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Abstract: A general overview of the optoelectronic properties of 7-conjugated polymers is presented.
Two types of polymer are discerned: interchangeable structures of the same energy (degenerate), such
as polyacetylene; and non-degenerate polymers, such as poly(para-phenylene). The band structures of
degenerate and non-degenerate polymers are related to their conductivities in doped and non-doped
states. In both cases, disorder and impurities play an important role in conductivity. Polarons, bipolarons
and excitons are detailed with respect to doping and charge transfers. Given the fibrillic nature of these
materials, the variable range hopping (VRH) law for semiconducting polymers is modified to account
for metallic behaviours. Optoelectronic properties—electroluminescence and photovoltaic activity—are
explained in terms of HOMO and LUMO bands, polaron-exciton and charge movement over one or
more molecules. The properties of H- or J-type aggregates and their effects on transitions are related to
target applications. Device structures of polymer light-emitting diodes are explicitly linked to optimising
polaron recombinations and overall quantum efficiencies. The particularly promising use of 7 -conjugated

polymers in photovoltaic devices is discussed.
© 2004 Society of Chemical Industry
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INTRODUCTION

To prepare organic optoelectronic components, we
will have to go beyond using passive materials such
as insulators. The latter, such as polyethylene, are
dielectric and display forbidden bands at energy levels
(=5¢eV) situated well outside the optical spectrum.
The energy separation between molecular bonding
(o) and antibonding (0*) orbitals joining —CH,—
groups is due to the considerable axial overlapping
of these orbitals permitted by the polymer geometry.
In contrast, the energy separation between 7-bonding
and m*-antibonding orbitals is relatively small, as
lateral orbitals exhibit limited overlapping. The band
gap for polymeric solids containing such orbitals is
typically between 1 and 3 eV, a value which covers
the optical domain well. Furthermore, doping of
such polymers gives rise to semiconducting materials,
and the metallic state can be reached with certain
materials such as polyaniline or its derivatives (Fig 1).
It then becomes possible to envisage, for example, the

fabrication of polymer light-emitting diodes (PLEDs)
or photovoltaic cells.!

This is a review of particularly promising organic
polymers which exhibit w-conjugation, often display
high thermal stabilities, and are generally considered
well apt to forming thin films over large surfaces,
for example, by spin coating. Initially, the electronic
structure of two types of w-conjugated polymer are
presented. They are polyacetylene (PA),2~* which
has a degenerate fundamental energy state due its
access to two possible configurations, represented
in Fig 2(a) and poly(para-phenylene) (PPP),> which
is shown in Fig2(b) and has a non-degenerate
fundamental energy level. It should be noted that
the widely used m-conjugated poly(para-phenylene
vinylene) (PPV),% represented in Fig 3(b), is also
non-degenerate. Secondly, we discuss the conducting
properties of these polymers and, in particular, two
types of behaviour: semiconducting and metallic. To
form these electrical states, which will be detailed, the
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Figure 1. Conductivities of conjugated polymers compared with
other common materials.

polymers need to be doped. Various types of doping
may be used: (i) electrical doping by charge transfer
from a donor (n-type) or acceptor (p-type) dopant
to the organic solid; (ii) electric field effect doping in
which an organic semiconductor or metal-insulator-
semiconductor structure (MIS structure) is subject
to positive or negative electrical polarisation due to
influence from a grill with either n- or p-type dopants,
respectively; (iii) unipolar injection of charges into an
organic solid using an electrode; (iv) bipolar injection
of opposed charges (electrons from cathode and
holes from anode) which can generate certain quasi-
particles, following migration through an organic solid;
(v) optical doping associated with photogeneration
of electron—hole pairs under the influence of light
excitation; and (vi) doping—dedoping using acid—base
equilibria (polyaniline (Pani) only) in a process

O \

(a) (b)

Figure 3. Structure of (a) PPP; and (b) PPV.

yielding metallic Pani with high conductivity (o >
2002 'cm™1).” Finally, two devices where 7n-
conjugated polymers are used as alternatives to
inorganic materials are presented. PLEDs have now
been commercialised by Philips. Polymer solar cells,
exhibiting yields of the order of 3 %,% have rapidly
improved during recent years, so much so that
researchers believe that these materials will provide
a real alternative to expensive silicon-based cells in the
near future.

ELECTRONIC STRUCTURE OF ORGANIC
SOLIDS: IDEAL 7-CONJUGATED POLYMERS
Degenerate n-conjugated polymers: PA, the
archetypal ‘conducting polymer’

PA was the starting point for research into conducting
polymers at the end of the 1970s.3° Each CH unit
is linked by o-bonds formed from three equivalent,
triangular sp? hybrid orbitals, thus leaving a free
fourth-orbital (2p,) which is represented in Fig 4(a)
by black dots. The backbone, with unit repetition a,
can be considered one-dimensional relative to the 2p,
electrons. As detailed in Fig 4(b), for a chain of N
carbon atoms, there are N p, electrons which fill only
half of the first band (which can contain 2N electrons),
and therefore PA should behave as a metal (half-filled
last band); however, this is not the case. To take
this reality into account, we need to consider Peierls
distortion!® which gives rise to a dimerisation of the
polymer backbone and an alternation of single and
double bonds with repeat unit 2a, as schematised in
Fig 5(a). The energy of deformation (Eg4efo;) s less than
the gain in electronic energy following the opening of a
band gap (Eelax). The unchanged o-orbitals maintain
polymer rigidity. However, the permitted band can
only take on N electrons, as its size has been halved
(Fig 5(b)). Therefore, N(p,) electrons from N carbon
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N

Figure 2. (a) Degenerate PA; and (b) non-degenerate PPP.
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Figure 4. (a) Configuration of PA with repeat unit constant a; and (b) resulting band scheme corresponding to a weak bond approximation.
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Figure 5. (a) Configuration of PA with period 2a; and (b) band scheme for this configuration.

atoms are trapped within this band. We can see that
PA in its natural state is a semiconductor, with a band
gap of the order of 1.5¢V.

Band scheme for a non-degenerate
nm-conjugated polymer: PPP

Assuming that PPP is based on a chain of benzene
rings, we shall apply the Hiickel theory to establish the
form of the band scheme for an isolated polymer.
We will then use techniques normally used for
covalent, intramolecular bonds, which are appropriate
for organic materials. Intermolecular interactions will
not be considered in the initial stages. As mentioned
above, overlapping between m-orbitals is weaker than
that between o-orbitals, and the separation between
7 —m* bonds is greater than that between o —o* bonds.
We will thus be limited to studying 7- and m*-
molecular orbital bands within which energy intervals
are distributed in the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO), otherwise termed bonding and
antibonding states, respectively. Again respectively,
these are analogues of valence (VB—the highest
full band) and conduction (CB—the lowest empty
or partially occupied) bands, which are traditionally
presented in solid-state physics in a band scheme of
weak bonds.!!

Three steps are used to obtain a definitive band
scheme: first, as simply as possible, the energy states
of an isolated benzene ring (left side of Fig 6) are
determined in one dimension using results obtained
from Floquet’s theorem;!? second, (right side of
Fig 6), the state interactions of a benzene ring within
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a polymer chain are brought into play resulting in
a breakdown of 7 and n* bands, due to molecular
orbital coupling; and third, changes due to interactions
between polymers are considered by using amorphous
semiconductors as a model. A definitive band scheme
can then be defined as in Fig 7.

Why conduction in HOMO or LUMO bands is not
allowed
If we denote the height of large permitted bands
as B (B> kT), an approximation of effective mass
gives m* = h*/Ba’Z, in which Z is the co-ordination
number. The mobility (u = gt/m* where ¢ is the
charge of an electron and t is the relaxation time)
of charge carriers within HOMO and LUMO bands
in mw-conjugated polymers can then be evaluated
using . = gra?/h*B/Z. In addition, and in accordance
with the Ioffe and Regel condition,!® for bands to
retain a physical significance, B must be greater
than AE (AE =%/t Pauli principle). To enable
conduction in these bands, the following must be
true: u = qra?/W’B/Z > qua® /W AE/Z ~ qa®/h1/Z.
The inequality, i > ga?/h1/Z, is the final condition
for conductivity in delocalised bands of size B. With a
of the order of several angstroms, about the length of
a strong bond in a w-conjugated polymer, and Z ~ 2,
the resulting conduction is > 107! cm?V~!s~!. As
the observed value for these polymers is typically
of the order 1 > 10~*cm?V~'s~!, we can conclude
that transport probably does not occur within these
delocalised bands. We are therefore obliged to
recognise that, in m-conjugated polymers, charge
mobility is principally via other states.
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Figure 6. Schematisation of energy levels. On the left, benzene and on the right, PPP. Note that W is the wavefunction at level k.

A
o *-antibonding
band
4\ s*-antibonding band
« 7*-band tail
T<—— Localised states (dangling bond)
« w-band tail

n-bonding band

,
N

«4——— o-bonding band

' >

Figure 7. Band scheme for a w-conjugated polymer including affects
due to 3-D interchain interactions.
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ELECTRONIC BAND STRUCTURES OF ‘REAL’
CONJUGATED POLYMERS

Effects due to inter-chain interactions and
disorder

It should be highlighted that the results obtained up
to now have only dealt with intra-chain interactions
in mono-dimensional models, and that inter-chain
interactions, which appear once we reason in 3-D, will
modify the results considerably, especially at the level
of transport processes.!* Inter-chain transfer integrals
of around 0.1eV have been obtained for PPV,!> a
polymer with a conjugation similar to that of PPP. The
actual inter-chain mobilities, which clearly determine
to a high degree the overall mobility of the material,
are thus very much lower. In addition, a sample of PPP
normally contains polymers with various conjugation
lengths. With each increase in conjugation length,
there is an increase in the distribution size of 7
and 7* states, situated at band edges, resulting in
bathochromic effects. On applying results obtained
from amorphous semiconductors,”1° these inter-chain
effects remove the brutal discontinuity observed at the
band edges of an isolated chain. In its place, there
are band tails which resemble those of amorphous

Polym Int 53:1397—1412 (2004)



semiconductors such as silicon. Forbidden states in
the middle of the band can also be added to allow for
dangling groups (chain ends, structural deformations),
which can appear during thermal (eg, on synthesis) or
radiation treatments. The resulting band scheme is
shown in Fig 7.

An example of a structural defect can be given for the
degenerate PA. As shown in Fig 8(a) PA is obtained
in the cis form directly following synthesis, however,
with increasing temperature it tends towards the trans
form. During the isomerisation process, defects appear
in the alternating double and single bonds. Defects
can arise due to the chain being energetically equal
on either side of a —CH- unit, as two configurations
can equally be formed, as shown in Fig 8(b). From an
energetic point of view, the thus formed soliton state is
equivalent to a dangling bond, with the lone electron
in a 2p, configuration. The state is midway between
- and w*-levels, as shown in Fig 9(a). The Peierls
distortion forms a band gap between the full and
empty bands (Fig 9(b)) and the state density function
where the soliton (or dangling bond) is situated in
the middle of the gap (Fig 9(c)). Overall, the chain
remains electrically neutral, with the carbon near the
soliton being surrounded by four electrons, however,
the system can give a paramagnetic signal due to the
unmatched electron having s = 1/2.

The effect of excess charges on a polymer chain
Degenerate m-conjugated polymers

n-Type donors, such as alkali metals, can transfer
an electron to PA. p-Type acceptors, such as I, or
AsFs, are capable of taking an electron from PA.
Here we use the example of PA on which there are

Semiconducting 7 -conjugated polymers

two solitons corresponding to two excited states. On
doping the chain, one of the solitons is ionised to
yield an associated pair of a charged soliton and a
neutral anti-soliton. As the degree of doping increases
to around 30 % w/w, an increasingly large soliton band
appears which can close the forbidden band.!”

Non-degenerate 1 -conjugated polymers and polaron states
If an electron is placed on a lattice, the resulting
displacement of atoms reduces the electron’s energy
so that a potential well containing the electron is
formed. If the well is deep enough, the electron will
find itself in a tied state and is ‘self-trapped’. As such,
the electron and its associated lattice deformation is
termed a ‘polaron’.

Here PPP is used as an example.!”’~!° In the neutral
state, the stable structure of PPP is based on benzylic
rings. Following doping, local reorganisation leads to
a stable quinoid-based form of the polymer (Fig 10).
Figure 11 details variations in energy with respect to
geometric configuration and indicates how a chain
based on quinoid units is stable in its ionised state
(curve c¢). The energy due to chain distortion (Egjs;)
in going from the unstable ionised benzoic (curve d)
to quinoid forms is more than compensated for by the
gain in relaxation energy (Eelax)-

Ionisation of the chain gives rise to polaron levels
localised inside the forbidden band (Fig 12(c)), and
on the right of Fig 12 we can see the evolution of
energy levels on increasing the density of introduced
charges (doping density) and of the Fermi level, which
sits midway between the lowest unoccupied and the
highest occupied levels. Ultimately the rise of the
polaronic bands can fully occupy the HOMO and
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Figure 8. (a) Cis-trans isomerisation in PA; and (b) soliton-type defect in PA.
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LUMO bands, and a metallic state cannot appear.
Conductivity is then governed by hopping mechanisms
between polaronic states.

Polyaniline

Pani forms a rich family of electronically active
polymers. The free doublet electrons on the nitrogen
atoms participate in the formation of orbitals
delocalised along the polymer chain, as schematised
in Fig 13(a).

The degree of disorder in Pani is highly sensitive to
the method of preparation used, to the point where
deviation from coplanarity of adjacent rings can be
effected.?® An acid—base equilibrium can be used
to dope and dedope Pani (Figs 13(b)). The doped

emeraldine salt is conducting because it exhibits a
‘crystalline’ structure.

TRANSPORT MECHANISMS

In terms of transport mechanisms, there are two main
classes of polymers: semiconducting, such as PPP, and
conducting, such as doped Pani.

Electrical conductivity of semiconducting
polymers

Irrespective of polaronic states or states tied to
localised defects, the variable range hopping (VRH)
law may be qualitatively verified.?! The VRH law is
followed by a carrier with little thermal energy which
is limited to hopping to energetically close levels, even
though they may be spatially well separated. Thus the
probability of transitions occurring due to tunnelling
effects is diminished due to a large barrier. The
VRH law does, however, take an optimisation of the
hopping distance into account: o  exp [— (To/T)"],
with y = [1/(d+ 1)],ie, y =1/4in 3-D, y = 1/3 in
2-D,and y = 1/2in 1-D.

Various improvements of this law have been
proposed. In order to account for the behaviour of
m-conjugated polymers doped to varying degrees,
Kaiser modelled a heterogeneous structure base on
two domains (Fig 14).%2 Domain 1 consists of fibrils
within a matrix of Domain 2, which act as an
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Figure 12. PPP and evolution of energy levels with p-doping (top) and n-doping (bottom).
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electron barrier. The conductivity can be expressed
as 0! =f1c71_1 +f20’2_1, where f; is a factor in the
form f; = L;A/pLA; with p representing the number
of conducting pathways given by the ratio L;/A;
of sample length over cross-sectional area. When
o1 > 03, due to the presence of sufficient dopants,
we have o ~ f; 5, and the evolution of o is mostly
guided by o,. This means that transport mechanisms
assisted by tunnelling effects are dominant, and at
low temperatures the hopping mechanism (VRH)
proposed by Mott is relevant.?? It should be noted
that the value of o can be high due to the term f{l,
which is proportional to L/L;, where L is higher than
L,, the thin inter-fibril barrier.

Other models of isotropic conductivity, often
observed in doped m-conjugated polymers, have been
elaborated. Interchain charge transport is relatively
facile due to the presence of a non-inconsequential
overlapping between m-orbitals of adjacent chains.
Electron transfer between chains is effected either by
direct three-dimensional coupling or via intermediate
doping ions. Figure 15 gives an example of a dopant
ion between chains which can transfer a carrier
with equal ease in either direction. On a small
scale, when there is a high enough concentration of

Polym Int 53:1397—1412 (2004)
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by

Figure 15. Representation of dopant bridging between two
conjugated polymers showing transfer integrals.

dopants to connect adjacent chains, then clusters of
polarons resembling networks form. On a larger scale
though, the polarons spread inhomogeneously in a
disordered polymer network and the polaronic clusters
are separated.

A calculation for conductivity by hopping for this
configuration has been made using the following
three hypotheses: (i) adiabatic hops occur within
polaronic clusters; (ii) non-adiabatic hops occur
between polaronic clusters, with the intervention of
phonons; and (iii) electrostatic energy is the principal
barrier in the hopping mechanism.?*

The relationship found for conductivity is: o =
ooexp[— (To/T)'?]. T, depends on both the
charge energy of clusters and system granularity
such that T = 8U/k (5/8 —1)° / (5/8 — 1/2) where
U = 1/4mepe,e®/a and represents electrostatic repul-
sion between two electrons separated by distance a,
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8 is the mean distance between dopants in a cluster
and is independent of cluster size, and § is the mean
distance between dopants assuming a homogeneous
distribution and ignoring clusters.

Conducting polymers

Initially, it was considered that these polymers
exhibited a ‘metallic’ character (degenerate medium
with the Fermi energy level (Ef) in delocalised states
due to disorder). Conductivity parallel to the chain
axis can be expressed using the Drude—Boltzmann
relationship: ¢ = o// = ng*l/hkr in which [ is the
mean free path and ¢ is the charge on an
electron. Given that kr =m/a, we obtain o// =
(ng*a®/mh) (I/a) (equation used by Kivelson and
Heeger?®). With respect to temperature: (i) at low
temperatures, inelastic collisions are controlled by
electron—electron interactions, with / oc 77!, resulting
in 0 xT (Mott’s linear law); and (ii) at higher
temperatures, collisions with phonons dominate with
lox T2, giving 0 o T'/2.

However, Kaiser’s model appears more realistic.?
At high levels of dopant, in order to account
for a finite value for o at temperatures tending
to OK and the increase in thermoelectric power
with 7 at low temperatures, the representation
of the semiconducting state using fibrils needs
to be modified. Thus two parallel domains are
substituted for the second domain, the first of
which (conductivity 03) continues to represent inter-
fibril hopping, while the second introduces, like
an amorphous metal, a supplementary component
(04) as if for an amorphous metal in the form
04(T) = 049 + T2, in which 0,49 and « are constants.
Overall, this gives

2

o™l = (o) + (g303 + ga04) !
where g5 and g4 are form factors.
Comparing metallic and semiconductor polymer
behaviour

The conductivities of the two classes of polymers are
summarised in Fig 16.

4  o/0(300)
Metallic state:
oM =o(0) + m T™?

Semiconducting state:
VRH: 0 o exp(-Ty/ T)X
with x=1/2, 1/3 or 1/4

|
0 300
T(K)

Figure 16. Change in conductivity of semiconducting and
conducting polymers with temperature.
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CHARGE GENERATION AND RECOMBINATION
IN SEMICONDUCTING POLYMERS: OPTICAL
PROPERTIES FOR ELECTROLUMINESCENT OR
PHOTOVOLTAIC MECHANISMS

Excitons

So far we have detailed charge transport in chemically
doped conjugated polymers in the presence of counter
ions. An alternative method is that of carrier injection
at both anode and cathode, which produces a
double electrical charge injection. The result can be
thought of as positive and negative polarons appearing
at opposing electrodes, as shown in Figs 17(a)
and 17(b).! On applying a potential field, each polaron
migrates across the material until they meet, at which
point they form an excited but neutral species. (The
electron and the hole are excited outside of the HOMO
and LUMO bands.) It is this species which is called
a polaron-exciton and shown as a polaron-exciton
singlet in Fig 17(c).

Using PPP as the example, Fig 18 represents the
generation of an intra-chain polaron-exciton.?® There
is strong coupling between electron and vibrational
excitations as each inserted charge results in a strong
geometric distortion of the lattice, which displays a
quinoid-based structure.

When a radiant combination occurs, photons with
an energy higher than that which separates the
energy levels of two polarons (or bipolarons) are
often formed, which would indicate that lattice
coupling, and any induced distortions, are smaller
than those envisaged by previous models of polarons
or bipolarons. The charges which make up the
exciton, which is no longer a polaron-exciton, are
thus tied to each other by an energy of no more than
several tenths of an electronvolt. This can be due
to several factors (which break any symmetry of the
system Hamiltonians) which are subject to numerous
controversies.?” Furthermore, depending on the solid,
the excited electron—hole pair can be localised on
the same molecule (Frenkel exciton) or over different
molecules (Wannier exciton).?® Important effects can
result when the excited molecules are close together
(as in aggregates).

@ © ) Cathode
[LUMO band] | | ] | e
T~

Anode >‘:‘f:4'T,:f:‘l:l]]:nf\nefz:enﬁ%
hole HOMO band

Figure 17. Electron—-hole injection yielding a polaron-exciton.

Exciton

Figure 18. Representation of an intra-chain exciton in PPP.
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Energy levels and transitions in coupled
molecules (aggregates): consequences for
electroluminescent and photovoltaic properties
For a ‘top-to-bottom’ orientation of two molecules,
shown in Fig 19(a), the transitional momenta can be
summed (momentum M, corresponding to energy
E,) to give an allowed transition (indicated by full
arrow) or can zero each other out (momentum M_
corresponding to energy E_) to yield a forbidden
transition (indicated by the dashed arrow). A
straightforward and seemingly reasonable result is
obtained with a parallel molecule orientation, as shown
in Fig 19(b).!

Transitions associated with optical absorption and
spontaneous emission (fluorescence with non-delayed
recombination of electron—hole pairs) are presented
in Fig 20 for two separated and for two coupled
molecules (which may occur in aggregates, for
example). If the transitional moments of the two
molecules are parallel to each other and perpendicular
to their axis, as shown in Fig 20(a), it is the upper
level which corresponds to the permitted transition
and absorption, and accordingly there is a blue-shift.
Transitions to the lower level are forbidden, so that,
following relaxation from the higher to the lower level,
any fluorescence is very weak and will penalise any
electroluminescence. Effectively, the pair of molecules
take on the ‘H aggregate’ co-ordination (the letter

(a)

Semiconducting 7 -conjugated polymers

H resembles the geometric form). However, once
the system is relaxed, the return from excited to
fundamental states is improbable and the excitation
(exciton) can diffuse over relatively long distances
(=100 nm). This latter property can be of benefit to
photovoltaic effects where the necessary separation of
electrons and holes is favoured by the presence of an
electric field.

Molecules at the centre of J aggregates (the letter
J symbolises the bottom-to-head alignment of the
molecules) are orientated so that it is the lower level
that absorbs or emits (Fig 20(b)). This positioning of
the molecules is beneficial to electroluminescence but
penalises any photovoltaic properties. Excitons need
only travel short distances before recombining, leaving
little chance that they will meet an active centre such
as a volume heterojunction, which could give rise to a
potential difference permitting their separation.

In order to obtain fluorescence from solids, the
parallel arrangement of molecular transition moments
are preferred. H aggregates should be avoided, while
] aggregates should be favoured (as they have linearly
trained dipole moments). In photovoltaic systems, the
inverse is true: J aggregates should be avoided and
H aggregates should be favoured. This is because the
former display low exciton diffusion lengths, while the
latter aid the separation of holes and electrons. This
explains the wide use of liquid-crystal-state polymers
in photovoltaic research.?’

(b)

M-
Excited /A *
levels / '
\ '
\ ! $ M+
:
[}
Fundamental level !
1 molecule 2 molecules

Stable Gauss|
position

(Towest)

[}
Fundamental level |
1 molecule 2 molecules

Figure 19. Classification of possible transitions for classic arrangements of two coupled molecules: (a) ‘top-to-bottom’ arrangement (red-shift); and

(b) parallel arrangement (blue-shift).
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Figure 20. Transitions and excitation diffusions of (a) H aggregate; and (b) J aggregate.
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ELECTROLUMINESCENCE OF 7-CONJUGATED
POLYMERS

The principal steps to electroluminescence

In general terms, the study of photometric character-
istics of PLEDs, in particular their quantum yields
and lifetimes, are guided by an understanding of
the underlying mechanisms of charge behaviour and
recombination (radiative or not) within organic mate-
rials. A typical organic light-emitting diode (OLED)
structure is schematised in Fig 21, and it is very much
different from that used for inorganic diodes. It is
not possible to use organic semiconductors in their
doped form, which would permit the fabrication of
pn junctions similar to inorganic diodes, as doping
agents tend to act as extinction centres, ‘killing’ radia-
tive luminescence.>>3! In organic materials, the low
mobility of the charge carriers is exploited: when two
charges are injected into the emissive layer and come
into close proximity, their recombination is inevitable.
This is in contrast to inorganic systems where charge
carriers have such a high mobility that recombina-
tion centres are necessary. It is thus useful to study
how organic diodes function in terms of four succes-
sive steps (Fig 22): (i) and (i') injection of electrons
and holes at the cathode and the anode, respectively;
(i) their transport through one or more organic layers;
(ii1) their association to form an exciton quasi-particle;

Cathode (Ca, Al) Electron injection layer

Emission layer
(8-tris-hydroxyquinoline
aluminium, PPV)

~___ Hole injection layer

'ITO (anode)
Glass substrate

Battery >

Emitted light

Figure 21. Typical structure of an electroluminescent organic diode.

Generation of
polaron p*

Electroluminescent material

and (iv) and (iv)) the relaxation of the quasi-particle
resulting in luminescence and non-radiative emissions,
respectively.

Quantum efficiency and ways of improving
PLEDs

The external quantum efficiency (neex:) is defined
by:3?

number of produced photons

TEL = bext = number of injected charges

1
= TNopt! dint where nein = ®¢n:y and Nopt = ﬁ

The factor 1/2#? for optical efficiency is introduced to
account for refractions at the air—material interface.
Neint Is the internal quantum efficiency and consists
of three factors. The first is the efficiency of
recombination of injected carriers (y) for which
Yy = %:/Fr where Jr is the total current density and
¥: the recombination current density. y = 1 if there
are no leakage currents and if an exact charge balance
between the two carrier types occurs; however, if
all holes are used in recombinations, for example,
a certain number of electrons penetrate the structure
without recombination, then y < 1. The second is
the radiative singlet exciton production efficiency
(n:) due to spin statistics for production of singlet
(§=0, Mg =0) and triplet (§=0, M;=1,0,—-1)
states (1, is assumed to be 0.25). The third is
the fluorescence quantum efficiency (®¢) which is
present as non-radiative recombinations always occur
(step iv)). Singlet excitons generally recombine near
interfaces where quenching centres are produced,
but bimolecular recombinations do not reach 100 %
despite the low mobility observed in organic solids.

Generation of
polaron p~

ole Transport

D

Recombination

ﬂ(iii)

Radiative |
<« (iv)

D —

o <«
(i) &

inj

Non-radiative

(iv')

Fundamental state

Figure 22. Successive steps to electroluminescence.

1406

Polym Int 53:1397—-1412 (2004)



Optimisation of the quantum efficiency necessitates
a variety of improvements. Firstly, the highest possible
number of minority carriers undergoing radiative
recombinations, which in turn requires the use of
injection layers, should be attained. Given that
interfaces tend to favour the presence of defects, which
act as luminance extinction centres, it is judicious
to move the recombination zone for the minority
carriers towards the bulk of the material. This in turn
necessitates the use of a minority carrier transport layer
because the injection layer may not necessarily be good
for minority charge transport. Secondly, the pathway
for allowing emitted light to exit the device should
be as efficient as possible. Thirdly, as high a level as
possible of injected carrier recombination should be
reached. As y = %,/¥r will increase if ¥, is large, the
confinement zone is obtained by choosing materials
which at their interfaces form barriers against holes
coming from the anode and against electrons coming
from the cathode. Fourthly, it is necessary to have the
highest level of radiative exciton production possible.
Finally, the fluorescence quantum yield (®f) should
be as high as possible. In addition, well-organised
crystalline states and H aggregates should be avoided.

Another, delicate problem is that of ageing, which
results from external effects or from the electrodes.
The former may be resolved by using encapsulation,
while the latter is slightly more difficult to deal with
but can be resolved by using barrier layers.

POLYMERS USED IN ELECTROLUMINESCENT
DEVICES

As indicated above, polymers with specific properties
are chosen for particular layers.

Principal emitting polymers and adjusting
emitted wavelengths

The principal emitting polymers are reported
in Table 1 along with the respective Ap.x for
emitted light. The chemical formulae of the
widely used poly[2-methoxy,5-(2-ethyl-hexoxy)-1,4-
phenylene vinylene] (MEH-PPV) and poly(3-octylth-
iophene) (P30T) are indicated in Fig 23. The emitted
wavelength can be adjusted in two ways. Firstly, as the
size of the forbidden band varies with the conjugation
length (n) of a polymer, when # is increased, for exam-
ple by going from an oligomer to a polymer, there is
a global evolution in the number of interacting states
and thus a decrease in the size of the forbidden band.
The result is a shift in emissions to the red. In the case
of PPP, an empirical law has been given detailing the
absorption peak (Ey):33

3.16
Ey = |:3.36 + —] eV, which explicitly shows that
n
when #n decreases, Ej increases.

Polym Int 53:1397—1412 (2004)
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Table 1. The principal polymer-based emitters

Polymer Emission Amax (nm)
Fluorinated polyquinoline (PQ) 450
PPP 465
Poly(alkylfluorene) 470
Poly(3-cyclohexylthiophene) (PCHT) 555
PPV 565
MEH-PPV 605
P30T 690

Figure 23. Chemical formulae of (a) MEH-PPV monomer unit
(emission is yellow-orange) and; (b) P3OT monomer unit (emission is
red).

Secondly, when monomer units within a polymer gives
rise to weak m interactions (overlaps), for example
between phenyl rings, the resulting gap is large. For
example, PPP is a good candidate for blue emissions
as its gap (emission peak at 465 nm) is greater than
that of PPV (peak at 565nm). The introduction of
non-conjugated sequences, which diminish the degree
of conjugation, has been used to induce a blue shift in
the emission of PPV.

Polymers for hole injection layers (HILs)

To adjust the relative positions of the energy levels
located at the electrode—polymer interfaces, various
techniques can be used. One route is to insert
a dipolar layer at the interface which induces a
potential step of several tens of electronvolts. The
most commonly applied method is to insert a good
conducting polymer (around 10nm thick) between
electrode and emitting polymer (or the layer that
transports carriers). This conducting layer generates
an nT-n or p*—p contact. The p-type conducting
poly(3,4-ethylenedioxythiophene) (PEDOT), shown
in Fig 24, is very stable, exhibits a conductivity
o ~200Q 'cm™! and is widely used. It acts via

/N

O o}

/

S

n

Figure 24. The repeat unit of PEDOT, which is often mixed with
poly(styrene sulfonate) (PSS) to give a hole injection layer (HIL).
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a ‘planarisation’ effect to remove defects which
otherwise would prevent charge injection.>*

Modifying polymers for use in electron transport
layers (ETLs) or in hole transport layers (HTLs)
Polymer conductivities can be changed by modifying
the polymer backbone with pendent electron donating
or accepting groups. For the ETL, for example, the
electron affinity (x) of PPV can be increased by
adding electron attracting groups, such as —C=N,
onto its backbone. Figure 25 shows the structure of
CN-PPV.?> For the HTL, the p-type character of
the polymer used can be increased to improve the
stabilisation of holes. This may be accomplished by
introducing electron donors such as alkoxy (—OR)
or amine (—-NH,) groups.?® It is interesting to note
that without modification of the chain, poly(N-vinyl
carbazole) (PVK) (Fig 26) is intrinsically p-type>” and
that many polymers exhibit this behaviour. However,
the origin of this can often be attributed to the presence
of oxygen.38

Characterisation of multi-layer devices

Figure 27 shows the ideal scenario where all layers are
involved in the electronic structure of the device. An
example can be made of electroluminescent devices
based on the blue emitter hexa(para-phenylene),
commonly called parahexaphenyl. Figure 28 shows
the improvement in characteristics achieved by
replacing a single layer by multi-layers. A luminescence
as high as 50 000 cd m 2 can be obtained.?®

CHARGE GENERATION BY PHOTOEXCITATION
AND THE PHOTOVOLTAIC EFFECT IN
POLYMERS

General processes

In m-conjugated polymers, photon absorption results
in the generation of an exciton which is an excited
state. This quasi-particle diffuses inside the material as
long as recombination processes (of the electron—hole

OCgH13
CN

H,3C¢O

Figure 25. The repeat unit of CN-PPV.

fre—ond
-0

Figure 26. The repeat unit of PVK.
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Figure 28. Current versus electric field characteristic for single and
multi-layer electroluminescent devices; inset shows current versus
bias voltage characteristic.

pair which make up the exciton) do not take place.
If the diffusion length is sufficiently long so that the
exciton meets an internal field (for example, located
at an acceptor—donor interface), hole and electron
separation occurs and these charges are collected
at their respective electrodes. If M represents the
monomer of the optically excited polymer, and if z
is the number of electron—hole pairs, this process is
represented by (M),, + hv — [(M)** 4+ (M)*7],..

The process at a molecular scale is detailed in
Fig 29, wherein we can identify: (i) the photogen-
eration of the exciton in the donor semiconducting
polymer; (ii) the transfer of the photoinduced elec-
tron between the donor (in the excited state) and the
acceptor because the LUMO level of the acceptor
[typically fullerene-60 (Cgg) or one of its derivatives]
is lower than the level of the electron in the exci-
tonic state of the donor; and (iii) the dissociation
of the exciton in the donor material followed by a
relaxation of charges yielding a hole in the valence
band. After this process, the donor and acceptor
exhibit positive and negative charges, respectively.
These charges are carried through the acceptor and the

Polym Int 53:1397—1412 (2004)
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Figure 29. Schematisation of (i) exciton formation at an irradiated donor; (i) transfer of an electron from an excited donor to an acceptor; and

(iii) charge relaxation leaving a hole in the donor valence band.

donor via the classic transport mechanisms previously
described.

Organic structures

The transfer of a photoinduced electron is allowed
when the transfer time is short compared to that
required for a recombination process. In addition,
the LUMO level of the acceptor must be lower
than the excitonic state located at the bottom of the
conduction band of the donor. These conditions are

simultaneously fulfilled for certain organic materials,
for example, the structure MEH-PPV/Cg(.%° Here, the
time required for charge transfer can be measured in
picoseconds. Furthermore, as quantitatively shown in
Fig 30, the high electron affinity of Cgy permits facile
charge transfer from the p-type MEH-PPV donor.
Classically, a photovoltaic device is made of a
bilayer heterojunction. However, such a system must
present some limits in performance. Even though it
has a high optical absorption coefficient (~10° cm™!),

7*MEH-PPV
o8 7*MEH-PPV
————————— 3.7 [~~~<
LUMO C60 RNy
43 Al ITO 2 1 A
4.7 R
ITO ——MEH-PPV
5
61 7 MEH-PPV
HOMO C60 ' L
HOMO Cgo ™~
(b)

@

Figure 30. (a) Flat band regime of MEH-PPV/Cgp; and (b) energy levels in MEH-PPV/Cgg in the short-circuit state.
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the absorption zone is considerably greater than the
exciton diffusion length. As the exciton can only
dissociate in a volume close to its zone of existence
(the region at the interface between the donor polymer
and the Cg¢p and no further from the Cg4¢ than the
short exciton diffusion length), all photoexcitations
generated outside of this zone are condemned to
undergo recombinations without generating efficiently
separated carriers.

The system may be improved by using thin films of
intimate mixtures of both the conjugated polymer and
Cego. There is thus a large surface area for absorption
which is always close to the polymer and Cg interface
where the dissociation of an exciton can be assured.*!
Fig 31 shows a representation of a device made using
a composite of two interpenetrating phases. The same
mechanism is reproduced at each donor—acceptor
element. The creation of the exciton, its dissociation,
the transfer of an electron from the donor to the
acceptor, and the eventual separation—in opposite
directions—of the electron in the acceptor phase and
of the hole in the donor phase is under the influence
of the internal field generated by the asymmetric
electrodes. These composite devices present a zone
which is sufficiently thick to absorb light while at the
same time maintaining the process of dissociation and
separation of charge carriers in the volume of the
layer. Outside of this, the transport mechanisms are
the same as those exhibited by the bilayer device, and
the mechanism used in the physical transfer of charges
is the same as that schematised in Fig 32.

Under solar light, efficiencies of 3 % have been
reached.*? The composition and morphology of the
film is, however, a critical factor. We should also
remember that the donor—acceptor matrices should

Cathode Al

Acceptor Donor phase

ITO

Figure 31. Schematisation of an interpenetrating structure.

interpenetrate to a sufficient degree, so that the
transport of the two charge carriers is assured. A
high concentration of Cgo can increase both the yield
of carriers and their lifetimes, resulting in a global
increase in current.

Alternative materials

Composite-based derivarives of PPV

The research teams of A Heeger?? at Santa Barbara,
USA, and RH Friend** at Cambridge, UK, indepen-
dently and successfully experimented with a composite
based entirely on polymers. The system used was
based on MEH-PPV and CN-PPV, the former acting
as donor and the latter acting as acceptor. More recent
studies have resulted in even higher efficiencies by gra-
dating the stoichiometries of the different components
in the layers, facilitating conduction of electrons and
holes in the volume of the heterojunction.*>

w-Conjugated polymers grafted onto Cgg

One way of reinforcing the contact between donor and
acceptor molecules, and overcoming phase separation,
is to graft the donor chain onto the acceptor. There are
two notable examples: grafting PPP onto Cg (a route
chosen by E Mignard ez al);*¢ and grafting oligo(para-
phenylene vinylene) (OPV) onto Cgo.%” The structure
based on 4PV is shown in Fig 33.

Using the structure ITO/Cgo-OPV/Al (ITO stands
for the transparent electrode indium tin oxide) allowed
both the generation of electrons and holes and also
their collection at opposing electrodes. On exposure to
light, using the oligomer tri(para-phenylene vinylene)
(3PV) an open-circuit tension of 0.46 V was obtained,

Figure 33. Cgo-4PV.

C60

Charges are photogenerated

Photoinduced electrons
transported

m-conjugated polymer
chain (Pyp)
©)
ggO

< POD'

, 69 Positive polarons transported along

(b) Cathode Al

Anode ITO

Figure 32. Schematisation of the photovoltaic process within a composite of donor polymer (Pop) and Cegp.
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roughly equivalent to the difference in work functions
of the I'TO and Al. Under short-circuit conditions,
the photo-current was found to be 10pAcm™2 and
a fill factor (ff), which gives an indication of a
device’s internal resistance and its deviation from ideal
characteristics,*® equal to 0.3.

Materials with oriented structures

Perylene is classic n-type (acceptor) material. It is
a polycyclic hydrocarbon with the chemical formula
Cy0Hj, and is used in the preparation of dyes. The
structure of dipentyl perylene is shown in Fig 34(a),
while another derivative of the perylene, PTCTE, is
shown in Fig 34(b).

There are alternative molecules currently under
study as p-type (donor) materials. They are formed
by a planar, stiff, central zone connected to external
chains in a star-like structure. These materials can
be considered discotic, in that the disks can be
piled to give columns. The structures exhibit an
improved excitonic mobility leading to an increase in
quantum efficiencies. Furthermore, interactions with
incident light and the subsequent exciton generation
are increased. Figure 35(a) shows the system denoted
TO, which is a triphenylene derivative surrounded by
alkoxy chains. Figure 35(b) shows a molecule studied
at the Université d’Angers, France, in which the stiff
central trithienobenzene group is in turn connected to
three linear oligothiophene chains.*’

The photovoltaic cell ITO/T¢O,/perylene deriva-
tive/Al gave respectable results with ILgon—circuic =

Semiconducting 7 -conjugated polymers

46 pAcm 2, Vopen—circuit = 0.7V and  ff = 0.39.%°
The photovoltaic cell ITO/PEDOT/trithienobenzene
derivative/perylene derivative/LiF/Al gave Igort—circuit
=1.35mAcm %, Vipen—circuir = 0.85V and ff = 0.8;
the overall conversion factor was around 1 %.

Improving organic photovoltaic cells

Improving the photovoltaic properties of materials may
require several different parameters to be dealt with.
They may include: adapting the band gap of materials
to solar light; orientating chromophores to generate an
internal field; varying deposition techniques to increase
absorption capacities; increasing charge transport
capabilities; and optimisation of the morphologies. On
bringing together various possible techniques, which
are not necessarily mutually exclusive, the short- to
medium-term aim is to realise structures which display
efficiencies of the order of 5 % (a result already claimed
by C Brabec at Siemens with PPV and fullerene
derivatives®!) and have lifetimes of around 5000 h.

CONCLUSION

With two types of optoelectronic systems (PLEDs
and photovoltaic cells), we have shown how -
conjugated polymers offer many possibilities to realise
and improve upon devices conventionally made from
inorganic materials. It should be noted though that
these polymers are not limited to such systems and
that they may be widely applied to other domains. An

O
\xz

0=

O

(a)

Figure 34. (a) Dipentyl perylene; and (b) PTCTE.

Lro O.g

O
T.O, O E
(a) O’r -~
I

Figure 35. (a) T¢O2 (triphenylene derivative); and (b) trithienobenzene derivative.
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example is that of optoelectronic modulators,’? devices
which are important to the telecommunications
industry.

It is highly probable that in the not too distant future
we will see large-scale display screens and photovoltaic
devices, both portable and fixed, based on these mate-
rials. Beyond the electronic properties of 7-conjugated
polymers, it is their good mechanical properties which
will no doubt facilitate their widespread use. While
the development and understanding of w-conjugated
polymers has provided the impetus for their use in
optoelectronics, it is now optoelectronic applications
which are often providing the drive for the develop-
ment of new and modified w-conjugated polymers.
We have only opened a small window on what could
be a very large project indeed.
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