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Abstract

“Organic Light Emitting Diodes — New Emissive Materials and Device

Architecture” by Adam Strevens.

Organic materials are now used for a variety of electronic devices including
organic light-emitting diodes (OLEDs). However, most organic electronic display
applications require more efficient red, green and blue OLEDs with improved
lifetimes. Significant improvements are possible by developing better materials and
device structures pertaining to charge-injection, -transport, -recombination and
radiative exciton decay.

In this thesis single and multilayer LEDs were made from four poly(phenylene-
vinylene) (PPV) light-emitting polymers: MEH-PPV control homopolymer (orange
emitter), TPD-M3EH-MEH-PPV (red emitting copolymer), TPA-MEH-PPV (green
emitting copolymer) and TPD-MEH-PPV (green emitting copolymer).  The
copolymers contain TPD and TPA backbone moieties intended to improve hole-
transport and blue-shift emission with respect to the homopolymer.  Single-pixel
brightness levels of 100 — 1000 cd/m’ sufficient for many electronic display
applications, were achieved. New fluorene type emitters were also studied. These
included a PFO-PPV copolymer and the small molecule 9,9-bis/4-(diphenylamino)-
phenyl Jfluorene which resulted in green and blue electroluminescence respectively.

This thesis details the development of a new nanodot-array-anode, produced by
planarisation of a nickel-filled porous alumina membrane, designed to reduce the
effects of Joule heating which often cause early failure in devices and limit maximun
current density and brightness.  Nanodot-array OLEDs (NA-OLEDs) with the TPD-
MEH-PPV copolymer as emissive layer reached current densities of 10° A/m?® -
amongst the highest values reported for constant current driving. Nano-pixelation
did not significantly alter the LED emission spectrum. The results for OLEDs using
this new nanodot-array anode device architecture are encouraging from the point of

view of passive matrix displays and achieving an organic laser-diode.
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1.1 ORGANIC ELECTRONICS

This introduction first explores some of the basic forms and terminologies in
organic electronics, in particular organic displays, and then briefly outlines the main
content of each chapter in this thesis.

Organic electronics is, as the name suggests, concerned with electronic circuits
comprised of organic materials through which electrical current flows. Organic materials
are predominantly composed of carbon and hydrogen atoms bonded together. With
regard to organic materials, only small molecules and polymers are considered in this
thesis. A small molecule has a low molar mass whereas Oligomers only have a few
repeat units (usually between 3 and 12). A polymer or “polymer chain”, typically
consisting of several thousand repeat units - hence the name poly-mer, has a high molar
mass. While all the polymers considered in this thesis are synthetic in nature, polymers
do occur naturally - in proteins, for example.

Many people think of a plastic bag or other plastic objects such as toothbrushes
etc, as representative of the class of materials called polymers and they are correct in this
in many respects. However, polymers can be a lot more exotic than the electrically
insulating polymers used to make such items. The term organic electronics refers to
electronic devices or circuits which use organic materials as the active material. The first
impetus for research in the field of organic electronics was the discovery of high levels of
electrical conductivity in the conjugated organic polymer polyacetylene. Here the term
conjugated refers to the particular form of carbon-carbon bonding found in this material,
i.e. alternating double and single carbon bonds along the polymer backbone, the details of
which are discussed in chapter 2. High-tech conjugated polymers actually have
something in common with the ancient peat bogs of Ireland! — both materials are organic,
carbon-based materials.

For small molecules and polymers with a large degree of conjugation, the
extended overlap of atomic orbitals provides a band structure with high enough intrinsic
charge mobilities to make low operating-voltage optoelectronic and other devices, such

as organic thin-film-transistors (TFTs), organic solar cells, and organic light-emitting



diodes (OLEDs), based on thin films of these materials. Note that OLEDs is a generic
term encompassing both small molecule- and polymer-based LEDs.

The term synthetic metals refers to polymers which are conducting in their solid
state. Polyacetylene was the prototypical synthetic metal. Others exist but have
conductivities lower than that of polyacetylene. However, polymers that conduct well
have small bandgaps, are usually not fluorescent and, therefore, are not useful for opto-
electronics where materials with bandgaps corresponding to the wavelengths of light in

the visible range of the electromagnetic spectrum are required.

15121 Light-Emitting Organic Materials

Fluorescence, defined as the emission of visible light from a material upon
absorption of light, is the primary driver for the use of organic materials for electro-
fluorescent applications. The term fluorescence was coined by the famous Irish-born
physicist George Gabriel Stokes who named the phenomenon after the mineral fluorspar,
or calcium fluoride, (1852) following observations of this phenomenon in quinine
sulphate solution originally made by Herschel in 1845. Organic fluorescence was first
observed in urea sait which was the first synthesised organic material (1828) and is a
small organic molecule. Fluorescent organic materials include small organic molecules,
the first of which to be synthesised was Mauveine. Fluorescent small molecules are
widely used as efficient chromophores or dyes in dilute solution. The discovery of strong
photoluminescence (PL) or fluorescence from a light-emitting-polymer (LEP) in the solid
state caused much interest in the optoelectronics community as these materials can easily
be altered to change the emission colour and allow for simple solution-based processing.

This makes LEPs interesting and useful and potentially useful for LED applications.

1.1.2 Processibility of Light-Emitting Organic Materials

To date a primary and crucial benefit of LEPs over small molecules is that for
polymers thin films may be formed by solution processing. Depending on the type of

polymer and the procedure used to make it, the polymer may exist as a powder, a fibrous
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mat or a homogeneous thin film (electrochemically grown). LEPs come in the first two
forms and can be redissolved with solvent in order to produce homogeneous thin films.
Aromatic small molecules or dyes, however, require the use of either an inert
matrix, such as polymethymethacrylate, in solid state or a dilute solution of the dye for
most practical optical applications. The reason for this is that small molecule solution
cannot be used to spincoat thin films and also aggregation induced quenching of
fluorescence is reduced in a matrix. This is due to the size of the small molecules which
means they do not form viscous enough solutions to produce films from. Small
molecules can be sublimated but are not very efficient used on their own in an OLED,
requiring extra charge transport layers to produce efficient devices. Although organic
dyes exhibit some of the highest PL quantum yields (PLQY) known in solution, the
aforementioned processability factors somewhat limit the use of these molecular organic
chromophores in solid state applications. Small molecules may, however, be doped into
light-emitting polymer films to achieve energy transfer to the more efticient dye emitter.
LEP films, however, can be formed from solution because the intrinsic viscosity
of their solutions is often very high. The viscosity of large molecules depends on the
size, shape and molecular weight of the macromolecules as described by the Flory-

Huggins equation below:

lim '7__\.,7_ lim

1. n
= —In—
c—>0c¢c c¢c—>0c no

[n]=KM*
where « falls between % and 2 and is a parameter related to the shape of the molecule'.
The high viscosity of concentrated polymer solutions arises from the entanglement of
polymer chains flowing along with the solvent. When the solute molecule is nearly
spherical, a (the constant in the equation above) is about 0.5 (case for small molecules),
but when the molecule is long, extended or rod-shaped (polymers), its value may reach
1.7 to 1.8. The equation predicts higher viscosity for polymers than for small molecules,

and polymer solution viscosity can be high enough to enable thin film formation.
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1.1.3 Organic Light-Emitting Diodes

Active, organic-based electronic components exhibit good enough electrical and
optical properties for them to be used in place of some traditional semiconductor
components and are of huge technological and commercial interest. This is largely
because of the highly processable, plastic nature of organic materials and the possibility
of roll-to-roll production of flexible electronic devices, potentially over large areas, on a
low-cost basis. To date, thin-film organic memory devices based on charge storage’,
transistors®, photovoltaic cellss, and batteries® have all been demonstrated and, in all but
the first case, commercialised. Historically, thin-film organic photodetectors (solar
cells) were demonstrated prior to the invention of thin-film display type
electroluminescent cells’ which are now a major focus of the electronic display industry.

An OLED is the same as an inorganic diode in that current flows more easily in
forward than reverse bias. The device acts as a light switch with light emitted as a
function of current above a threshold voltage when the device is under forward bias.
This, however, is where the similarity ends. The details of the electroluminescence (EL)
process are quite different for inorganic and organic materials and are described in
relation to OLEDs in detail in chapter 3 of this thesis.

Although discovered much later than fluorescence, organic EL is closely related
to the PL in conjugated organic materials. As visible in Fig. 5, these materials are highly
fluorescent, making them good candidates for EL applications.

Some small molecules, such as AlQ;, (Fig. 1), for example, have been
specifically designed for use as the light-emitting active layer in an OLED. AlQs, like
other dyes, cannot be solution-processed and must be deposited using thin film
evaporation/sublimation techniques which require a high-vacuum environment. A
solution-processible polymer analogue of AlQ; has also been synthesized and it is of
course possible to polymerise or co-polymerise small molecules — the monomers from
which polymers are made are essentially small molecules.

For physical and economic reasons, vacuum-processing using shadow-masks

ultimately limits the area of display panels made using AlQsz and similar materials.
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Fig. 1 Above: Chemical structures of AlQ; (left) and TPD (right) which are typical small molecules
used for electroluminescence.

Fig. 2 Chemical structure of the prototypical light-emitting conjugated polymer PPV

The structure in Fig. 2 is essentially that of an oligomer (pentamer), with the
repeat unit highlighted. However, in reality, there are thousands of repeat units. Despite
this, the photophysical properties typically depend on conjugated segments not much

longer than a pentamer.

1.2 THE ELECTRONIC DISPLAY INDUSTRY

OLED displays currently represent a only a small fraction of the many flat panel
display (FPD) technologies available which include cathode ray tube (CRT), field
emission (FEM), thin-film electroluminescent (TFEL) — an inorganic EL technology,
liquid crystal display (LCD), plasma, projection, electrochromic, electrophoretic aswell

as OLED displays.
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1.2.1 Organic Light Emitting Diodes for Electronic Displays

The advent of organic electroluminescence from thin sublimed films of small
molecules and solution processed conjugated polymers heralded the birth of the organic
electronic display industry. Efficient LEDs made from these materials possess the basic
requirement of light emission across the visible spectrum necessary for full colour RGB

(Red, Green, and Blue) displays.

Fig. 3 Magnified image of RGB pixels in an electronic display.

Large (>14 inch diagonal) high resolution (WXGA) full colour video rate displays
represent one of the most advanced electronic display applications seen and are found in
laptops, for example. Larger TV displays are also very challenging to produce but do
not require the high resolution of laptop displays because of the increased viewing
distance. In order to achieve full-colour electronic displays, pixels are subdivided into
red green and blue sub-pixels. WXGA is a high resolution electronic display industry
standard and simply means that there are 600 pixels per inch. Generally displays are
rectangular with a longer horizontal edge. To compensate for this, pixels are scaled
roughly 3:1 vertical height to horizontal length. At 600 pixels per inch, the pixels are
about 42 micron : 14 micron which is at the resolving limit of detection for the human
eye.

Full-colour electronic displays based on OLEDs can be made using separate,
coplanar LEDs for each colour or by using stacked LEDs. Using organic materials as
active components for displays is not new as liquid crystals (used in LCDs) are organic
materials. However, the main attraction of OLED displays is that they are self-emissive
whereas LCD displays are not. The requirement of a backlight for LCD displays offers
potential for OLED displays to be more power efficient.

OLED technology has advanced greatly since the discovery of low-voltage EL in
small molecules and polymers and promises to become the principle next generation

display technology. Advantages offered by OLEDs include: (i) wide viewing angle
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(>170 view angle), (ii) fast response time (microseconds) enabling video rate display of
images and smooth playback of fast moving images, (iii) high contrast ratio (>200:1 dark
contrast (ratio of black to white in darkness)), (iv) a slim, lightweight display module, (v)
and flexible displays. Polymer LEDs (or PLEDs), in particular, can offer the added
advantage of low fabrication costs through solution processing.

OLEDs are the most immature of the FPD technologies but are rapidly gaining a
foothold in the overall electronic display market and development of this display type has
seen phenomenal expansion since the late 1980s. Campus companies (Princeton: Uniax,
Cambridge: CDT and Oxford’s Opsys, for example, and more recent start-ups like MED
(Edinburgh) and NovaLED (Dresden), have played a huge role in the development of
OLEDs. In-house research by the large consumer electronic corporations, among them
Phillips, Dow, Dupont, UDC, MEI, Seiko-Epson, Sony, Samsung, Toshiba, and Kodak,
to name but a few, has also greatly contributed to OLED development. As a measure of
the seminal nature of their innovative research and development, some of these campus
companies are now listed on the Nasdaq. The commercial potential of this technology
has been recognized by the display industry’s representative body, the Society for
Information Display (SID) in the form of numerous industry and research awards.
Included here is the recent awarding of the ‘Jan Rajchman Fellowship’ to Prof. Forrest
and Prof. Thompson of Princeton University for their development of efficient organic
electro-phosphorescent devices.

The delivery of OLED products to the market will largely follow the trend
exhibited by LCD displays in that, initially, small mobile applications will be targeted
and, later, larger flat panel displays will follow. Kodak’s digital camera (Easyshare, 2002
model) electronic display was one of the first examples of a small molecule based OLED
display and the Sony MP3 player (2005) is an example of an OLED display based on
polymers. The race is on to bring the first single panel organic television or “OTV” to
the market. To date the largest prototype demonstated is an impressive 40°° Samsung
polymer-based television (2005). Small molecule prototypes (Sony 14" single panel
2001) have also been made and CDT only recently demonstrated a full colour, flexible
polymer, single panel display (2006). OLEDs will not only be excellent for full colour
electronic displays but may also soon find application for efficient LCD backlighting and
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low-cost general illumination where white OLEDs or ‘WOLEDs" are used. Recent lab
data is encouraging indicating power efficiency® competitive with the long- established
fluorescent tube lighting. Inorganic LEDs, not common in small electronic displays for
cost reasons), are being used as colour and white-light sources. Increasingly inorganic
LEDs are replacing filament bulbs for lighting applications including spot-lighting,
torches, traffic lights, automotive lighting, outdoor signs, advertising, and instrument

panels. In the future, OLED-based modules will compete in all these areas.

1.2.2 The Trouble with Using Inorganic Materials for Electronic Displays

Though the active organic material used in organic electronics may be crystalline
(as in the case of pentacene) or amorphous (molecules and polymers), the vast majority of
organic solids are amorphous, weakly bound materials, which show very little long range
order. Covalently bound inorganic solids, on the other hand, are typically quite rigid due
to their makeup of strongly bound networks of atoms. Silicate, which makes up 50 %
earths crust, is an obvious example. Inorganic semiconductors are rigid, covalently
bound, crystalline materials which, unfortunately, do not make for easy processing. The
term semiconductor is usually associated with inorganic materials whose extrinsic doping
permits control over charge densities and mobilities. Extrinsic semiconductors are
widely exploited to produce high quality transistors and optical devices such as
transistors, LEDs and laser diodes - all based on p-n junctions Despite a very high degree
of control over production and performance parameters, applications are still,
nonetheless, limited by epitaxial growth constraints and the rigid nature of the crystalline
films. Furthermore the most ubiquitous semiconductor, silicon, has in fact got limited
usefulness in optoelectronic applications due to its indirect bandgap. The reason radiative
recombination is not possible in bulk indirect-gap semiconductors is because of the
requirement for momentum conservation. The momentum offset between an electron at
the bottom of the conduction band and the top of the valence band is too great for any
photon to match, so the small momentum kick associated with an absorbed photon
requires additional momentum from a phonon producing event such as a lattice collision.
The probablility of both a photon being absorbed and a suitable phonon energy event

occurring simultaneously is small resulting in inefficient non-radiative recombination.
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Fig. 4 Graph of bandstructure for silicon showing bandgap versus wavevector, k, for different
crystal orientations. The smallest gap between the upper conduction bands and the lower valence
bands is clearly an indirect gap (minimum of green band is not in line with maximum of red band).

The only way of overcoming the indirect gap constraints of silicon and other
indirect gap materials is to exploit the effects of quantum confinement. Although this
has been achieved, with visible fluorescence observed from silicon nanocrystals,
fluorescence yields are low, and mass production of these materials is not feasible at the
moment.

Electronic components based on silicon and other semiconductors perform very
well on criteria such as reproducibility, switching speed, device lifetime and power
consumption. However, these positive aspects are limited by the facts that inorganic
materials are difficult and expensive to process and that inorganic device yields per
wafer (transistors) and panel sizes (detectors) are limited by the size of the high purity,
single crystals from which they are made. Ironically, organic devices, which form the
basis of this thesis, are currently also limited by inorganic wafer size. This is because as
yet, the driving circuitry relies on inorganic-semiconductor technology and will remain

to do so until organic-based logic circuitry can compete.
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123 Challenges to be Met by the Organic Display Community

Despite their promise, OLEDs still present certain issues of major concern for
companies considering organic display technology over semiconductors. These issues
are predominantly related to the relatively rapid degradation of the organic materials
which makes CRT and LCD technologies preferable for large displays from a display
lifetime point of view. This degradation usually manifests itself in a decrease in electrical
conductivity, carrier injection, shifting charge balance or changes in the optical properties
of the active materials caused by susceptibility to environmental factors like exposure to
moistureg, excessive heat'” and UV irradiation’ L or, indeed, all of these factors together.
The reason for the greater susceptibility of organics to such environmental effects can be
linked to the type of chemical bonding in the molecules, and to their amorphous packing.
This makes it relatively easy for oxygen, for example, to penetrate an organic film. It
will also be shown later that any defects or impurities present alter the structure of the
organic material significantly on a localised basis to the extent that the physical properties
of the material may be irreversibly modified. However, control of defect and impurity
densities is neither as easy nor as exact as it is with inorganics. The electronic structure
of a material determines its optical and electronic properties. In polymers it is important
to understand the ground-state chemical stucture and how excitations, which alter that
structure, are formed. This is essential if we are to be able to design new compounds
which take account of the inherent electronic features of organic materials and so that we
may exploit organic electronics better. Although chemical synthesis of more stable
molecules is one approach to improving device stability, the inherent electronic structure
of conjugated molecules means that optimising device architecture to improve device
lifetime, will always also be a very important device engineering issue.

The display of information electronically is a major part of the knowledge-based
society in which we now live. As energy costs and sources become more of an issue for
society, - lighting accounts for a huge proportion of all the energy consumed - the need
for more efficient, low cost lighting will intensify. With record gross revenue from the

electronic display market as a whole expected to top 100 billion dollars (up 8 % on 2006)
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by the end of 2007, it is clear that OLEDs which are increasingly in demand are largely

responsible for driving the organic electronics industry.

1.3 OVERVIEW OF THESIS CHAPTERS 2 -7

Chapter 2 covers background theory, drawing connections between chemical
structure, excited states, electrical and optical behaviour of conjugated organic materials.
The huge diversity of organic materials is due to the readiness of carbon to hybridise its
orbitals to form a wide range of chemical bonds. This is due to the fact that the energies
of electrons in the 2s and 2p orbitals in carbon are quite close, allowing the orbitals to
combine to form a new hybrid orbital so that carbon can bond with itself. Also, since
carbon is element 6 and has 4 valence electrons, it can bond in a wide range of valence
states, allowing it to bond to different elements, and to form different carbon-carbon bond
types. To understand what makes a conjugated polymer conductive, an explanation of
the electronic structure which gives rise to this chemical bonding is given. Polymers have
carbon-carbon bonding between the repeat units and since the length of a carbon bond is
only a few Angstroms and there are a large number of repeat units, linear polymer chains
have very large aspect ratios. The implications from an electronic point of view, of
having quasi-1 dimensional materials, are discussed. Polymers may be classed as

insulating, semiconducting or conducting according to their electronic properties.

Fig. S Polymer solutions; conducting (black: PEDOT:PSS), semiconducting (coloured: red: TPD MEH M3EH
PPV, green: TPD MEH PPV and blue: PFO). The bandgap of these materials increases going from left to right.
A solution of the insulating polymer, PMMA (not shown), would be transparent and be on the far right above.
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Chapter 3 is the second background theory chapter and discusses the 4 main
requirements for electroluminescence, from the point of view of organic
electroluminescence, in detail. These are charge injection, transport, recombination and
decay. The interesting issue of the maximum EL efficiency possible in polymeric
devices is discussed, and the main classes of OLED material and device architecture are
introduced. It is worth bearing in mind that many of the original theoretical concepts for
describing the electrical behaviour of materials and electronic devices were developed for
crystalline inorganic materials and later modified for disordered organic systems.

Chapter 4 is the first experimental chapter of the thesis and describes how I
fabricated and characterised OLEDs with a selection of new organic emitters using
typical device structures. I designed and installed virtually all of the test equipment,
fabrication and test processes used. As can be seen from the chemical stucture of PPV in
Fig. 2, the polymer chain is not higly symmetrically bonded, with substituted side groups
breaking the symmetry. The steric interactions of these side groups alter the overlap of
the m orbitals along the labile polymer chain. Because the bandgap depends on molecular
structure, synthetic chemists can attempt to control the bandgap by design at the
molecular level. Often, there is a trade-off in structure related properties. Larger side-
groups, for example, can make a polymer more soluble but may also alter the bandgap
with respect to a chain with shorter side groups. Similarly, large side groups may help to
reduce interchain interactions in solid state (typically required in order to maximize the
photoluminescence quantum yield), however, this may also reduce mobility and increase
the drive voltage.

Chapter 5 is the second experimental chapter and marks my most original thesis
work, as I designed the device architecture used and developed the materials components
required. In this chapter a new anode was developed comprised of an array of injecting
points, each with an injection area of equivalent to a square of side 45 nm.

Chapter 6 summarises the main conlclusions drawn from each chapter, some
more general comments on the field of OLED research and suggests possible future

directions for research in these areas.
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Chapter 2

2 AN OVERVIEW OF BONDING, EXCITED STATES, AND
ELECTRONIC TRANSITIONS IN CONJUGATED
ORGANIC MOLECULES.
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2.1 MATERIALS CLASSIFICATION BY BAND-STRUCTURE.

The electronic structure of a material determines how it is chemically bonded
and what its energetic band-gap, if any, will be. Knowledge of bond formation requires
knowledge of the electron distribution as a function of energy or the electronic structure
in a group of atoms or electronic system (hereafter referred to simply as the system) one
needs to be able to describe a system mathematically. The total electronic energy of a
system is given by the quantum mechanically based Shrodinger equation (SE):

(v () ()= 0 ()

2m
where p is the momentum operator defined by the position-momentum commutation

relation following experiments such as the Stern-Gerlach experiment, m is electron

mass, E is the electron energy in an eigenstate of the associated electron wavefunction

z,y(x). Grouping the operators in S.E. defines the Hamiltonian operator, simply
reffered to as the Hamiltonian, for one dimension as follows:
- hz dZ

H=——+V(x)
2m dx”

The Schrodinger equation, may then be simply written as:

A

Ht//(x) = Ew(x)

The Hamiltonian, named after Sir William Rowan Hamilton, arguably the most
renowned Irish mathematician, can in principle be used to provide solutions for the
allowed energies of discrete energy levels (atomic orbitals) or energy bands (molecular
orbitals) of a system (i.e. eigenvalues or their corresponding eigenvectors) if the
wavefunctions of the electrons of the atoms in the system are known. Analagous to

light-wave intensity, and allowing for complex electronic wavefunctions, Max Born
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defined the probability density, which must be a real number, as |t//|2 =y y. The radial
part of the electron wavefunction depends on the radial distance of the electron from the
nucleus (quantum numbers n and 1) which describes how |¢//|2 varies out from nucleus.

The spherical polar co-ordinate dependent part of the electron wavefunction (which
depends on the quantum numbers | and my) gives information on electron (often denoted

by ‘e’) orbital shape. Consideration of the allowed wavefunctions and the definition of
|‘I‘|2 enables us to view the spatial properties of atomic orbitals in terms of the

probablility distributions of their electrons on a Cartesian plot. The knowledge both of
atomic orbital shapes formed by combining different atomic orbitals using the
superposition principal and of probability density distributions readily accounts for the
types of bonds which may be formed, including hybridized bonds (section 2.2), and

hence for the shape imposed on molecules by different bond types.

Quantum number

Magnitude of
associated vector (le)

Space quantization of
associated vector

Orbital implications

n (principal) = 2

| (azimuthal) (n-1) = 1
orb. Ang. momentum

1=[1(1+1)]"*h = \2h

l,=mh; -h,0,+h

Cones due to indep
axial components

m, (magnetic) -1,0,1 3 orbitals

orb ang. momentum

s =[s(s+1)]"* h 2 e/orbital at most

= (V3/2)h

s;,=mgh
Where m, = +1/2 or -1/2

s(spin) = 2 (fermions)
spin ang. momentum

Table 1 Summary of situation for a single 2p electron in a carbon atom. 2p electrons are of primary
interest in conjugated materials. The total spin or orbital angular momentum is found by summing
the individual s or | over all electrons present in the atom. The 2p atomic orbital is dumbbell shaped

In many-electron atoms, where one also has e-e repulsion terms, the central field
approximation is used a potential energy is obtained by averaging the electron
repulsion over all of the other electron positions, over all angles, in order to generate a
spherically symmetric potential similar in form to that for the simple case of the
electron in a hydrogen atom. The corresponding one-electron orbitals are called Slater-
Type Orbitals' (STOs). For many electron atoms, the simplest example of which is the

Helium atom, a quantity called spin multiplicity is defined as being 2S + 1, where S is
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the sum of electron spins, ZS, . Since s itself is fixed (mgthough, has two values), S

can only be 3 and 1 which correspond to triplet and singlet states respectively.

In order to describe the bulk properties of a solid material focus is no longer on
atoms but rather molecules or at least many atomic orbitals. When atoms approach
each other atomic orbitals coalesce to form molecular orbitals. Using the S.E. to
describe molecular systems, one can simplify the calculations involved using the Born-
Oppenheimer' (B.0.) approximation which rationaliss factorizing the time independent

molecular wavefunction into nuclear, N, and electronic, E , motion parts (7 = NE).

Because of the heavier masses of the nuclei (2 x 10°°kg for carbon), the electron (9.1 x
1) kg) motion occurs on a faster timescale compared to the nuclear motion. Thus,
changes to the electronic structure such as excitation or de-excitation of an electron,
occur with the nuclei essentially stationary during the transition. Similarly because
electron motion is so fast, any changes to vibrational and rotational nuclear motions are
accompanied by essentially instant response of electronic wavefunction to the new
nuclear coordinates. The BO principle is also very useful when describing electronic
transitions. Because the exact electronic wavefunction is still very complex for a
molecular system, simpler approximate wavefunctions called basis functions which
form a basis set are used to yield expectation values in accordance with the variation
theorem. The use of the BO approximation and the variation theorem allows for
comparison of systems rather than extraction of absolute system energies.

Implementing the approximations above, it is possible to write the molecular
electronic wavefunction ¥ as a product of A.O. wavefunctions ¢. This involves the
LCAO (linear combination of atomic orbitals) method initially proposed® by John

Edward Leonard-Jones in 1929 where:

Y= Zc_,qo/ =@ tcp, +....
J

How the AOs wavefunctions, ¢, are combined depends on¢ symmetries and
antibonding , bonding and nonbonding MOs may be produced. MO theory based upon
the LCAO method, produces energy bands, as a consequence of the Pauli exclusion
principle, as more atoms are bonded together. As isolated atoms approach the

interatomic spacing they have in any given solid, the wavefunctions of the outer, or
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valence, electrons in particular begin to distort because of electrical interactions and the
exclusion principle. For N identical atoms the discrete energy levels shift and split to
form separate bands. Ordinarily in 3-D systems N ~ 10 so the bands consist of N
closely spaced energy levels with a continuous energy distribution. Fundamentally,
however, the more orbitals that overlap, the larger the bandwidth and the charge carrier
mobility. Metallic levels of electrical conductivity require a continuous, partially-filled
band of overlapping valence electron orbitals. The concepts of energy bands, and the
degree of mobility carriers have in the respective bands are used to explain the electrical

properties of solids.

(a) (b) (c)

Fig. 6 Engergy bands in insulators (a), semiconductors (b) and iasulators {¢) {(dotted line is the Fermi energy
level and the grey boxed area represents filled energy levels and the white boxed area empty energy levels.)
In semiconductors, the Fermi-Dirac distribution function defines the probability of band

occupancy by an electron:

1

E-EF)/ kT

F(E)= (
e +1

where Ep is the fermi energy, T is temperature and k is Boltzman’s constant. In
insulators and semiconductors at 0 K, the highest occupied band, the valence band, is
completely filled by valence electrons. The next highest band, the conduction band, is
completely empty and the energy gap E, separating the two is ~ 1 - 5 eV. At any finite
temperature there are a few electrons in the conduction band so no material is a perfect
insulator. In intrinsic semiconductors like silicon (E; = 1.14 eV) or germanium (Eg =
0.67 eV) there are very few free electrons at low T and they actually behave as
insulators. At room temperature few electrons can jump the gap and contribute to

conduction. The conductivity can be improved through the use of dopants which provide
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acceptor or donor states close to (within 0.01 eV) either the valence or conduction band
edge. The small difference in energy between intrinsic and dopant energy levels means
it is facile to thermally excite electrons into the acceptor band or from the donor levels
into the conduction band providing electrons, thus indirectly providing electrons in the

conduction band and holes in the valence band.

2.2 CARBON-CARBON BONDING

Pi-conjugated organic molecules containing alternating carbon-carbon single and
double bonds form the basis of organic electronics. Carbon bonds with itself in several
ways by combining the s orbitals of one carbon atom with the p orbitals of another
carbon atom. When it is possible to draw more than one valence bond or Lewis
structures for a substance, the actual Lewis structure is said to be a resonance hybrid of
the resonance forms. The notion of a resonance hybrid structure is made plausible by
the theory of orbital hybridisation suggested by Linus Pauling’ in 1930. Generally,
when VB theory fails to correctly predict the stucture for a compound, hybridisation
theory must be used. It requires energy to form hybrid orbitals, but this is more than
recovered when forming MOs by overlapping the hybrid orbitals with the AOs centered
on other atoms. In the case of a sp” hybridised carbon atomic orbital, three 6 bonds and
one 7 bond are formed. In this case there is one electron in each of the three sp” hybrid
orbitals and one in the remaining unhybridized p orbital. The combination of a ¢ bond
and a © bond produces a carbon-carbon double bond. In sp’ hybridisation four ¢ bonds
(tetrahedral shaped molecule) only are formed and thus single bonds are longer than
double bonds. Sp hybidisation, where two 6 bonds and two m bonds are formed, results
in the formation of a carbon-carbon triple bond, however, this type does not exist in any
of the materials under discussion in this thesis. The allotropes of carbon are diamond

and graphite.
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Fig. 7 The structures of diamond (left) and graphite (right).

The sp’ bonding in diamond renders it an insulator with a bandgap® of 5.4 eV and
its high symmetry gives it isotropic physical properties. Although diamond is an
insulator there is a significant amount of research being carried out on synthetic diamond
films (diamond like carbon) which may be doped with Boron (for P type diamond) and
Phosphorus (for n type diamond) in a similar manner to traditional semiconductors. For
example in B-doped diamond Boron has an electron acceptor level just above the valence
band edge in diamond allow mobile hole carriers to be generated in the valence band.
Doped diamond films have most potential in high temperature electronic applications as
contacts and for semiconductor p-n junctions’.

Graphite is another pure form of carbon, like diamond, but unlike diamond the
carbon bonds are sp” hybridised and graphite has a multi-sheet structure, very loosely
bound by weak Van der Vaals forces. The 2p, orbitals contain one electron each and
overlap to form bands so that the m electrons are highly delocalised above the plane of the
carbon atoms in a sheet, making graphite a highly anisotropic metallic conductor. The
parallel to perpendicular conductivity ratio® is about 10°. In practice bulk graphite is
highly conductive in all directions due to the presence of many microscopic fragments of
crystalline sheet material oriented randomly towards each other.

Other forms of sp2 hybridised carbon are the fullerene family of cage-like
structures discovered by Kroto er al in 19917 (e.g. Cq molecule) and single and
multiwalled carbon nanotubes® which were subsequently discovered. Cgo has been used
in organic solar cells’ to increase their efficiency due to the fast, efficient photoinduced

electron transfer to Cso. Multiwalled tubes have been used to make polymer composites
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and fibres.'” The quasi-1d nature of single wall nanotubes makes them very interesting
materials electronically. The electrical conductivity of the tubes depends strongly on the
tube chirality''. Insulating, semiconducting and metallic nanotubes exist. Metallic tubes
are of interest for tiny integrated circuit interconnects since a single tube can exhibit
ballistic charge transport. This is because the mean free path of electrons can be much
greater than the size of the nanotube, simply because of the small size of the nanotube,
and means that electrical resistivity due to scattering is negligable. In the case of ballistic
transport, when a constant electric field at a speed << c, the speed of light, is applied to
the material, electrons will continue to accelarate according to Newtonian physics.
However, high contact resistance is means that device characteristics are limited by the
contacts.'”  Semiconducting tubes have been used as active components in nanoscale
transistors . Selective processing, resulting in one specific type of tube, and controlled

positioning of individual nanotubes are still major challenges in this field.

Fig. 8 Chemical structures of Cgo, SWNT & MWNT.

2.2.1 sp2-Hybridised Organic Molecules

Organic molecules are comprised of the elements C, H, O, and N. There are
many naturally existing organic compounds but synthetic organic chemistry (and the end
of vitalism) dates from 1828 when crystals of urea were synthesised by FriedrichWohler.
Benzene, the molecule of which is the basis of aromatic (organic) chemistry, was first
isolalated in 1825 by Michael Faraday. Its chemical formula was shown to be C¢Hg in
1834. Benzene, a hydrocarbon, exists as a colourless liquid at room temperature with its

absorption peak at 280 nm (4.4 eV).
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Fig. 9 Ground state structures of benzene including (a) 2pz orbitals of C atoms , (b) resonance forms, (c)
delocalised form. In benzene the carbon bonds are sp” hybridised. From the boundary surface plots it is
immediately obvious that bonding involving 2p atomic orbitals occurs when there is overlap of a 2p
orbital lobe with another 2p lobe or another atomic orbital as all the electron density is in the lobes.

Kekule (1865 — 1872) suggested the conjugated (alternating single and double C-
C bonds) structure for benzene (Fig. 9b) to be two rapidly switching isomers which
existed in equilibrium. The Kekule structure could not account for the stability of
benzene which was later explained by Pauling’s resonance theory (hybridization) which
predicts equal bond lengths and highly delocalised electrons in electron clouds above and
below the benzene ring (Fig. 9a). However, Kekule’s idea of resonance forms could be
considered to represent the dawn of organic electronics.

Benzene is the repeat unit of the -acenes (anthracene, tetracene, pentacene etc)
which are crystalline organic semiconducting hydrocarbons known as molecular
crystals. Most of them have a wide energy-bandgap and low melting point and low
carrier mobility.  They are called semiconductors because their dark electric
conductivity increases exponentially with temperature and some other properties are
similar to those of inorganic semiconductors. Most of the initial research into organic
electronics was done using films of these materials (e.g. first EL seen using anthracene).
The electrical conductivity of their polycrystalline films is low (10? to 10™'® ohm™cm’’
for anthracene for example) because the intermolecular separation is quite large.
However good quality organic field effect transistors (OFETs)'* have been demonstrated
from pentacene thin films which have high mobilities. These materials all require high
vacuum deposition techniques, and do not lend themselves to cheap or large area

organic electronics applications. Solution processed OFETs have been made from
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polythiophenes and a solution processible pentacene material, however, mobilities are
lower than single crystal pentacene.
Soluble and highly fluorescent (in dilute solution) aromatic dye molecules (e.g.

. . 14b
rhodamine and coumarain laser dyes

) are known as small molecules. Some small
molecules are electroluminescent (e.g. AIQ315). Such materials can possess good
mobilities and photoluminescence yields, however, they possess limited processibility as
amorphous thin films are only formed upon sublimation under high vacuum. The
photophysics of larger organic molecules (macromolecules) is based on that developed
for small molecules.

Macromolecules are essentially molecules with a large number of atoms where often
there are repetitive identical molecular subunits which add to produce large cyclic
(macrocylces) or linear (polymers) molecules. For most organic compounds, including
those studied by Nobel prize-winners Staudinger, Natta, Ziegler and Flory, there is no
delocalisation of charge possible throughout the molecule. This is because they are
saturated (sigma bonded) polymers with no extended overlap of atomic orbitals. With
wide bandgaps (>5 eV), saturated synthetic organic polymers such as poly-ethylene are
excellent electrical insulators and are commonly used in the packaging industry. They
are readily processed using solution-based, thermal or mechanical-assisted-molding
methods which are low-cost and industrially scaleable.

Organic materials which combine electrical functionality and processability are
desirable. In conjugated polymers the sp’pz bonding (m bonding) with one electron per
unhybridized pz orbital, leads to extensive orbital overlapping and electron
delocalisation along the polymer backbone and provides a route for charge carriers
along the polymer chain. The number and type of atoms in the repeat unit of the chain
(i.e. the chain symmetry) determines the electronic structure in conjugated polmers.
Poly-acetylene is the prototypical conjugated polymer.

Polyacetylene (CH=CH), was first made by Natta et a/ in 1958 as a black powder. In
1967 Hideki Shirakawa et al used a Ziegler-Natta type catalyst to produce a thin
nanofibular film of the thermodynamically stable trans-isomer of polyacetylene.
Electrical measurements on these thin films and on powder pellets indicated that the

intrinsic properties of polyacetylene did not change much between powder and film.
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During efforts to use the film as a source of graphitic carbon, strong IR film absorption
peaks were observed, when trace amounts of chlorine were added to the film. At high
chlorine doping levels, the material became opaque and the spectrum for CI-
polyacetylene became clearer. It is now known that the three bands at 1397, 1288 and
888 cm™ are ‘doping induced’. Observed isotope shifts (in NMR data) imply that the
bands are of vibrational origin in the vicinity of a carbon cation (positively charged
carbon atom) on the chain. In 1976, intentional doping of polyacetylene with bromine by
Heeger et al, resulted in a seminal paper on conducting polymers16 describing metallic
levels of electrical conductivity in polyacetylene which was the basis upon which the
Chemistry Nobel prize was awarded in 2000. The cationic carbon species responsible for

the high conductivity is known as a positively charged soliton after Heeger ef al'’ 1979.

Fig. 10 Degenerate (energetically equivalent) ground state chemical structures for trans-polyacetylene.

Trans-polyacetylene is a degenerate ground state polymer because of its symmetry. The
angle between any two of the three sp2 orbitals of a C atom in trans-polyacetylene is
close to 120°, which tends to constrain it a plane. Neighbouring carbon atoms are
strongly sp (sigma) bonded forming a bonding and antibonding energy level with a
separation of approximately 20 eV. The ¢ electrons contribute to the rigidity of the
polymer but not the electronic properties. There is a small coupling between
neighbouring sp” orbitals not oriented toward each other, giving the ¢ electrons a small

bandwidth, but this coupling is neglected in most tight binding MO calculations.

22,2 The Prediction of a Zero-Bandgap for Polyacetylene

Modelling polyacetylene as a chain of equidistantly spaced carbon atoms (regular
Hubbard chain), the 1-D particle-in-a-box model can be applied. Consider a row of N
atoms separated by a distance d, the total length of the chain is (N-1)d or, for large N, Nd.
The energy required to excite an electron from the HOMO (highest occupied molecular

orbital) to the LUMO (lowest unoccupied molecular orbital0, AE, for large N is
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AE z(h2 /Sm)/N. The model therefore predicts polyacetylene to be a metal at long

chain lengths.

Fig. 11 Schematic of delocalised electrons (dotted line) along the backbone of trans-polyacetylene.

Huckel MO theory (or HMO) is a simple subset of LCAO-based MO theory,
developed by Erich Hiickel in 1930"° HMO theory successfully predicts the
delocalisation energy for benzene when the electrons are completely delocalised around
the ring, in support of the hybridisation theory. HMO also correctly predicts the guiding
of substitution by an N atom in the benzene ring to the ortho and para positions. HMO
may also be applied to polyacetyiene. In HMO theory (which only considers nearest
neighbour overlap integrals), only the 2pz orbitals are considered. HMO theory
postulates that the m MOs are considered to be separate from the ¢ framework since the
p. orbitals are perpendicular (orthogonal) to the o orbitals. HMO theory can, therefore,
be used to describe the m MOs of planar, unsaturated ethenic and benzenoid
hydrocarbons. In common with the particle-in-a-box model, each carbon atom
contributes one electron to the  system in HMO and polyacetylene is predicted to be a
metal. This is due to the extended overlap of half-filled p, orbitals along the chain for a
long polyene chain resulting in a half-filled n-band and a large delocalisation energy.

Electronic bandstructure calculations using a more detailed tight-binding
Hamiltonian for a regular Hubbard chain provide the widths of the energy bands and
their distribution in k-space. Again with this approach to modeling the bandstructure of

polyacetylene, the main results support those of the particle-in-a-box and HMO models:
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Fig. 12 Energy bands calculated for a Hubbard chain of carbon atoms after condensed matter theory course
1024 by Dr. S. Sanvito TCD 2005. Top: band structure. Bottom: corresponding total density of states (DOS)

The singularities in the DOS are characteristic of 1-D systems like polyacetylene'”. The
bandstructure calculation includes p and s orbitals and the central band in the DOS (Fig.
12) is largely due to the p, or m-band. This band has no energy gap, again indicating that
polyacetylene is a metal with uniform charge distribution and equal C-C bond lengths
along the chain, in agreement with the other models already described.

Polyacetylene in the undoped state is, however, not metallic and has a finite band
gap. Furthermore, the observed progression in absorption wavelength on going from
butadiene to hexatriene does not follow the particle-in-a-box equation. This fact suggests
an upper limit for the absorption and that there is a point beyond which further increased
chain conjugation length does not change the bandgap, AE. This convergence has been

confirmed by several predictions including those by Lennard-Jones and Peierls.

2.2.3 The Finite Bandgap in Peierls-Distorted Polyacetylene

A 1-d metal would be the ultimate solid state conductor, however, it was shown,
before polyacetylene was discovered, that such a system is unstable and exists only as a
theoretical model.  Intuitively one expects that the physical properties of a linear chain
will be more sensitive to the precise position of each atom in the chain than in the case of
a 2-d or 3-d metal where interacting orbitals in two and three dimensions provide the
bands for charge transport. ~ Strictly speaking no atomic system can be truly 1-d as

atoms by definition are 3-dimensional. However, reducing the system to the electrons
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from a particular orbital which overlap with those of its nearest neighbours for all the
atoms in the chain, then the system may be considered quasi-1-dimensional.

The hypothetical case of an equidistantly spaced linear chain of sodium atoms
was first considered by Rudolph Peierls®. Sodium has a half filled 3s valence shell so
each atom on the chain is expected to contribute one electron to the band formed by the
overlap of these orbitals along the chain. As per the simple models above, one would
expect the chain to be metallic. Peierls showed, however, that upon dimerisation of the
chain, the overall chain energy could be lowered because the resulting reduction in
electronic energy of the system is greater than the gain in elastic energy caused by the
chain deformation known as “Peierls distortion”. The Peierls instability itself is a result
of the nesting property of the Fermi Surface®' (FS). Overlapping of parts of the FS as a
result of a translation is called nesting. For a 1-d chain the crossing points of the energy
band with the Fermi energy can be shifted exactly onto each other using the translation
k| = 2 kr. The Peierls instability opens an energy gap at the new Broullian-zone

20,21

boundary and the total energy is reduced. Peierls Distortion provokes a modulation
of the charge density along the chain resulting in a charge density wave (CDW) state.
Regions of greater electron density correspond to shorter bonds. The Peierls transition to

the CDW state, is a general result applicable to all theoreticall-d systems.
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Fig. 13 E(k) for a linear chain with equidistant spacing of atoms (left) and for a dimerised chain
(right). Note the opening of a gap at k = m/2a for the dimerised chain due to a Peierls instability.

Displacement of every r'" atom on the chain means that the basic cell in reciprocal space
changes from —m/a < k < m/a to — m/ra < k < m/ra. Since the states on either side of the

breaks coincide exactly or very nearly with the edge of the Fermi distribution, then the
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states which are displaced downwards in energy are occupied and those raised are empty,
so that there is a net reduction in energy. The total (electronic plus elastic) energy
change, AE, due to dimerisation (or any Peierls distortion) can be calculated using second

order perturbation theory” on the lattice potential.

2

. L
A

Since Vk large AE will always negative and lattice distortion will be entropically driven.
It is due to Peierls distortion that every second bond in undoped trans-
polyacetylene has double bond character, that it is a semiconductor with an energy gap of
1.4 eV between m and n° sub-bands and that it has an electrical conductivity’® of 4.4 x 107
Sm™'. Dimerisation in polyacetylene is confirmed by X-ray diffraction measurements.
Theses show a herringbone structure with a length differential of 0.07 A between single

and double bonds which is much less than that in ethene or methane.

2.3 THE SU-SCHRIEFFER-HEEGER ELECTRONIC
BANDSTRUCTURE MODEL

In the Su-Schrieffer-Heeger Hamiltonian (SSH) and its continuum version”
polyacetylene is modeled by taking a regular Hubbard chain (i.e. chain zig-zag is
ignored) and incorporating chain dimerisation (Peierls distortion) by using a
dimensionless electron-lattice (electron-phonon) coupling constant, «. The Hamiltonian

is:

n+l n-n+l

N
H, ==Yt + a(, - u,)llclc, + cle,, 1+ %KD w,-u,,) +2M) i

n=1
K is a stiffness force constant, taken to be the bond-strain for sigma bonded electrons, M
is the mass of a C-H group, ty is value of the transfer integral, t (= 7, +a(u, —u,,,)),

between nearest neighbour electronic wavefunctions for an equidistantly spaced chain of

carbon atoms, u, is the displacement of the CDW for the atom at position x, on the chain,

i is the momentum of an atom at site n, and ¢/ and ¢, are the creation and annihilation
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operators for a m-electron on the n™ C atom with N being the total number of C atoms on

the chain. H,, the electronic part (kinetic energy of m electrons) is the first sum, the

second sum is the sigma bond strain energy and the third sum gives the lattice kinetic

energy. The corresponding eigenvalues of the Peierls distorted state are:
2 ) ) 1/2
B, = i[(2to coska) +(4au, sin ka) ]

,where, upis a constant called the frozen-in distortion.

The first term is the energy of an electron of wave vector k in a uniform Hubbard chain.
In the Su-Schrieffer-Heeger (SSH) model, for a Peierls-distorted chain of

polyacetylene, the Peierls gap is 2A0 = 8 aup. The m-n" band gap, (24 ), is determined by

the dimensionless electron-phonon coupling constant, %, through the relation®:

(‘ *%] 2a’

, where, 1 =——
K

A, =8t, exp_
Electron-phonon coupling is usually incorporated in the Hamiltonian as a variation of the
strength of the transfer integral as a function of the distance between nearest neighbour
atoms in the chain.  Usually t is taken as a parameter adjusted to fit macroscopic
properties making the SSH model semi-empirical. By finding values of upand a which
minimise the system energy (sum of all states at 0 K in the lower m band) and the
associated elastic energv. a Peierls gap of 1.4 eV is obtained for polvacetvlene.
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Fig. 14 Band structure (left) and DOS (right) for a dimerised chain (ref) of polyacetylene using the SSH model.

In Fig. 14 the polyacetylene bandstructure has a gap due to the formation of n and n* star sub-
bands. The n band (or valence band, V) is full and the n * band (or conduction band, C) is empty.

In some respects it might have been guessed that there might be two m-bands for the p,
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MOs of polyacetylene since the unit cell for graphite (an extended p, system) which
contains two atoms, has two parts to the p, band'® (bonding and antibonding or 7 and ©*).
However, graphite is 2-D so an equidistant lattice spacing of atoms is allowed, the

bonding arrangement is stable and graphite is a good electrical conductor.
2.3:1 Solitons: The Fundamental Excitations in Polyacetylene

Apart from being used to model the bandgap, the SSH model'” can also describe
the lowest energy or fundamental excitations in polyacetylene. When two degenerate
chemical structures (Fig. 10) occur on the same chain they are separated by a domain
wall or soliton. Such solitons are neutral, occurring on all trans-polyacetylene chains
with an odd number of (-CH)’s since chains are more stable with double bonds at each
end. SSH theory predicts the formation of solitons in polyacetylene. The soliton is
associated with a characteristic lattice distortion, which is a modulation of the Peierls
distortion and takes place over several lattice sites. The fourth electron of the carbon at
the center of the soliton is, although still bound to the nucleus, neither bonding nor
antibonding and to a first approximation resides in a midgap level. Addition or removal
of charge to a chain with a neutral soliton results in a negative or positive soliton
respectively. Chemical doping can produce negative (ClI" or Br dopants) or positive
(Fe’" dopant) solitons. Doping may also be by optical, thermal, electrical and chemical
means. All solitons are mobile excitations which means their characteristic distortions
move. Charge transport in electrically poled polyacetylene occurs by solitons moving

along a chain as a solitary wave and/or hopping between chains.

Fig. 15 Schematic showing midgap soliton states associated with inclusion of positive charge on a
polyacetylene chain.

Experimental evidence of solitons in polyacetylene is provided by electron spin
resonance measurement which, based on the characteristic g value of a n- electron, imply
1 spin/1000 to 3000 atoms. Experimentally measured diffusion rates for these spins

agree well with theoretical predictions for neutral solitons. The large creation energy for
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solitons, means that the high concentration of spins at RT may have resulted from the
creation of neutral solitons during cis-trans isomeristation. These are prevented from
recombining by cross-link defects, for example. The number of spins decreases on
doping, as expected, since charged solitons have no spin. Magnetic susceptibility is low
and suggests spinless conductivity for doped samples. Solitons are also evidenced by
changes in the sub-bandgap optical absorption. The predicted midgap absorption peak
for polyacetylene is observed for a variety of both donor and acceptor dopants implying
the midgap level is associated with the polymer chain, rather than the electronic states of
the dopant. Furthermore, the m- ©" interband absorption is bleached upon doping. In
addition to midgap absorption, two strong infrared absorption lines, at 900 and 1370 cm’’
are seen for lightly doped samples for any dopant. These grow linearly with increasing

doping. A third weaker vibration is also observed at 1270 cm’'

. The first is caused by
oscillations of the charged soliton in the Coulomb field of the impurity ion to which it is
bound. The second two are due to IRAV (Infrared-Active Vibrational) modes occasioned
by coupling of the excess soliton charge on the polyacetylene chain with the C=C and C-
C stretch modes respectively. The latter results from increased dipole moments along the

chain. Finally, as expected for photogenerated solitons in polyacetylene, only two

photoinduced absorption lines close to the two aforementioned IRAV lines are observed.

2.3.2 Polarons in Conjugated Polymers

The SSH also predicts the formation of polarons in polyacetylene. Addition of
charge to a kink-free chain cannot create a soliton since it would require changing all
the bonds to one side or other which would cost too much energy. In this case a

polaron is formed. Again the bond order in the vicinity of the added charge is modified.
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Fig. 16 Polaron states and allowed optical transitions. Left: positive polaron. Right: negative polaron.

In a conjugated polymer if there is no empty level in the valence band, an added
electron will cause the chain it is on to deform around it, creating a characteristic pattern
of bond deformation about 20 sites long called a negative polaron. In this process a level
is pulled out of the HOMO with its two electrons and a level is pulled out of the LUMO.
Two levels in the bandgap are created, the lower filled with the two electrons brought up
from the HOMO level and the upper with the added electron. The stability of the polaron
is due to the reduction in the total electronic energy of the molecule, brought about when
the electron moves from the HOMO level into a lower level, exceeding the elastic energy
required to form this level. Although its energy levels are in the band-gap, the polaron
can move freely on its own chain (assuming an otherwise perfectly conjugated charge-
free chain), its lattice distortion moving with it. By extension of these arguments,
addition of an electron and a hole, far apart from each other on the chain, would result in
a polaron-pair being formed on the chain. In theory, for polycetylene, if the polarons
were free to move through the chain, when they met they would be annihilated if the
charges were unlike or, for like charges, would be transformed into a pair of solitons

since solitons have lower energy.
2.3.3 Creation Energies of Solitons and Polarons in Polyacetylene

In terms of excitation creation, it is important to note that quantum fluctuations
prepare the lattice for acceptance of injected charge (electrical excitation) just as when
charge carriers are formed upon photo- excitation or chemical doping. In otherwords the
excitations are the same for a given material no matter how the excitation is generated.
Note that whereas solitons must occur in pairs polarons may occur singly. Also, if two
electrons or holes were added directly to the chain close to each other, two charged

solitons would be formed directly. For polyacetylene the soliton creation energy from
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the SSH continuum® model is E, = (2A,/7) and, is lower than that for polarons so the

SSH-predicted polarons for polyacetylene are not observed in reality. Whereas solitons
originate from kink defects, polarons are charge defects and may occur in low density
doping. For defects such as solitons or polarons, the dimerisation pattern varies slowly
on the scale of the lattice constant and is described in the SSH model by an order
parameter (different from the disorder concept discussed in section 2.6.1.1), # , defined as

Uu=(-D"u,

,where u, is the displacement of site n, corresponding to a particular carbon atom, on the

chain. The spatial extent of a polaron is given by:

l —
;L-lo— =1 —ﬁ{tanh[(i/z_?)]—tanh (%H where £ =2f,a/ A,

where x is the distance from the coordinate for the centre, xo, of the polaron. For a

polaron, the form of the order parameter is that of a soliton-antisoliton pair, with one
soliton charged and the other neutral, which explains why the polaron localises two
levels in the energy gap. The two polaron levels due to the soliton-like lattice
deformations, which would be at midgap for large xo, couple significantly and split into
an upper level and a lower level in the energy gap (see Fig. 16). The extent of polarons
in SSH theory is in line with the original theory by Frélich where small values of m*, the

effective mass, and a, lead to small, strongly lattice-coupled polarons.

One might ask whether doped polyacetylene is widely used as a cheap
alternative to copper as an electrical conductor. The answer is no because, although the
extrinsic material is highly conductive, the chemical doping of this material renders it
relatively unstable over a very short period of time. Furthermore, doped polyacetylene
is quite an intractable (insoluble and infusible) material and is, therefore, not attractive
from a processing point of view. More stable and processible conducting polymers have

been discovered, including PANI and polythiophene but their conductivities are lower.
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234 The Adaptation of the SSH Model to Nondegenerate-Ground-State-

Polymers

In 1981 Brazovski and Kirova® extended the SSH model to non-degenerate
ground state (NDGS) polymers. NDGS polymers have a more complex structure than
polyacetylene (non-degenerate ground state polymers can have several different m bands
contributing to the band structure.) All conjugated polymers other than polyacetylene,
including the ones in this thesis, are NDGS polymers with a lower degree of structural
symmetry than polyacetylene. Examples of typical NDGS conjugated polymers include
conducting polymers (e.g. chemically doped poly aniline and poly pyrole) and pristine
light-emitting or fluorescent polymers like poly-phenylene vinylene and poly-fluorene.
Polyacetylene and other conducting polymers do not fluoresce because™ of the ordering
of the B, and A, energy levels which means the transition is forbidden by symmetry.
Fluorescent polymers may be rendered solution processible with appropriate side group
functionalisation making them very attractive for electronic displays particularly large

area displays.

For NDGS polymers the SSH predicts the stable excitations to be polarons and
bipolarons and does not alter the predictions for polyacetylene. Addition of two electrons
far removed from each other along the chain of a NDGS polymer results in two separate
negative polarons (P-). If these P- meet, a single distortion called a bipolaron (BP- -)
with two gap levels filled with four electrons is formed. Bipolarons are more likely to
form at higher excitation densities and in well ordered systems. For NDGS polymers a
bipolaron is usually more stable than two separated P- s. Polarons exist in all NDGS
conjugated polymers at room temperature, even in the dark and without injection of

charge, due to the presence of impurities and structural defects on the polymer chain.

Peierls distortion contributes exclusively to the formation of the bandgap
polyacetylene. NDGS polymers contain larger monomers which result in a number of n
bands with the highest occupied band being completely filled. They are semiconductors

due to their inherent structure. For NDGS the extrinsic contribution, A, to the bandgap,

2 A, is larger than the Peierls contribution, A, *° where A=A, +A_. In the SSH model
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adapted for NDGS, A, is related to the the electron — phonon coupling constant, A4, and

the bandgap by a confinement parameter, y, as follows:

A

e

" 21A

4

The degree of nondegeneracy can be parametrized by the confinement parameter via an
experimentally accessible ratio wy/A, where 2w, is the separation of intra-bandgap

polaron levels. For the polaron exciton (section 2.5) and the bipolaron27:

D sin™ (&j
A A
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Clearly, when @, 1is 0, then the gap 2A is reduced to the Peierls gap, so for the case of

near degeneracy (A, small) polarons levels are near the centre of the bandgap whereas

strong breaking of degeneracy keeps them close to the band edges.

2.4 EXPERIMENTAL EVIDENCE FOR POLARONS AND
BIPOLARONS

Photoinduced absorption (PA) is a very useful technique for studying excited
states such as polarons®. The technique involves exciting a film with a pump beam
around the absorption maximum of the sample and then investigating the transmission of
a probe beam at different wavelengths. In PA a positive peak in a AT/T versus probe
wavelength plot is obtained for effective probe amplification or gain (due to
photoluminescence) and a negative AT/T signifies probe intensity reduction due to photo-
induced absorption. Both polarons and bipolarons have two levels in the gap but for the
latter they are either both filled or both empty (see Fig. 16). Therefore, polarons have
three absorption lines (two of same magnitude) whereas bipolarons have two which
allows for differentiation between polarons and bipolarons using PA spectroscopy. For
example for poly- pyrole (PPy), at low and high doping, there are three and then only two

peaks observed’. Steady state PA carried out by Vardeny et al’’ shows only a few spins
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left after microseconds (presumably due to remaining polarons) which is direct evidence
for bipolarons. Improving the order of the material studied by annealing means that no
photogenerated spins were detected. This indicates that polarons can exist at long times
and in low concentration in samples in which defects and imperfections are sufficiently
numerous to restrict polaron mobility and thus inhibit bipolaron formation. The
observation of bipolarons in steady state PA experiments (signal obtained microseconds
after illumination) characterised by two peaks, is by default evidence of polarons since
bipolaron formation requires the presence of two like sign polarons. Also, the steady state
PA and the photo-induced IRAV peaks are similar to the absorption and IRAV peaks of
doped samples suggesting the same species are dominant in both cases. Indirectly,
photoluminescence and UV-Vis spectroscopies also confirm the presence of polarons as
vibronic features are revealed, consistent with the notion of localized polarons, and

polaronic excitons and strong electron-lattice vibrational coupling.
24.1 Synopsis of SSH and Other Models

e The SSH model was developed for a single isolated chain of polyacetylene.

e For close-packed chains in a film, Takayama’s continuum version where for
energies close to the gap the energy varies smoothly within a narrow band.

e Single particle (one-electron) model neglecting onsite and inter-site electron-
electron interaction.

e Electron-electron interaction is implicitly included via the order parameter which
determines the strength of electron-phonon coupling.

e Predicts fundamental excitations to be solitons for polyacetylene and polarons
for non-degenerate ground state conjugated polymers. As correlation effects are
ignored reliable modeling of higher excited states is not possible.

e Disorder manifested by different electron-phonon coupling strengths for
different conjugated segment lengths, may be included, in SSH models by uing a
Gaussian in the energy distribution function.

e The low dimensionlality of all conjugated polymer structures dramatically

influences the electronic states of these materials.
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2.5 EXCITONS AND THE TRANSITIONS CONCERNING THEIR
FORMATION AND SUBSEQUENT DECAY

Excitons are neutral excitations formed by the promotion of and electron from the
highest occupied energy level to the lowest unoccupied energy level. The simplest to
describe quantum mechanically is the excited Helium atom. Solutions for this 2-level
system containing two electrons provide the two types of excitation possible in all
energetically bound electron-hole type excitations. The different possible combinations

of the electron spins may be described using arrows as follows:

i

L
(ERE1)
=1

Fig. 17 Different possible combinations of parallel and anti parallel electron-hole spins

In Fig.17 the first three have symmetric wave functions and correspond to triplet states
and the last one is antisymetric and corresponds to a singlet state.

An exciton can be considered a Frenkel exciton if the e-h pair is confined to one
molecular unit on a polymer chain or a Mott-Wannier exciton if it extends over several
molecular units. Both of these are molecular in nature and in stark contrast with the
Wannier exciton found in semiconductors which is part of the band picture and is not
bound. Whereas excitons in small molecules are by definition Frenkel excitons, the
question of which picture to adhere to for polymers will be discussed in section 2.6.1 but
for now discussion will be confined to Frenkel excitons. Frenkel excitons or polaron-
excitons form when oppositely charged polarons become electrostatically bound and are
thus neutral and cannot carry current. Polaron-excitons are formed by combining
oppositely charged polarons upon photoexcitation or, by injection of oppositely charged
carriers, as in an organic LED. Bredas et al’' showed that for a NDGS conjugated
polymer the polaron exciton is characterised by the aromatic rings becoming slightly

quinoid. This means that the horizontal bonds shorten while the other bonds lengthen.
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Fig. 18 Top: Ground state benzoid structure of PPV. Bottom: Quinoid exciton in PPV formed from an electron

polaron (EP) and a hole polaron (HP). Note the same kind of orbital overlap seen in Fig. 9 for benzene will
result in an electron cloud above and below the backbone plane of PPV and other conjugated polymers.

Singlet and triplet excitons differ in energy, in size and lifetime. Understanding the
nature and energetics of the charged and neutral excitations in conjugated polymers is
very important for designing materials for energy efficient organic devices.

The vibrational wavefunctions of the nuclei must be taken into account to
describe the formation and decay of an exciton. Early theoretical description of chemical
bonds used the notion of atoms joined by springs and indeed this serve as a basis for the
interpretation of molecular vibrations. The potential function used in most Franck-

Condon diagrams is that of the one-dimensional Morse oscillator whose eigenvalues are:

E,, =hco(v+1)—hcox(v+1)

, where x is the anharmonicity constant and is related to terms in the potential energy
function (which reduces to that of the simple harmonic oscillator at x = 0.) The lowest
energy is the zero point energy (not actually zero due to indeterminacy). These nuclear
vibrations are associated with bond stretches in FTIR spectra.

The classification of molecules and MOs according to the symmetry elements'
they possess is dealt with by group theory. A molecule possesses a symmetry element if
the molecule’s appearance as observed by a stationary observer, is invariant under a
particular symmetry operation (e.g rotation about a given bond axis). Symmetry
arguments may also be applied to AOs and MOs (for example m and ©n* orbitals belong

to the B; species). Since mathematical functions possess certain symmetry properties
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we can choose these functions or products of these functions as a basis for symmetry
operations. Integration of a function will return a zero result if the function does not
serve as a basis for the totally symmetric irreducible representation of the point group to
which it belongs. Since electronic transitions are described by the integrals of products
of wavefunctions, knowledge of the symmetries of the initial and final state

wavefunctions can tell us whether the transition is likely to be observed.
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Fig. 19 Jablonski state diagram for a molecular system also showing energy levels for an oxygen molecule
outside the system. Horizontal lines: energy levels of the S and T states (S on LHS and T on RHS to emphasise
S and T possess different electronic spin configurations.) Note T, is at a lower energy than S, reflecting the
effects of spin correlation. Further horizontal lines represent higher energy vibrational levels for each state.
Wavy lines within a manifold of levels indicate vibrational relaxation.

Radiative transitions are ‘vertical’ transitions and involve a change in total
energy of the molecule. Nonradiative transitions are ‘horizontal’ transitions involving
conversion from one state to another state at constant energy. Nonradiative energy
conversion between states of the same multiplicity is called internal conversion (IC) and
for states of different multiplicity the term intersystem crossing (ISC) is used. IC and
ISC (for S; — Ty and T| —Sy) leave the molecule with excess vibrational energy which is
dissipated by vibrational relaxation (i.e. interaction with surrounding molecules either in
solution or solid state.) The main detractor from fluorescence quantum yield in the
light-emitting polymers is quenching of singlet emission by energy transfer to non-

emissive states.
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2.5.1 Upward Transitions in Energy: Exciton Formation by Absorption

The strongest electromagnetic radiation-induced energy transition is when the
electric component of the radiation (the E field) interacts with the electric dipole of the
molecule. The one dimensional form of the Maxwell equation describing the space and
time dependence of the electric field associated with electromagnetic radiation or a

photon beam is:

2 2

%E(x,t) = Eoldy %E(x,t)
where, g is the dielectric permittivity of free space and | is the permeability of free
space. Upon exposure to the E field, the oscillating electric vector sets up an equivalent
oscillation in the electron charge distribution when the oscillation frequency matches
that corresponding to the difference in energy of two electronic levels as set by the
angular momentum selection. Upon absorption of the photons in a beam by a material,
the photons will exhibit the properties of a given quantum state. The absorption of a
photon must conserve angular momentum. Thus, the energy transferred upon absorption
can excite an electron in a molecule and this electron must exhibit the angular
momentum possessed by the photon. Since the latter is fixed, this provides us with the
basis of an angular momentum selection rule. That is to say, only electron transitions
between states which differ by + 1 in the orbital angular momentum quantum number
will be possible. It should be noted that this only applies for excitation processes
involving one photon. Lasers can be used to exploit multiphoton absorption processes
in atoms and molecules. Examples of such exploitation include 3-D patterning using
femtosecond lasers*?, upconversion3 3 and other processes.

The promotion of an electron from one level to another forms an electric dipole,
which is defined as a pair of equal and opposite charges separated by a distance r and is
characterized by the magnitude of the dipole moment p where p = qr. This radiation—
induced dipole moment called a transition dipole moment. In terms of the total
Hamiltonian, light interaction may be viewed as a time dependent perturbation'.
Perturbation theory is a way of finding approximate solutions of the S.E. for complex
molecular systems and is based not on separating wavefunctions into basis functions but

rather on using a suitable model system whose wavefunctions and energies are known.
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The Hamiltonian,H, of the real system is H = H,+ H , where Hy is the zeroth order

Hamiltonian, H' is a time dependent perturbation and the real wavefunctions are:

(waldws)
y, =y, +y R

m

where the term m = n should be excluded. Perturbation theory, as will be evident later,

is useful in situations where there is coupling between or mixing of states. The
magnitude of the interaction is given by H = p.E A transition from a lower state 1/,
with energy E., to a higher state y, with energy E, may be described mathematically

using time dependent probabilities. It can be shown that the progress of the transition,

given by Py, the probability the molecule is in i, depends on the the time dependent

Dirac integral called the transition matrix element which represents the extent of

coupling of the two states y/,, and , by the E field.

0 i ~,
Ea" = _E<l/l" | H |(//m>

which can be rewritten another Dirac integral containing i, , called the transition dipole

moment, such that g, = <¢//” |,ux I(//m> . The probability of a transition is:

Lol 4E, (x) |u,,,| sin® L Ao
di " dt H i

Often a transition occurs to a manifold of levels as in a large molecule. For the manifold
case, an energy integration of the product of Pn and the density of states results in an
analoguous expression for d/dt Pn called Fermi’s golden rule. Fermi’s golden rule is
used because in a large molecule there is a large number of closely spaced levels with
energies corresponding to the excitation energy and also because there is always a
spread of energies in the excitation beam. It can be shown that as the oscillating E field

frequency approaches the transition frequency, the transition is more probable. Thus, P,
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depends on the square of the amplitude of the radiation field (which is related to the
intensity of the radiation), and the square of the transition dipole moment. Obviously
one can only have partial control over P, as the transition dipole moment is an intrinsic
property of the molecule. In the case of radiative transitions the scalar product of the E
field and dipole moment vectors is the perturbative part of the Hamiltonian responsible
for driving the transition whereas intramolecular interactions, responsible for the mixing
of the zeroth order model wavefunctions, drive the nonradiative transitions between

different quantum states.
2.5.2 Downward Transitions in Energy: Radiative Decay Routes

A radiative transition is termed fluorescence (~ns decay) if it originates from the
de-excitation of an excited state that has the same multiplicity as the ground state. The
emission is termed phosphorescence (us — ms decay) if it originates in de-excitation of
an excited state of different multiplicity to ground state (eg T) — Sp). Without significant
ISC and phosphorescence, radiative emission from photoexcited conjugated materials is
from an excited singlet state decaying to the ground singlet state. Though higher energy
states exist, only the first excited states of S and T are relevant in this thesis. Crucially
for full colour display applications, luminescence from from m 7* transitions in organic
chromophores spans the whole visible range of the electromagnetic spectrum
corresponding to wavelengths between 370 nm and 690 nm as per the human eye

response function or photopic curve.

253 Allowed and Forbidden Electronic Transitions

Clearly the link between the nature of the molecular structure and the transition
intensity lies in the transition dipole moment, p,,. However by inspection of the wave
functions involved, it is relatively easy to determine if pom will be zero or not'. This can
provide a basis for electric dipole transition selection rules. Transitions forbidden by
certain selection rules may be weakly allowed in reality and may have small intensities

in absorption spectra. The use of such selection rules is made possible by using the B-O
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approximation and knowing the p vector only operates on the electronic spatial (as

opposed to spin) wavefunctions. Using the BO principle one can write:

ﬂnm = <¢n |lu | ¢m > < //n |/m> < 7/ n.| A m>

Where the overlap intergrals on the right of the equality are the electronic spatial, electron
spin and nuclear (or vibrational) overlap integrals respectively. The nuclear overlap
integral will always be non-zero, however, the first two integrals may be be zero and may
prevent the pure transition occuring. However, by mixing integrals a transition may be at

least weakly allowed.
. :<¢"|,u|¢m> = O implies a symmetry forbidden transition (at least one
symmetry component vanishes'.

< ol > = 0 implies a spin forbidden transition (e.g. S-T ). S-O (spin-orbital)

m

coupling, renders a spin-forbidden transition allowed. Discussion of the spin overlap
integral is relatively straightforward as there are only 2 (spin up and spin down)
wavefunctions for each electron. Given that most organic molecules possess paired
outer electrons (closed shell configuration), S;, is most often a singlet spin function. If
the original spin orientation is preserved upon electronic excitation, S, will also be a
singlet function of the same form as S,,. The spin overlap integral will then be 1 and so
the transition is spin allowed. If the S,, is inverted upon electronic excitation, the spin
overlap integral will be zero because of the overall wavefunction symmetry and the

transition is spin forbidden. The same applies for T-T transitions.

<v/”| /m> =0 but <(P,,|/1|(/’,,,> and <./~/” .,/m> couple which implies g, #0 and

the transition is weakly allowed due to the symmetry of the coupled wavefunction.
Perturbation theory involving mixing of states can show how otherwise spin forbidden
transitions occur. In this case the zeroth order wavefunctions are pure singlet or triplet
wavefunctions and are mixed together by coupling of the spin and orbital angular
momenta of the electrons.  Where there is s-o coupling, the singlet state takes on some
triplet character and vice versa and intensity in the allowed S-S transition is lost to the s-

o coupled, weakly allowed S-T transition. The most important factor in determining the
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extent of mixing and the intersystem crossing rate is the size of the spin-orbit coupling
constant which determines the magnitude of the matrix coupling element. The s-o
constant is proportional to Z*, (where Z is the atomic number) and the effect is therefore
strongest when heavy atoms are present either in the molecule undergoing the transition
(internal heavy atom effect) or in an adjacent molecule (external heavy atom effect.)

A symmetry forbidden transition may be vibronically allowed if there is

simultaneous coupling of <(o"|y q)m> and < 7\ A m') (i.e. BO approximation not valid).

This coupling is associated with a change in symmetry of the molecule upon excitation.
The coupling which renders a transition vibronically allowed is again described using
perturbation theory.

Not all final wavefunctions with the same symmetry as the initial state
wavefunction will be final states owing to the probability of the transition ultimately

depending on the magnitude of the Franck-Condon factor. The square of the nuclear (or

vibrational) overlap integral, |< 7l /m‘> |, is called the Franck-Condon (FC) factor and

tells us which of the excited vibrational levels of the electronically excited state
(vibronics) are most likely to be populated in the transition. A S-S transition in Fig. 20is
depicted as a vertical line based on the BO approximation. However, since the electron
distribution is different after the transition with respect to that of the ground state, some
redistribution of the nuclei is expected after the transition. This is the FC principle and
in Fig. 20 is described for a non-specific diatomic molecule, using Morse-potential
curves, where the potential energy curve for the electronically excited state is shown to
be displaced to higher energy (potential) and to larger equilibrium internuclear
separations with respect to the ground state, consistent with the promotion of an electron
into an antibonding state. In the FC diagram the exciton corresponds by default, to a
Frenkal exciton for a small molecule but may be applied to a conjugated polymer chain
where there can be significant geometrical rearrangement. The fact that the excited state
is created with additional vibrational (and rotational) energy has implications for the

observed absorption and fluorescence spectra.
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Fig. 20 Franck-Condon diagram for S, to S; absorption transitions.

For molecules with very similar ground and excited state geometries the F-C
factor will be largest for the 0-0 transition (where the numbers refer to the levels of
vibrational excitation in the ground and excited states). However, if these geometries are
significantly different, the F-C factor is likely to be largest for a non 0-0 transition (0-2
for example). The magnitude of the various F-C factors for the various transitions is
reflected in the absorption spectrum where the most dominant peaks correspond to
transistions with the largest F-C factors. According to Siebrand’s theory for non-
radiative transitions, the F-C factor decreases rapidly with increasing energy difference
between the vibrationless levels of the states involved, in agreement with IC being more
dominant for S,-S; or Ss3-S, transitions than a S-S, transition. Due to a small FC factor,
the IC rate is a lot less than the fluorescence decay rate for S-Sy transitions.

For polyatomic molecules such as conjugated polymers, the ground and excited
states have potential energy surfaces with many dimensions and many vibrational
motions and as a result, the absorption profiles are quite featureless and are referred to
as an F-C envelope. Features in the absorption spectrum are due to the vibronic
structure in the excited state since separation of ground state and vibronic levels is less

than kT at room temperature. Similar force (spring) constants in the excited and ground
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states imply only a small distortion of the lattice represented by AQ (atomic
displacement parameter). This means that, for a small increase in internuclear
separation from the ground state configuration, the absorption and emission spectra
resemble each other (with the 0-0 peak most intense), obeying the mirror symmetry rule.

Prompt fluorescence' (or simply fluorescence, is that due to singlet decay. There
is also P type and E type delayed fluorescence. The P type involves triplet-triplet
annihilation and, consequently, a high accumulation of triplets which causes the delay.
E type fluorescence is thermally activated and depends on non-radiative excited triplet
state processes. E type fluorescence occurs if vibrational levels of the the S; and T,

levels are very close in energy, facilitating reverse ISC.

254 The Origin of the Stokes Shift in Organic Chromophores

The red shifting of the fluorescence maximum from the absorption maximum is
called the Stokes shift and, for small monodisperse molecules in very dilute solution of
single molecules, is due to dissipation of vibrational energy to the solvent molecules.
The FC principle means that excited molecules have vibrational energy initially, which
may be lost by emission of IR radiation of frequency corresponding to the vibrational
energy spacing. When this emission ceases, fluorescence or phosphorescence may
occur. The energy spacings between vibrational levels are usually larger than the
thermal energy kT, so one may assume the excited molecule relaxes to the lowest
vibrational level prior to luminescence.

In thin films of conjugated polymers the Stokes shift is chiefly due to two
contributions— structural and spectral relaxation.

Upon excitation the molecule relaxes structurally, having a different geometrical
configuration (different internuclear separation distance) to that of the ground state (Fig.
18). The excitation couples to the lattice deformation, which leads to vibronic features,
particularly in the PL and EL.

Conjugated polymers usually have a range of conjugation lengths and hence
lattice coupling strengths for the associated polarons, which contributes to broadening of
their absorption spectra. Upon excitation, vibrational relaxation to the lowest vibrational

level in the excited state occurs with a time constant ¢ ~ 0.1ps which is much faster than
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the characteristic singlet decay for organic materials (0.1-1.0 ns). The fact that absorption
samples all conjugation lengths and that internal conversion occurs faster than
fluorescence, results in red shifted emission with a less broadened or ‘sharper’ emission
peaks with more pronounced vibronic structure. This red-shifting of emission is called
spectral relaxation. The vibrational levels are themselves broadened by rotational motion
of the molecules though rotational energy levels are usually not depicted in Jablonski or
FC diagrams. This type of broadening due to disorder is inhomogeneous whereas
lifetime broadening of an electronic transition is homogeneous. The fact that Site
Selective Fluorescence (SSF) experiments34 demonstrate a red shift of emission spectrum
with time on different timescales is evidence of exciton migration and of many
conjugation lengths in the sample. This migration is more responsible than structural
relaxation for the observed Stokes shift. Migration of excitons to low energy emission or
quench sites (carbonyl generally) is dependent on sample crystallinity, conjugation
length, and amount of interchain contact. Conventional chromophores spectrally relax
but conjugated polymers have a major structural relaxation component in spectra also
(e.g. quinoid form of PPV compared with benzenoid form.

Once the FC factor becomes non-zero, intensity is stolen from the 0-0 peak35. This
results from vibronic transitions due to lattice coupling, the extent of which is

charaterised by the Huang-Rhys parameter%, Si. as follows:

; M’ (AQ,)

S, =
ho

1

.where M is the reduced mass for the vibrational mode Q;, associated with the change,
AQj, in equilibrium configuration coordinate between ground and excted state and o is

the phonon frequency. S; can be experimentally obtained via the Stokes shift’’. A

synopsis of electron-lattice coupling is:
1: A non-zero AQ is needed for a non-zero S

2: A dominant 0-0 peak means a small delta Q and weak e-phonon or e-lattice coupling

(S small. An initially dominant 00 peak decreases as S increases.
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3: Large S means hw small and therefore vibronic peaks easily smeared out by
inhomogeneous broadening.
4: Short chains have higher S and longer chains have lower S and can reveal vibronic
structure. Vibronic structure is more easily resolved if there is less energetic disorder
also (i.e narrower distribution of chain or conjugated segment lengths). If this factor is
X for small molecules then for a polymer the change in bond order is expected to be of
order X/N where there are N atoms in polymer.

Polaronic excitation is a manifestation of lattice coupling, i.e. parts of the exciton
(the oppositely charged polarons) are strongly coupled to the chain. Halliday ef a/ have
shown that the improved order in stretched films of PPV*® and improved PPV

containing fewer defects both result in much sharper vibronic features in the emission.

255 Quantifying Absorption and Fluorescence

Absorption of light by a material is described by the Beer Lambert law:
—log(I/1,)=A=gcl

where I, is the incident radiant intensity, | is the transmitted intensity, € is the
wavelength dependent decadic absorption coefficient, and A is the decadic absorbance.
The absorption cross section, o, can be thought of as the area a molecule presents to an

incoming photon which, if hit by a photon, will lead to its absorption.

o= %2.30265 =3.82356x107"'¢
Where C is the concentration of absorbing material in units of molecule cm™ and | is the
path length in cm. Sigma has units of cm*/molecule, often abbreviated to cm”.
A measure of the transition intensity or oscillator strength, f,,, is obtained by

integrating € over the whole absorption feature .7~ , which is approximated as being a

Lorentzian. f,y, is equal to 6.784x10¢g,_ I', where I is the FWHM (full width half

max) of the Lorentzian, and can be related to pum, the transition dipole moment:
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.fnm = 4702 X 1 047 —1_llunm IZ

max

Fluorescence or spontaneous emission is the random radiative decay of electronically

excited molecules and follows first order kinetics:

-4 r)s[or]

In other words, the decrease in M* depends on the first power of [M*]. The so-called
natural lifetime, r,o of a radiative process is defined as the inverse of kro, the decay rate,
and by integration one can see that in a time t = t,”, [M*] has fallen to 1/e of its initial
value. krO is also denoted A, , the Einstein coefficient for spontaneous emission where
n and m refer to the upper and lower levels of the transition respectively. The Strickler-

Berg® relation states:

o 1 3.417x10°2

max
2 .
A n.o”

nm

This approach to calculating t,” has been applied to conjugated polymers aswell as inert
polymer matrices doped with organic small molecule dyes'. The measured decay rate
coefficient, k;, never equals the actual rate, kro, because additional processes including
non- radiative ones like IC and ISC, contribute to the reduction in [M*].

_%[M*} =k [ M kg [ M ]k, [ 7]

Kk is the sum of the all decay rates and 1y is the inverse of this sum so that tralways < tfo
In conjugated polymers, for example, significant non-radiative decay causes the
measured lifetime to be shorter than the natural lifetime. Oxygen free PPV has the
longest t (1.2 ns) reported for PPV (film). This is because of the number of non-

radiative routes decreases with oxygen removal.
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For steady state sample illumination the fluorescence quantum yield, @, is:

© =1/1,=rtl1,

@, is often measured using known standards or an integrating sphere and

F

experimentally measured values of 1y and @, can be used to calculate ¢ which can

then be compared with the theoretical/semi-empirical value of 1’ based on Strickler-

Berg equation. As for singlet fluorescence, the phosphorescence yield, @, based on

triplet emission may be obtained. However, the excitation and emission beams are
modulated to avoid fluorescence detection and, since molecular oxygen tends to interact

with triplet excited states, experiments should be done in the absence of oxygen.

T
D, =D,

P

, where @, =® .

N
" oln

Measurement of the absorbed light intensity and the integrated ESR (electron spin
resonance) peak allows triplet yields to be obtained directly.

D, =1k
Since tr and @, can be measured experimentally kisc can be easily calculated. Once

kisc is known, kjc can also be estimated from:

I-(®, +®D,)

s

ki

kic is typically too small to compete with fluorescence or ISC so that @, +®, =1.
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2.6 THE IMPORTANCE OF ELECTRON-ELECTRON
INTERACTIONS IN MODELLING THE ELECTRONIC
TRANSITIONS IN n-CONJUGATED POLYMERS.

Electrons in orbitals in any material will always try to interact by repelling one
another due to coulombic effects. This repulsion will be greatest in a confined situation
and its effects are in evidence in conjugated polymers. Electron-electron (e-e) repulsion
and electron-hole (e-h) attraction can be viewed as being of the same origin and the
effects of these interactions are often referred to as correlation effects’'. Hund’s rule and
the energetic ordering of S and T are simple correlation effects - singlet and triplet
excitons are no longer either of the same energy or of the same size since triplets are
more localised. Shuai and Beljonne ef al** have shown for PPV and its oligomers that the
triplet is stabilised by 0.65 eV with respect to the singlet. It is worth noting that if e-e
interactions were too strong then semi-conducting polymers like PPV would be anti-
ferromagnetic Mott insulators. Subtle correlations (qualitative failures of orbital theory)
are typically seen in narrow bands, low dimensionality, and excited states — conjugated
polymers having all three. Generally speaking, even parity singlets are lower in energy
than odd with, for example, energies of 2.5 and 2.9 eV respectively for PPV. The former
is a one-photon singlet (1g) where as the latter is a two-photon singlet (24). The ordering
is a subtle correlation and explains why light-emitting polymers fluoresce since daylight
is intense enough to excite one-photon transitions (if the ordering was reversed laser light
intensities would be required). So, in many respects fluorescence resulting from linear
absorption is manifestation of a subtle correlation effect.

Inclusion of elecron-electron interactions in essentially “non-interacting” one
electron SSH-type Models through the electron-phonon coupling constant alone is only
implicit and fails to describe many excitonic features in conducting polymers. Examples
of these failures are that predicted absorption peak intensities differ from those observed
experimentally for t-PA, for NDGS fluorescence is predicted to be at bipolaron separation
levels (actually it is much higher in energy) and that all photoexcited states should decay

radiatively. Non-radiative decay, which occurs to some extent in all conjugated
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polymers, requires breaking of charge conjugation symmetry. This may be achieved by
introducing e-e interaction terms into the Hamiltonian. Non-interacting m-electron
models are, however, useful for comparing conjugated polymers with similar backbones.

In terms of modelling, going from uncorrelated (band) to correlated, e-e
interactions or correlations may be switched on either by turning on a Hubbard
potential,V(R) or, by varying the transfer integral ¢ discussed in section 2.3. This is
analogous to controlling the binding energy, E,. In practice variation of t is used as it is
accessible experimentally via the optical bandgap of the polymer. Maki et al and
Baeriswyl et al*® calculated the effects of modifying Uy in t-PA. Calculations of the
effects of on-site and inter-site e-e interactions for strong lattice coupling predict PA
absorption peak intensity ratios consistent with experiment. Weak coupling is sufficient
to explain the asymmetric displacement of the levels.

Using a Peierls-Hubbard Hamiltonian, Shimoi showed," for a NDGS polymer,
that including e-e interactions renders two polarons more stable than a bipolaron. Long
range Coulomb interactions (further than nearest neighbour) promote exciton formation
in pristine polymers. Peierls-Hubbard models leave out these long range interactions but
the Pariser-Parr-Pople (PPP) model includes them by using the Ohno potential. PPP
models therefore account for both electron lattice and electron-electron interaction well.
Modelling of higher energy excitations is only realistic in PPP type models. One can also
use configuration interaction (CI) methods, where the geometry-optimised structure is
used as an input for the calculations, to model the bandstructure of polymers. CI involves
a general treatment of correlations and quantitative results are limited to small molecules
for computational reasons. The UV absorption spectrum of, PPV can be described using

CI ®or PPP methods™.

2.6.1 Use of the Band-Model Versus the Molecular Model for Interpreting the
Nature of the Pimary Excitations in pi-Conjugated Polymers from
Experimental Observations.

In the band model photoexcitation of a conjugated polymer produces weakly
bound polaron pairs. Singlet polaron-excitons with large binding energy, E, are
produced in the molecular model, where the molecular “model™ or “picture” is based on

the photophysics of fluorescent small molecules. Strong e-e interactions favour
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formation of correlated electron-hole (e-h) pairs otherwise desciribed as localised
molecular-type excitons whereas weaker e-e interactions may be described better using a
band model with an additional electron-phonon coupling parameter (e.g. the SSH model).
In conjugated polymers both models have been used to explain many of the observed
optical properties. Which model to use depends on the e-e interaction strength

(characterized by Ep) relative to bandwidth and to electron-lattice interaction.

« Free e-h pair, no lattice relaxation —

7y
Eb 2Er )
PP —L Ep
1'B, -
A Polaron 21A
Pair - g 1°B =
Bandgap| Otic (adiabatic) u 7y
adiabatic
E, photon Two _
(vertical) photon Triplet
Singlet (vertical)

«— Ground State —

Fig. 21 Illustration of what is meant by the binding energy. Note the polaron pair is not connected to the ground
state. The two-photon energy transition is shown for comparison. E, is the polaron pair binding energy, E,
and E,’ are polaron-exciton binding energies.

Whether the primary excitations (e.g. by photo- or electro-excitation) are polaron
pairs or bound neutral excitons is very important with respect to LEDs because the spin
statistics are differ in each case. If the lowest energy elementary excitations are bound
excitons, EL efficiency can only reach a maximum of 25 % of the PL efficiency. This is
due to simple spin statistical arguments considering the degeneracy of the singlet and
triplet excited states. In the band model for electroluminescence (EL), singlet excitons
are intermediates in the recombination of free P+ and P- injected at the electrodes in
which case the maximum possible EL quantum efficiency can be 1 (‘unity’) or 100%.
EL quantum yield > 25% requires a spin dependent singlet:triplet formation crossection
ratio in the presence of a spin dependant relaxation channel (see section 3.6.3.1). The

limit of EL QY depends on the value of E,.
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2.6.1.1 Interpreting Experimental Results of conjugated polymers

For molecular crystals the argument in favour of a molecular excitonic model is
based on XRD data which show molecular units rather than an extended system. The
molecular model is also adopted, on account of small molecular size, for small molecules
in sublimed thin films for SMOLEDS, where there is a lack of an extended band in the
amorphous sublimed films. The different excitation energy thresholds for singlets and
triplets in PPV etc resemble those for molecular solids like anthracene and suggest
confined (molecular) excited states. Interestingly, however, much light-emitting
conjugated polymer data may be interpreted using both models — a first example is the
absorption lineshape for conjugated polymers. The Density of States (DOS) equation for

a 1-dimensional DOS*’ similar to that expected to exist in a linear conjugated polymer is:
P jug poly

1(2m\"* «(nH(E-E)
B = L ok ol
(B} ”(hz) Z[ (E—El)lz ]d

i

9(E)

Fig. 22 Predicted DOS for 1, 2 and 3-dimensional systems.

A potential problem with using the band model (and why it is questioned for conjugated
polymers) is that polydiacetylene (PDA) crystals are definitely excitonic*® and display
symmetric absorption and electroabsorption profiles. Conjugation is assumed to be

similar in PDA films which also exhibit excitonic behaviour. Although disorder is partly
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responsible for varying E, values, it cannot be the primary reason since both PDA
crystals and spin coated films give E of 0.5 eV. Because PDA is a conjugated material
with strong e-e interactions, this behaviour could be assumed to be the same in other
conjugated materials like PPVs. However, the fact PDA cannot be described by the band
model provides merely a circumstancial reason for believing this approach is not
applicable to other conjugated polymers like PPV. For example, although the structures
are similar, the 1p/24 ordering is different in PDA to that in PPV.

In practice, in films of NDGS polymers the chains are believed to be consist of a
range of “conjugation lengths™ (CL) separated by twists, kinks, meta-links etc., due to the
chemical structure and the resultant chain-packing. The idea of CL contrasts with a
delocalisation-based band model with thousands of untwisted repeat units. However, in
conjugated polymers Van Der Waals contacts are indicative of weak inter-chain
interactions, and m-electron delocalisation is restricted to one dimension and is associated
with the backbone which contains thousands of repeat units, inherently demanding a band
approach. In ordered, oriented MEH-PPV, which is actually a blend of MEH-PPV and
PE which has been stretch-aligned® the CL is considerably longer than usual, making it a
good sample to test the band model. Asymmetric linear absorption spectra of highly
oriented MEH-PPV samples produced by stretch aligning polymer strands in thin films
demonstrate that the observed asymmetry (square root singularity) is intrinsic to a 1-D
semiconductor, implying the band model is applicable. One might expect asymmetry in
lineshape to decrease with respect to the molecular model which uses a superpostion of
absorption spectra from a range of CL to explain the observed lineshape for oriented
material. In fact it the asymmetry increases significantly. From the band model point of
view, the ordered material is expected to exhibit a 1-d lineshape and disorder is expected
to suppress the perfect 1-d square root singularity and make the absorption lineshape
more symmetric. So the intrinsic lineshape of these materials should be based on
oriented samples like this in which the lineshape is well characterized by a square root
singularity inhomogeneoulsy broadened and rounded only slightly by a small degree of
disorder. Furthermore, trying to apply a superposition of Lorentzian or Gaussian
lineshapes corresponding to different CL to explain the oriented sample spectra means

0

using a disproportionate number of short segments.” Fits to the linear