which results in larger
currents in the transfer and output characteristics for an identical transistor geomerty. TIFBT
is therefore a material which presents excellent charge transport characteristics, with a PLQY
substantionally larger than all other high mobility polymer semiconductors.
C16-TIFBT and P-C16-IDTBT are both polymers that share structural similarities to C16IDTBT, but have superior fluorescence properties. If the properties of P-C16-IDTBT and
C16-TIFBT in comparison to C16-IDTBT are considered there are a few similarities. The
first is that both these polymers have larger optical bandgaps in comparison to C16-IDTBT.
The effect is slight in the case of P-C16-IDTBT and may arise from the alkyd chain being
separated form the conjugated core, suppressing the electron donating effect it provides. The
larger optical bandgap found in C16-TIF-BT is owing to the phenyl extended backbone which
acts to reduce the electron density in comparison to C16-IDTBT. The second key similarity is
the significantly reduced non-radiative rate of these polymers in comparison to IDTBT. This
leads to both an increase in the fluorescence lifetime and an increase in PLQY. The increase
in fluorescence lifetime further acts to increase the exciton diffusion length in both these polymers compared to C16-IDTBT. Therefore the structural design of both these systems could
be leveraged further in the future to develop even more emissive and higher mobility polymer
semiconductors. This would be useful in both emissive as well as photovoltaic devices, which
would benefit from longer exciton diffusion lengths.
Potential

further experiments to expand the work described here include:

1. Explore further polymer semiconductors which adhere to the design principles of TIFBT.
2. Because of the higher PLQYs of TIFBT and their similar charge carrier mobility, in
comparison to IDTBT, they may prove useful in light emitting devices. Therefore exploration of this material in LEFETs and OLEDs could be a further experimental step.
3. The longer exciton diffusion length may aid charge generation in solar cells and therefore should be tested. Moreover, owing to the larger bandgap of TIF-BT it may be useful
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to integrate into tandem cells, or with non-fullerene acceptors if it proves efficient.

Chapter 7
The effect of hydrogen substitution on the
optoelectronic properties of polymer
semiconductors
7.1

Introduction and initial hypothesis

One challenge which exists within the knowledge base of polymer semiconductors is to identify
design rules which lead to the suppression of intrinsic non-radiative processes in polymer
semiconductors. This would not only be advantageous for light emitting systems, due to an
increase in FQY, but also for solar energy harvesting which would benefit from longer exciton
lifetimes. As discussed in Section 2.5, the most fundamental of these processes is internal
conversion, which is the transformation of electronic excitation into lower energy vibrational
excitation, followed by rapid thermalisation. In their 1969 work, R. Englman and J. Jortner
developed the Energy Gap Law theory[84]. In this work, within the limit of small ground and
excited state displacement, they argued that non-radiative decay will be dominated by vibronic
excitation of the vibrational mode of highest frequency. Therefore they directly argued that
replacement of hydrogen with deuterium, which is heavier and reduces the vibrational mode
energy, should in fact reduce the non-radiative transition rate. However, this claim has been
disputed with examples of both experimental confirmation and rejection of the hypothesis.
The cases supporting this argument have existed since the early 1960s, were it was shown
that replacement of hydrogen with deuterium both increases the PQY and triplet lifetime for
napthalene and benzene. It was subsequently shown that the fluorescence lifetime of liquid
benzene could also be increased by deuteration, which indicated that this effect was significant
for both singlet and triplet excited states[147]. However, there are a number of works which
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indicate that this process is not universal. For example A. Köhler et al. showed that replacement of aromatic hydrogens with deuterium has no significant effect in the triplet lifetime of a
platinum containing polymer[85]. It was argued that because the excited states do not couple
to vibrations of carbon-hydrogen bonds, these should not influence the excited state lifetime.
Aside from internal conversion, there is also a parallel non-radiative decay mechanism
which originates from vibrational modes of molecular bonds. This process occurs because,
despite their very low oscillator strength, the optical transitions between vibrational levels of
a bond are permitted, and is what allows infra-red/FTIR spectroscopy. Because the transition
dipole moment of this is non-zero it allows for FRET between the electronic states and the
vibrational modes. This process has been studied extensively in lanthanide complexes and
is has been shown that both fluorination and deuteration of the molecule, or its environment
results in enhanced FQY and excited state lifetimes. This occurs because the energy gap
between vibrational levels is larger when hydrogen is replaced with heavier elements, therefore
at energies corresponding to that of the optical transition, a higher vibrational state is required.
Because the Franck-Condon factor between the ground and excited state vibrational modes
decreases as the vibrational quantum number of the excited state is increased, this results in a
lower oscillator strength and therefore lower dipole-dipole coupling and FRET rate. A recent
practical use example of this technique was by H. Ye et al. who were able to enhance the
excited state lifetime and FQY of an erbium complex using a fluorinated environment, and in
doing so realise optical gain at low pump intensities[130]. This has also been performed using
deuterated solvents and molecules which has the same effect.
The initial hypothesis to test within this body of work was that if replacement of hydrogen
atoms in low bandgap polymer semiconductors increased their excited state lifetimes and FQY.

7.2

The effect of hydrogen substitution on the optoelectronic
properties of poly(3-hexylthiophene)

In order to determine the effect of hydrogen substitution with deuterium or fluorine on the optical properties of vibrational modes, absorption spectroscopy was performed on protonated,
deuterated and fluorinated solvents. This was performed on a 1 cm path length cuvette filled
with the neat target solvent. The visible/NIR absorption spectrum of hexane and perfluorohexane is shown in Figure 7.1 a). It can be seen that there is a progression of absorption peaks
evident in hexane, even within the visible range of <700 nm. These absorption features are attributed to overtones of the high energy C-H stretch mode. The fluorinated derivative however
shows no absorption features which is owing to the substantially smaller Frank Condon factor
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a)
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Figure 7.1: a) The visible/NIR absorption spectrum of neat hexane and perfluorohexane. It
can be seen that the overtones absorption of the C-H vibrational modes are evident even at
wavelengths smaller than 700 nm. b) An illustration of the transitions intra-mode transitions
which correspond the the absorption features observed in a).
of the vibrational modes at this energy.
Initially the effect of perdeuteration on the optoelectronic properties of P3HT was studied.
The structure of the protonated (H-P3HT) and (D-P3HT) is shown in Figure 7.2 a). In order to
ascertain the effect of this on the vibrational modes of the intramolecular bonds, FTIR spectroscopy was carried out on drop cast thin films. The normalised infra-red absorption is shown in
Figure 7.2 b) for a high energy region, and for 7.2 c) for a lower energy region. The higher energy region consists predominantly of the modes of the C-H bond. For H-P3HT, the absorption
features between 2750 -3000 cm-1 are attributed to the stretching motions of carbon-hydrogen
bonds in the alkyl solubilising chain. The peak which is observed at wavenumbers just above
3000 cm-1 is the stretch mode is attributed to the carbon-hydrogen bond on the thiophene ring.
It is clearly observed that the absorption attributed to these modes shift to lower energies
when the hydrogen is substituted with deuterium. For example the transition corresponding
to the carbon-hydrogen bond attached to the thiophene ring decreases from 3055 cm-1 to 2280
cm-1 when substituted with deuterium. For the lower energy regime for H-P3HT in Figure 7.2
c) the peak at 1510 cm-1 is attributed to the stretching mode of the carbon-carbon double bond
within the thiophene ring as reported previously[148]. It can be seen that the transition corresponding to this bond also decreases in energy when deuterated, and may due to the fact that
one of the carbons involves is not tethered to a heavier atom. Fluorescence spectroscopy was
carried out on solutions of H-P3HT and D-P3HT at a concentration of 0.1 g/l in chloroform
(CF) and (D-CF) deuterated-chloroform. The deuterated chloroform was utilised in order to
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a)

b)

c)

d)

e)

f)

Figure 7.2: a) The molecular structure of H-P3HT and D-P3HT. b) The normalised infra-red
absorption of high energy intramolecular vibrational modes for H-P3HT and D-P3HT. c) The
normalised absorption spectra for lower energy intramolecular vibrational modes in D-P3HT
and H-P3HT. d) The fluorescence spectra of H-P3HT and D-P3HT dissolved in CF. e) The
fluorescence decays for H-P3HT and D-P3HT dissolved in H-CF and D-CF. f) The extracted
fluorescence lifetimes of the decays shown in Figure e) using a mono-exponential fitting.
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b)

Figure 7.3: a) The time resolved fluorescence of C16-IDTBT dissolved in chloroform and deuterated chloroform. b) The extracted fluorescence lifetime for IDTBT dissolved in chloroform
and deuterated chloroform.

investigate the effects of deuterating the environment of the polymer chain, in combination
with deuteration of the polymer itself. The normalised fluorescence spectrum of the two polymers in solution are shown in Figure 7.2 d). It can be seen that there is a small difference
between the spectra, from which self absorption can not be ruled out as a contributing factor.
The fluorescence lifetimes of the same solutions were subsequently measured and the decay
is shown in Figure 7.2 e). The decays were fitted with a mono-exponential decay and the
extracted lifetimes are shown in Figure 7.2 f). It can be seen that, although the differences are
small, H-P3HT in H-CF has the shortest lifetime, D-P3HT in D-CF has the longest lifetime,
and the other two combinations fall in between these points. This evidences that hydrogen
substitution with deuterium can influence the excited state lifetime, but in this case only by
a relatively small proportion. Moreover, it is not clear whether the lack of C-H bonds themselves are contributing to this change in lifetime, or the reduced vibrational energy of the C=C
modes within the thiophene ring which are thought to play a key role in internal conversion.
Although the deuteration of polymer semiconductors is difficult and therefore hard to procure, deuterated solvent is less so. Therefore further experiments were performed by dissolving polymer semiconductors in protonated and deuterated solvents. The lifetimes of IDTBT
in protonated and deuterated chloroform are shown in Figure 7.3a) and the extracted fluorescence lifetime in Figure b). It can be seen that the lifetime of the polymer dissolved in the
deuterated variant is larger, is a small effect, increasing the lifetime by 5%.
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7.3

Non-radiative rate reduction of poly(thiophene) derivatives via backbone fluorination

Because fluorinated derivatives of rare-earth complexes have bene shown to possess longer
fluorescence lifetimes and PLQYs in solution and the solid state, it was decided to investigate the effects of fluorination on the photo-physical properties of polymer semiconductors.
Two families were tested, poly(3-octylthiophene) and Poly(2,5-bis(3-hexadecylthiophen-2yl)thieno[3,2-b]thiophene) (PBTTT), of which the structures are shown in Figure 7.4 a)1 .
In the case of P3OT three variants were provided, a protonated (P3OT-H) and alternating
(P3OT-A) and a fluorinated (P3OT-F). In the case of PBTTT two were provided, a protonated
(PBTTT-H) and a partially fluorinated (PBTTT-F).
The absorption spectra of the three P3OT derivatives dissolved in o-DCB are shown in
Figure 7.4 b). It can be seen that P3OT-H has a broad featureless absorption consistent with a
solvated disordered polymer. However for P3OT-A and P3OT-F it can be seen that there is increasing contribution to the absorption spectrum from un-dissolved lower bandgap aggregates.
This is owing to the substantially reduced solubility of the fluorinated variants.
Because of this low solubility it was difficult to accurately determine the PLQY of each
component individually in solution. However, using time resolved fluorescence it was possible
to deconvolute the decays of the two components. The P3OT and PBTTT solutions were
diluted to a concentration of 0.01 g/l in o-dichlorobenzene and time resolved fluorescence
measured by exciting at 405 nm and measuring at 600 nm, higher in energy than the aggregate
fluorescence. The time resolved fluorescence traces for the P3OT and PBTTT derivative are
shown in Figure 7.4 a) and b) respectively.
For P3OT it can be seen that the P3OT-H and P3OT-A display mono-exponential decays
although the P3OT-F shows a longer tail appearing at timescales longer than 2 ns. This is
owing to the aggregated polymer chains which have a longer lifetime than the solvated chromophores in the case of P3OT-A and P3OT-F. In order to extract the lifetime of the short,
solvated component a bi-exponential decay was fitted and the short component extracted. In
contrast to the deuterium substitution the increasing heavy atom content in this case acts to
slightly reduce the lifetimes extracted which are displayed in Table 7.1.
This is also observed in the case of the PBTTT derivatives, whereby the fluorinated variant
has a shorter exciton lifetime than the protonated. This was extracted similar to the F-P3OT
whereby a bi-exponential decay was fitted and the short component extracted.
To determine the effects in the solid state, thin films were spincoated from 5 g/l solutions
1 These

London

polymers were synthesised by Pierre Boufflet, in the group of Martin Heeney at Imperial College
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a)

b)

c)

Figure 7.4: a) The structures of the polymers used within this study. b) The absorption spectra
of the three P3OT derivatives dissolved in o-DCB. c) The absorption spectra of the two PBTTT
derivatives dissolved in o-DCB.

Polymer
P3OT-H
P3OT-A
P3OT-F
PBTTT-H
PBTTT-F

ts
0.59
0.55
0.50
0.66
0.40

t TF1
0.27
0.69
1.06
0.46
1.3

t TF2
1.55
3.8

PLQYTF
0.025
0.056
0.105
0.014
0.079

kr
knr
0.093 3.61
0.081 1.37
0.099 0.84
-

Table 7.1: A table summarising the photo-physical parameters of poly(thiophene) derivatives
with different levels of hydrogen substitution.
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a)

b)

c)

d)

Figure 7.5: a) The-time resolved fluorescence decay of P3OT-H, P3OT-A and P3OT-F when
dissolved in solution b) The time resolved fluorescence of PBTTT-H and PBTTT-F when
dissolved in solution. c) The fluorescence decay of the three P3OT derivatives in the thin
film. Note that the fluorescence lifetime increases as the fluorine content is increased. d)
The fluorescence decay of the PBTTT derivatives. Note that the average decay lifetime also
increases, in agreement with what is observed for P3OT.
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in TCB. However, because of the very low solubility of the fluorinated variants, they did not
dissolve at room temperature. It was found that the most insoluble of these polymers PBTTTF was only soluble when the vials were placed on a hotplate temperatures of 170ºC. Therefore
all the polymers were spincoated from solutions at this temperature onto cleaned spectrosil
at a spin speed of 1400 rpm. Time resolved fluorescence and PLQY measurements were
performed as described previously. It can be seen from Figure 7.5 c) that the fluorescence
lifetime increases as the hydrogen substitution in increased which are displayed in Table 7.1.
This is also observed in the case of PBTTT, but complicated by the fact the PBTTT-H decay
is bi-exponential. In combination with this observation, the PLQY increases as the fluorine
content is increased for both PBTTT and P3OT. If the radiative and non-radiative rates are
extracted as described in Section 2.4 for the P3OT derivatives which display mono-exponential
decays, it can be seen that the PLQY and exciton lifetime increase is due to a substantial
reduction in the non-radiative rate. The radiative rate does not change significantly outside of
the standard error and there is no clear correlation observed.
In order to determine whether this effect is an effect of hydrogen substitution and the
internal conversion rate, or an effect of aggregation induced by the other changes induced
by the addition of fluorine atoms, this the excited state lifetime was measured for P3HT-D
and P3HT-H. If it were in fact an effect of internal conversion then it would be assumed that
the increase in lifetime should also be present for a deuterium substitution, but to a lesser
extent. Because the fluorescence lifetime of P3HT-H is lower than the instrument response
of the TCSPC set-up available, transient absorption spectroscopy of the ground state bleach
was performed2 . Films were prepared by spin-coating 10 g/l solutions onto cleaned spectrosil
substrates and encapsulating in a nitrogen filled atmosphere. The time resolved ground state
bleach recovery for the protonated and deuterated films is shown in Figure 7.6.
It can be seen that both the protonated and deuterated films of P3HT decay with almost
identical kinetics and with a lifetime of approximately 60 ps. This gives evidence to suggest
that the the increase in PLQY and lifetime that was observed upon fluorination is not due to a
reduction in internal conversion as it would also be expected with a deuterium substitution.
Both the PBTTT and P3OT derivatives have been studied previousy for their charge transport and structural properties[149, 150]. In both cases a reported increase in the charge carrier
mobility when the backbone was fluorinated. In both cases this is argued to arise from increased backbone planarity and therefore there are small changes in the crystalline structure
upon fluorination. For example Z. Fei et al. reported a decrease in the alkyl stacking distance
from 1.96 nm to 1.91 nm and an increase in the p-p stacking from 0.388 nm to 0.391 nm
when P3OT was fluorinated[150]. Therefore it could be possible that small structural changes
2 This

was performed experimentally by Stephen Matt Menke of the Cavendish Laboratory.
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Figure 7.6: The ground state bleach decay of P3HT-H and P3HT-D in the thin film.
influence the non-radiative decay properties. Moreover, because the synthesis of the perfluorinated, alternating and protonated polymers proceed by different synthetic routes, this may
too influence fluorescence properties, as discussed in Section 2.5.

7.4

Conclusions and further work

In this chapter the effects of hydrogen substitution on the photo-physical parameters of organic semiconductors has been explored. This was inspired by the predictions by Englman
and Jortner that reduction of the vibrational mode of highest frequency would reduce the internal rate, and the observations of increased PLQY and lifetime in rare earth systems upon
fluorination. Initially the effect of per-deuteration on P3HT was studied. Initially it was found
that the C-H and C=C stretch modes reduces in energy upon substitution which was owing
to heavier deuterium atom. However, it was shown that only relatively small increases in the
exciton lifetime were observed when the polymer and solvent were deuterated. This suggests
that the presence of hydrogen atoms only affords a small influence to the total non-radiative
processes. Following this the effect of backbone fluorination on the properties of P3OT and
PBTTT were studied. In solution the exciton lifetime was found to decrease, in contradiction
to what was observed for the deuteration. However, in the thin film an increase in exciton lifetime and PLQY was found upon fluorination which suggests a reduction in the non-radiative
rate. When the protonated and deuterated P3HT were studied in this fashion they were found
to exhibit almost identical ground state bleach recoveries. This gives evidence to suggest that
the reduction in non-radiative rate observed for P3OT and PBTTT is not a suppression in the
internal conversion rate, as it would also be expected in the case of a deuterium substitution.
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