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Abstract 
 
 
This work uses a broad range of optoelectronic characterisation techniques to 

understand – at a fundamental level – the operating mechanisms of PLEDs.  The 

electromodulation (EM) technique particularly provides a straightforward means of 

determining the electric field strength inside operational devices, and is used here to 

investigate the improved device performance due to the insertion of an interlayer 

between the anode and the emissive layer. The effects of different interlayer materials 

(hole-transporting polymeric materials and one crosslinkable material) are studied in red, 

green and blue PLEDs.  Interlayer devices yield better efficiencies and longer lifetimes, 

which can be attributed to charge accumulation near the anode/interlayer and (or) 

interlayer/emissive layer interfaces indicated by EM measurements. 

 
A promising alternative anode material – vapour phase polymerised poly(3,4-
ethylenedioxy thiophene)] (VPP-PEDOT) is another major focus of this thesis.  Together 
with poly(3,4-ethylenedioxythiophene-styrenesulfonate) (PEDOT:PSS), VPP-PEDOT is a 
viable alternative anode to indium tin oxide (ITO), capable of yielding superior efficiencies 
in otherwise identical PLEDs. 
 
Finally, a simulation code is developed for organic semiconductor devices to 
systematically study the charge and electric field distributions in model devices.  This 
code, based on drift-diffusion model, can be used to study light-emitting electrochemical 
cells (LECs).  The simulation results indicate that there are high electric fields at both 
electrodes due to ionic charge distribution, which in turn facilitates electronic charge 
injection and thus leads to high recombination rates and luminous efficiencies. 
 
Except where specific reference is made, the material contained in this thesis is the result 
of my own work.  This thesis has not been submitted in whole or in part for the award of a 
degree at this or any other university. 
 
 
 

Rui Jin 

December 2008 
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1. Physics of Organic Light-Emitting Diodes 

 

 

ecently there has been much interest in organic semiconductors due to their 

good optoelectronic properties, easy processing and mechanical flexibility.  

A brief  description of  the structure and physical properties of  conjugated 

polymers is outlined here with emphasis on their application in light-emitting 

diodes.  The fundamental principles of  device operation are discussed. 
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1.1 History 

Recently, electronics technology has undergone a revolution through the development 

and understanding of a new class of electronic materials, known as organic 

semiconductors.  The enormous progress in this field has been driven by the expectation 

of new applications, such as large area, flexible light sources and displays, low-cost 

printed integrated circuits and plastic solar cells.  Owing to efforts from both academic 

and industrial research laboratories during the last two decades, organic light-emitting 

device (OLED) technology has progressed rapidly and is well on the road to 

commercialisation. 

 

Electroluminescence (the generation of light by electrical excitation other than black-body 

radiation) in organic materials was first demonstrated by Bernanose in the 1950s by 

applying a high AC voltage cross thin crystalline films of acridine orange and quinacrine.1 

In 1960 Gurnee and Fernandez at Dow Chemical Company also prepared AC-driven 

electroluminescent (EL) cells using doped anthracene, which resulted in the first patent 

involving OLEDs.2  In 1963, Pope et al. reported the observation of blue EL from single-

crystal anthracene.3  Blue fluorescence was observed from these crystals when a 400 V 

DC bias was applied across them.  During the late 1960s and early 1970s, several 

advances were made in the fabrication of OLEDs.4,5 

 

The real breakthrough for polymer electronics came in 1977 when Heeger et al. 

presented their discovery of metallic levels of conduction in the simplest conjugated 

polymer, polyacetylene (doped with halogens),6 leading to a surge of interest in 

conjugated polymers.  In 1983, Partridge reported the first EL polymer devices based on 

poly(N-vinylcarbazole) (PVK), which emitted blue light that was visible by eye under 

artificial room lighting.7  In 1987, Tang and Van Slyke observed EL using a bilayer 

structure containing diamine and 8-hydroxyquinoline aluminum (Alq3).8  The use of a two-

layer structure, purified metals and properly chosen electrodes enabled OLEDs to 

operate at low drive voltages (< 10 V) for the first time.  Today’s vacuum-sublimated 

small-molecule OLEDs are based on similar device architectures.  An alternative device 

structure, the polymer LED (PLED), was introduced shortly afterwards in 1990 when the 

Cavendish Laboratory reported the green-yellow EL with a highly fluorescent conjugated 

polymer poly(p-phenylene vinylene) (PPV) as the active material in a single-layer 

structure,9 which has prompted significant ongoing in both academia and industry. 

 

A principal advantage of OLED displays is the reduced manufacturing complexity, which 

offers the promise of lower cost commercial products.  In addition, organic materials can 
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be synthesised to achieve far greater mechanical flexibility than inorganic 

semiconductors,10 allowing them to be fabricated using continuous reel-to-reel methods. 

The absorption/ emission bands, the positions of energy levels, and the morphology of 

organic films can be varied easily through simple chemical modifications, giving rise to a 

rich variety of different characteristics.  The plastic, organic layers of an OLED are thin, 

light and flexible.  This thesis is only concerned with PLEDs which are based on long-

chain, high-molecular weight polymeric materials.  An important difference between the 

two classes of materials (low molecular weight materials and polymers) lies in the way 

how they are processed to form thin films.  Small molecules (SM) are usually deposited 

from the gas phase by sublimation or evaporation (chemical vapour deposition); while 

conjugated polymers can only be processed from solution, e.g. by spin-coating or printing 

techniques. 

 

1.2 Conjugated Polymers 

Most organic polymers are electrical insulators; however, electrically conducting or 

semiconducting conjugated polymers have lately attracted much interest. These 

materials combine the processability and outstanding mechanical characteristics of 

polymers with the readily-tailored electrical and optical properties of functional organic 

molecules.  The electronic characteristics of these materials are primarily governed by 

the nature of the molecular conjugation, but intermolecular interactions also exert a 

significant influence on the macroscopic material properties. 

 

1.2.1 Bonding in conjugated polymers 

The ground state electronic configuration of a carbon atom, usually written as 1s22s22p2, 

has four electrons in the outer shell.  In conjugated polymers, the combination of the 2s-

orbital and two 2p-orbitals gives three equivalent sp2 hybrid atomic orbitals lying in a 

plane at 120° to each other and a residual unhybridised 2pz-orbital which lies above and 

below the plane.  In this form, each carbon atom can bond with an adjacent sp2 

hybridised carbon atom to form a molecule or chain.  The sp2 hybridised orbitals form 

three σ-bonds by linear overlapping of atomic orbitals; the remaining pz-orbitals form 

weaker π-bonds by overlapping “sideways”.  The simplest molecule formed in this way is 

ethene (CH2=CH2), which is shown in Fig. 1.1.  In ethene, two of the three hybridised sp2 

orbitals from each carbon atom bond with hydrogen atoms, whilst the third overlaps with 

an sp2 orbital of the other carbon atom to form a σ-bond. The remaining pz orbitals of the 

two neighbouring carbon atoms also overlap to form another carbon-carbon bond, known 
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as a π-bond.  The combination of one σ-bond and one π-bond is referred to as a carbon-

carbon double bond (C=C). 

 

 
Figure 1.1 Schematic diagram of the formation of the sp2-sp2 σ bond and the p-p π bond in ethene, as 
an example of the simplest conjugated π-electron system.  On the left, three sp2 orbitals lie in a plane at 
120° to each other, and one 2p-orbital lies above and below the plane.  On the right, two sp2 orbitals 
form a σ-bond, and the remaining pz orbitals form a π-bond. 

 

 

The σ-bonds are very strong and highly localised in space.  They do not allow mobile 

charge carriers, and are largely responsible for the shape and structure of the 

molecule.  The π-bonds lie above and below the plane of the polymer backbone (as 

defined by the chain of σ-bonds), and are much weaker and are spatially-delocalised over 

the entire conjugated segment.  Electrons delocalised along the π orbital make this 

particular class of organic materials conductive (see Fig. 1.2).  Any elementary excitation 

of the π-bonds leads to significant structural relaxations of the surrounding atomic and 

electronic environment which has a strong (inhibiting) influence on charge mobilities in 

these materials.  The delocalised π-bonds are responsible for the electronic properties of 

conjugated organic materials. 

 

 
Figure 1.2 Schematic diagram of the delocalised π-electron cloud.  Electrons delocalised along the main 
backbone make this organic material conductive. 
 

 

Overlapping of two atomic orbitals gives rise to two molecular orbitals known as the 

bonding orbital and anti-bonding orbital, respectively.  The bonding orbital is lower in 
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energy and the anti-bonding orbital is higher in energy than the original atomic 

orbitals.  As with atomic orbitals, molecular orbitals are filled in order of increasing energy 

and each can contain a maximum of two spin-paired electrons.  Therefore, interaction of 

two half-filled atomic orbitals leads to a filled bonding molecular orbital and an empty anti-

bonding molecular orbital.  This new arrangement is more stable than that of the isolated 

systems. 

 

As illustrated in Fig. 1.2, a polymer is a macromolecule of connected constituent repeat 

units called monomers.  The number of constituent repeat units in organic polymers is 

usually sufficiently large (> 30) that the properties of the macromolecule are not 

significantly influenced by small changes in polymer chain length.  However, shorter 

chain polymers, often referred to as oligomers (typically < 10 constituent repeat units), 

such as dimers, trimers and tetramers, are influenced by small changes in chain length. 

The distribution of molecular weights within a given polymer sample is characterised by 

the polydispersity index (PDI), defined as PDI = Mw / Mn, where Mw = Σi Ni Mi
2 / Σi Ni Mi is 

the weight-average molecular weight and Mn = Σi Ni Mi / Σi Ni is the number-average 

molecular weight.  Here Ni is the number of molecules of weight Mi.  It is clear that the 

PDI will always be greater than or equal to unity.  A polydispersity of unity indicates that 

all polymer chains have exactly the same degree of polymerisation (same chain length), 

whilst increasingly large polydispersity values indicate greater variation in the degree of 

polymerisation. 

 

1.2.2 Electronic energy structure 

 

Figure 1.3 Energy level diagrams at (a) ground state, the lowest and most stable energy state, in which 
electrons fill the lowest energy orbitals completely before they begin to occupy higher energy orbitals; (b) 
optical excitation: the system is excited to reach a higher energy state by absorbing photons; (c) 
electrical excitation: the system is excited to reach a higher energy state by introducing or removing 
electrons. 
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Conjugated polymers are characterised by a sequence of alternate single and double 

(and/or triple) bonds in which the pz electrons are delocalised along the polymer chain.  In 

the ground state the energy levels are filled up with electrons until the highest occupied 

molecular orbital (HOMO).  The lowest π* (antibonding) orbital that is unoccupied by 

electrons is referred as the lowest unoccupied molecular orbital (LUMO).  The HOMO 

and LUMO are, in some sense, equivalent to the valence and conduction band edges in 

inorganic semiconductors (see Fig. 1.3a).  The energy gap corresponds to the energy 

difference between the HOMO and LUMO levels and is normally in the range of 1.7 to 

3.2 eV (roughly the range of the visible spectrum) for typical polymers.11  Conjugated 

polymers can be excited optically by absorbing incident light (Fig. 1.3b) or electrically by 

injecting/removing charges through electrode contacts (Fig. 1.3c).  The structurally 

relaxed negatively charged state (when an electron is added to the molecule) is called an 

electron polaron.  When an electron is removed from a neutral state, a hole polaron 

would be formed.  For simplicity these states are often just called electrons and holes. 

 

 
Figure 1.4 Energy level diagrams for (a) neutral material, (b) electron-polaron state, containing an 
electron and its accompanying polarisation field, (c) electron-bipolaron state, in which two close-by 
polarons are spinless. 
 

 

The addition of electrons to a neutral molecule results in the appearance of new 

electronic states within the otherwise forbidden electron energy gap.  Fig. 1.4b shows the 

‘gap states’ for a single electron polaron, created on a molecule.  When the concentration 

of polarons in the material is high enough, they can combine to form bipolarons because 

the energy of a bipolaron is lower than that of two polarons.  The resultant energy levels 

for a bipolaron are shown in Fig. 1.4c.  Due to the mutual attraction of the electron and 

hole, and the structural relaxation, the energy difference between the excited state and 

the ground state is lower than the difference between the ionisation potential and the 

electron affinity.  This energy difference is referred to as electron binding energy (Eb).  

The amount of structural relaxation depends on the length of the conjugated molecule, 

and is higher for shorter molecules than for long polymer chains. 
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When an electron and a hole are close enough in space to experience appreciable 

Coulomb attraction, they form a bound excited state, referred to as an exciton.  Excitons 

have slightly less energy than unbound electron-hole pairs.  Depending on the degree of 

delocalisation, excitons are referred to as Wannier-Mott, Frenkel, or charge-transfer.12 

These three generic types of excitons are illustrated schematically in Fig. 1.5.  Wannier-

Mott excitons occur in uncorrelated crystalline materials (such as Si, GaAs and InP).  The 

electrostatic screening due to the intervening atoms reduces the Coulombic interaction 

between electron and hole, resulting in a large exciton radius of 4–10 nm.  Charge-

transfer excitons (also known as indirect-excitons) can form between nearest or next-

nearest chains.  A typical example would be an electron-hole pair on non-parallel 

neighbouring chains.  Frenkel excitons correspond to correlated electron-hole pairs 

localised on a single molecule.  They can be thought of as neutral particles with radii that 

are comparable to the size of the molecule (< 0.5 nm), or a little smaller.  Organic 

excitons usually span no more than about 15 constituent repeat units and have clear one-

dimensional intramolecular character, so they typically display Frenkel or charge-transfer 

characteristics. 

 

 
Figure 1.5 The structure of Wannier-Mott, charge-transfer, and Frenkel excitons in molecular materials.  
 

 

Since electrons and holes are fermions with half-integer spin, excitons can exist in two 

different spin states which are determined by the relative orientation of the two unpaired 

particles.  As shown in Fig. 1.6, there are three spin states that are symmetric under 

particle exchange (they are in phase, such that S = 1).  These states are degenerate in 

energy, and hence they are said to form a triplet.  Only one combination of spin states 

results in a spin-component that is anti-symmetric under particle exchange (they are out 

of phase, such that S = 0).  Excitons with this property are called singlets. 
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Figure 1.6 Schematic diagrams of singlet and triplet excitons.  A single electron has spin 1/2, so the 
combination of two spin 1/2 particles can carry a total spin of 1 or 0, depending on whether they occupy 
a triplet or singlet state.  A spin triplet is a set of three quantum states of a system, each with total spin of 
1.  A singlet has a total spin of zero.  The Dirac notation representations are shown on the right. 
 

 

Excitons in blends of small molecules or polymers can transfer energy from an excited 

donor species D* to an acceptor species A, which in turn is promoted to an excited state, 

such that D*+ A → D + A*.  Three important energy transfer processes include radiative 

transfer, Förster transfer and Dexter transfer, and the rates of the three transfer 

processes are dependent on the intermolecular distance Ro.  For Ro > 100 Å (usually in 

diluted solutions), the dominant transfer mechanism is radiative transfer, in which the 

emitted light from one molecule (donor with high quantum efficiency) is absorbed by a 

second molecule (acceptor with high absorption coefficient).  In the Förster process 

(Ro < 100 Å), the movement of the excited electron on the donor molecule acts as an 

oscillating dipole which creates an alternating electric field, as shown in Fig. 1.7.  The 

electric field in turn induces an oscillating dipole in the acceptor molecule.  In Förster 

energy transfer, the spin state of both donor and acceptor species must be conserved, so 

this is mainly a singlet-singlet process.  Dexter transfer (Ro ~ 10 Å) is a short range 

electron exchange process in which the excited electron from the donor molecule is 

exchanged for a ground-state electron from the acceptor molecule.  Both singlet-singlet 

and triplet-triplet transitions are allowed in this transfer mechanism.  As the transfer rate 

is largely dependent on the coupling of the initial state and the final state, there must be a 

strong overlap between donor emission and acceptor absorption for all three transfer 

mechanisms. 
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Figure 1.7 Schematic diagram of non-radiative energy transfers: Förster transfer (resonant dipole-dipole 
coupling) and Dexter transfer (diffusion of excitons from donor to acceptor).  
 

 

1.2.3 Absorption and emission spectra 

A schematic configuration diagram of absorption and emission transitions is shown in 

Fig. 1.8 between the ground state S0 and the first excited state S1.  Each electronic state 

has vibrational levels (labeled 0, 1 and 2) which have energy separations of 

approximately 0.2 eV for a typical material.  Electronic transitions are fast and therefore 

occur without appreciable changes in the positions of the nuclei in the molecular entity 

and its environment.13  Therefore absorption and emission can be treated as 

approximately vertical transitions.  Only the lowest vibronic energy level of S0 state is 

usually occupied at room temperature.  The absorption processes from the lowest 

vibrational level of S0 to the various vibrational levels of S1 are indicated by blue 

arrows.  In the excited states, the excitons quickly relax to the 0 level of S1 through 

thermal de-excitation or “internal conversion” (phonon emission), and from there can 

decay to vibrational levels of S0, as shown by the red arrows.  The corresponding spectral 

features of each process are illustrated on the right.  The approximate symmetry of the 

absorption and emission spectra is due to the similar shape of the ground and excited 

state potential wells. 
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Figure 1.8 Configuration diagram for absorption (blue) and emission (red) transitions with the 
corresponding absorption spectrum (blue) and emission spectrum (red).  The emission spectrum is an 
approximate mirror image of the absorption spectrum. 
 

 

When the exciton returns to the ground state, either a photon is emitted or decay occurs 

by some radiationless process.  The peak emission wavelengths are determined by the 

energies of the vibrational levels in the S0 and S1 states.  These vibrational levels are 

related to the displacement between ground state and excited state configurations. 

Therefore, by changing the structure of the conjugated polymer, the peak emission 

wavelengths (and hence the colour of the emitted light) can be adjusted.  There is an 

apparent ‘red-shift’ (also known as the Stokes shift) between absorption and emission 

spectra due to the structural relaxation of the molecular excited state.  This non-radiative 

relaxation process lowers the energy of the excited state after excitation, so the energy 

required to generate the excited state is slightly larger than the energy released during 

radiative relaxation to the ground state. 

 

The materials discussed in this thesis are highly disordered as a result of different 

conjugation lengths, local environments of molecules, different molecular geometries, 

and chemical defects.  Such disorder results in an inhomogenously broadened 

distribution of transition energies in solid state films.14  Therefore the absorption and 

electroabsorption spectra of many soluble conjugated polymers show broad bands rather 

than the structure indicated by Fig. 1.8.  So for conjugated polymers the 

photoluminescence (PL) spectrum is often not the mirror image of the absorption 

signature.  As illustrated in Fig. 1.9, the absorption spectrum of poly(9,9-dioctylfluorene) 

(PFO or F8) is broad and featureless.  The PL spectrum however shows oscillatory 

structure because the excited state has time to relax to lower energy states before 

emission; therefore it only exhibits the emission characteristics of the long chains. 
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Figure 1.9 The difference between the absorption spectrum (solid line) and PL spectrum (dotted line) of 
PFO films.  The absorption spectrum is broad as it consists of all of the excitations to various excited 
levels, while the PL spectrum has additional structure due to the electronic transition from the S1 excited 
state to the vibrational levels of the S0 state. 

 

 

The processes of absorption, internal conversion, fluorescence, inter-system crossing 

and phosphorescence are represented in the so-called Jablonski diagram in Fig. 1.10. 

When excitons are generated electrically, it may be that as few as 25 % are formed in the 

S1 state.  The other 75 % may well be triplet excitons in the T1 state (although previous 

measurements for hydrocarbon conjugated polymers generally suggest that the singlet 

generation fractions are well above the 25 % statistical limit 15).  The S0 → S1 transition is 

an allowed transition according to spin selection rules, so the lifetime of the S1 state is 

very short (~ ns).  On the other hand, the S0 → T1 transition is a so-called forbidden 

transition due to the change of spin, thus the lifetime of the T1 state is expected to be 

several orders of magnitude larger (~ µs or ms).  In both optical and electrical excitations, 

the singlet states Sn are excited (S0 → Sn) and relax to the lowest excited singlet state S1 

(non-radiative internal conversion).  The excited singlet state S1 can relax to the ground 

state (S1 → S0) by emission of a photon (fluorescence) or simply relax thermally (internal 

conversion).  The triplet state T1 can be populated indirectly due to intersystem crossing 

(conversion of an S1 singlet to a T1 triplet) or directly by electrical excitation.  The triplet 

state emission can become partially allowed when a perturbation, such as spin-orbit 

coupling, mixes singlet and triplet states.16  This radiative transition T1 → S0 is referred to 

as phosphorescence.  Intersystem crossing can be enhanced through spin-orbit coupling 

by introducing heavy atoms into the molecule.  Modern phosphors used in OLEDs are 

typically heavy organometallic complexes based on iridium (Ir) or platinum (Pt). 
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Figure 1.10 The Jablonski diagram of an organic molecule (left: singlet manifold, right: triplet manifold). 
Arrows in solid lines indicate radiative transitions (absorption, fluorescence, and phosphorescence), and 
those with broken lines are nonradiative transitions (internal conversion and intersystem crossing). 
Reproduced from Ref. [17]. 
 

 

1.3 Fundamentals of Device Physics 

Electrically induced light emission from organic semiconductors is the basis of the rapidly 

expanding OLED industry.  OLEDs have already been commercialised in a range of 

applications including mobile phones, digital cameras, and, recently, flat-panel displays.  

It is even possible that future lighting sources could be based on OLEDs.  In order to 

achieve maximum efficiency and desirable lifetime in such devices, it is very important to 

understand the electrical and photophysical processes that govern device operation. 

 

 

1.3.1 Device structure and operation 

The PLEDs tested in this thesis are bilayer or multilayer devices based on the pioneering 

work published by Burroughes et al. in 1990,9 with a series of functional layers stacked 

vertically onto a substrate.  The substrate is usually made of glass, though flexible 

plastics and thin metal foils are also used.  On glass substrates a transparent anode of 

indium tin oxide (ITO) is often pre-patterned using sputtering and etching techniques, 

whilst different low-temperature methods are used to pattern plastic substrates.  A layer 

of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is often spin-
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coated from aqueous solution, to form a thin uniform layer on top of the ITO anode that 

aids hole injection.  The PEDOT:PSS layer is then annealed at high temperature to 

remove all traces of water from the film, and electroluminescent polymer materials are 

deposited on top. 

 

The way in which the electroluminescent materials are deposited depends on whether 

they are polymers or small molecules.  In PLEDs a single uniform layer of ~100 nm 

thickness is deposited by spin-coating from solution, or in the case of larger substrates, 

using contact or ink-jet printing techniques.  SM-OLEDs often have more complex device 

structures.  Multiple layers of total thickness ~100 nm are thermally evaporated one on 

top of the other, or are delivered to the substrate using an inert carrier gas (although 

solution processing routes are available for some molecules).  In both PLEDs and SM-

OLEDs, ~20 nm thick cathodes of low work function metals such as calcium (Ca) or 

barium (Ba), or an ultra-thin (< 5 nm) layer of lithium fluoride (LiF) or caesium fluoride 

(CsF), are thermally evaporated onto the uppermost active layer at low pressure through 

a shadow mask that defines the pixel area.  These reactive cathode materials are then 

capped with ~100 nm of aluminium (Al) or other relatively unreactive capping metal.  If 

suitable polymer materials have been chosen, when a voltage is applied across the 

device, light will be emitted through the substrate from the area where the cathode 

overlaps the ITO anode. 

 

The simplest PLEDs used in this thesis are formed by spin-coating an emissive layer 

directly on top of the anode as shown in Fig. 1.11a.  Such devices, however, are rarely 

used in practice as they exhibit poor efficiencies and stabilities.  For most of the devices 

discussed in this thesis, a 40–80 nm hole transport layer of PEDOT:PSS is applied on top 

of the ITO electrode, as indicated in Fig. 1.11b.  PEDOT:PSS can decrease the hole 

injection barrier due to its higher work function (the minimum energy, measured in eV, 

needed to move an electron from the Fermi energy level into vacuum) than standard ITO 

(5.1 eV versus 4.8 eV), and it also serves to smooth the precoated ITO film.  It exhibits 

high conductivity and high stability after high temperature thermal curing, and the 

smoothness of its film aids the subsequent spin-coating of emissive polymers.  Modified 

PLED structure with an interlayer between the PEDOT:PSS layer and the emissive layer 

is also shown in Fig. 1.11c.  In this structure, a separate hole transport layer with a 

thickness of 5–30 nm is introduced to improve the device performance.  This layer is 

either a common conjugated polymer layer that is rendered insoluble by annealing at 

high temperature, or resultant from a UV-curing crosslinkable compound. 
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Figure 1.11 Schematic configurations of single layer, bilayer and multilayer PLEDs used in this thesis.  
In most of the cases, ITO is used as the anode, while a low work function material, such as Ba, Ca and 
LiF, is used for the cathode.  A buffer layer of PEDOT:PSS is applied for device (b) and (c).  Thin hole 
transporting/electron blocking layer (interlayer) is embedded between the PEDOT:PSS and emissive 
layers in device (c). 
 

 

The basic operating processes in OLEDs include carrier injection, carrier transport, 

carrier recombination, and radiative decay of excitons.  Fig. 1.12 shows these processes 

for a simple single layer OLED without PEDOT:PSS.  Under a certain forward bias, 

charge carriers of opposite signs can be introduced into the active organic film.  Charge 

carriers then migrate towards each other under the influence of drift and diffusion and 

then recombine through Coulomb capture.  The excitons then decay radiatively and emit 

light that can escape through the transparent anode film. 

 

 

Figure 1.12 Exciton formation and exciton decay in OLEDs.  Electrons and holes are injected into the 
active organic film under sufficient forward biases, and migrate towards each other until they are close 
enough to recombine as excitons.  The excitons can then decay radiatively to produce light. 
 

 

In order to accomplish efficient exciton formation, one requisite is to have high injection 

rates for each carrier.18  This requirement can be met by using cathode and anode 

materials with work functions closely matching the electron affinity (LUMO) and ionisation 

potential (HOMO) of the polymeric material, respectively.  As the ease with which charges 

move through the material under an applied electric field (charge carrier mobility) is highly 

dependent on the material, in most cases, the hole mobility is not equal to the electron 

mobility.  Consequently, excited states (excitons) may be formed close to an electrode, 
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resulting in plasmon-induced quenching which depopulates the excited state without 

allowing radiative emission.  In addition, the charge carrier with the higher mobility may 

pass out of the device without recombining, which wastes the injected charges.  So 

another requirement is to achieve balanced transport of electrons and holes.19  Materials 

or blends with balanced electron and hole functional groups or multilayer device 

structures are often used to meet this requirement. 

 

1.3.2 Charge injection and transport 

The conduction in the organic layer starts by charge injection from delocalised states of 

the metal contact into a distribution of the localised polymer states.  For charge injection, 

the carriers need to surmount the Schottky barrier to enter the active polymer bulk either 

by thermionic emission or quantum mechanical tunnelling.20  Fig. 1.13 illustrates these 

two injection mechanisms considering electrons at the cathode.  Thermionic emission is 

the flow of electrons from a metal caused by thermal energy overcoming the cathode 

barrier.  The alternative tunnel injection is a quantum tunnelling effect.  Electrons could be 

injected to the polymer bulk through a thin approximately triangular barrier width and then 

migrate through the empty conduction band to the anode; similarly holes could tunnel into 

the polymer bulk and move up to the cathode. 

 

 
Figure 1.13 Schematic diagrams of injection mechanisms: (a) thermionic emission is the flow of charges 
over the injection barrier by thermal vibrational energy; (b) tunnel injection is the quantum tunneling 
effect when charge carriers are injected through a thin barrier. 
 

 

Conduction in polymer films proceeds by hopping between localised, energetically 

disordered polaronic states,21 and neither of the two models takes this into account.  A 

third model named “thermally assisted tunnelling” from the metal to localised states, 

accounts qualitatively for the experimental current-voltage characteristics observed in 

some organic devices.22  The main feature of this model is that the charges first tunnel 

into acceptor states in the interfacial layer, below the manifold of hopping states.  From 

LUMO 

(a) Thermionic emission 

 LUMO 

(b) Tunnel injection 
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there, electrons can either return to the metal contact or overcome the image potential by 

thermally assisted hopping and access the bulk states away from the interface.  For 

efficient injection of charges at low voltage, low work function cathode and high work 

function anode are used.  In addition, when the bias is raised, the internal field becomes 

greater (i.e. steeper potential slope) and the widths of electrode barriers are reduced;23 

thereby allowing charge carriers to more easily overcome the injection barrier.  There are 

other factors in the metal-to-organic charge injection, such as (i) the charge mobility in 

the organic layer and the dependence of the mobility on the electric field and on charge 

density, (ii) trapping of injected charges at the interface due to the image potential, (iii) 

interface dipoles arising from charge transfer or interfacial chemistry, and (iv) disorder in 

these interface dipoles.24,25 

 

The disordered nature of amorphous polymer films leads to a wide distribution of 

energies associated with carrier hopping which can be described by a Gaussian energy 

distribution.  In such a transport model, the electric field and the temperature are 

expected to influence the hopping transport in organic semiconductors.  Typically 

mobilities in organic materials follow the empirical Poole-Frenkel relation:26 

)exp(0 Eβμμ =  (1.1)

where µ0 and β are material and temperature dependent parameters.  This dependence 

is thought to arise from energetic disorder due to the interaction of each hopping charge 

with randomly oriented and randomly located dipoles in the amorphous medium.27 

Several techniques can be used to experimentally determine charge mobilities in organic 

materials.  “Steady-state” methods compare time-independent current-voltage 

characteristics with theoretical models; while methods such as time-of-flight (most widely 

used), dark-injection, and transient electroluminescence are time-dependent 

measurements. 

 

The polymer materials discussed here are highly disordered and consist of a large 

number of individual conjugated segments.  Charged excitations move relatively easily 

along individual polymer chains (intra-chain transport) since their wavefunctions are 

delocalised over many repeat units of the chain.28  However, transferring charges 

between different chains (inter-chain transport) is much more difficult due to small 

transfer integrals (which depends on the wavefunctions overlap) between different 

polymer chains and disorder in the orientations of the chains.  This process acts as a 

“bottleneck” for charge transport in polymer films and limits the mobility of carriers in bulk 

polymers. 
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If the current in the bulk is limited by the rate of charge-injection from the electrodes, then 

it is said to be injection limited.  Conversely, if a contact can inject enough charge to 

satisfy the transport capacity of the bulk, by supplying at least as much charge as can be 

transported, then it is said to be Ohmic.25  This frequently occurs when there is a 

matching of the energy levels between the contact and the bulk.  Being limited by bulk 

transport rather than by charge injection, the current within such a device is only 

determined by the properties of the bulk.  It is either space-charge-limited (SCL) at high 

voltages, or follows an Ohmic dependence at lower voltages. For a perfect insulator at 

0 K, such that the equilibrium density of free charges c0 = 0, and also neglecting charge 

diffusion and assuming field-independent mobility µ, the SCL current density JSCL injected 

from an Ohmic contact is given by the Mott-Gurney law (also known as Child’s law):29 

3

2

0SCL 8
9

d
VJ εμε=  (1.2)

where ε is the dielectric constant of the material, ε0 is the vacuum permittivity, μ is the 

charge mobility, d is the thickness of the sample, and V is the applied voltage. 

 

In real materials, c0 will always be non-zero due to thermal excitations and 

impurities/defects.  In addition, Eq. 1.2 is only completely valid for perfect trap-free 

insulators.  The presence of traps in real organic semiconductors leads to greatly 

reduced currents at low injection levels, because the initially empty traps capture and 

immobilise most of the injected carriers.  If all traps were shallow wells of equal energy, 

and if the density c of charges available for conduction were much less than the density ct 

of trapped charges, then the current density would be reduced by a factor of c/ct 

compared to the SCL value.25  Eventually, at a certain voltage, all traps would be filled, 

and the current density would switch to a SCL trap-free value. 

 

The internal electric field of an OLED without any external potential is negative due to the 

high work function anode and the low work function cathode.  So when charge carriers 

are created by photo- or thermal excitation, they tend to flow to their respective 

electrodes: electrons are driven towards the cathode and holes to the anode.  This 

describes drift driven transport, quantified using drift current density Jdrift which is 

determined by Ohm’s law: 

cEqJ μ=drift  (1.3)

where q is the carrier charge (+e for holes, −e for electrons), μ is the charge mobility, c 

refers to the charge density, and E is the electric field. 
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There will also be an additional diffusion component of transport which arises from 

charge carrier concentration gradients within the device.  This is represented by a 

diffusion current density Jdiffusion and is determined by Fick’s first law: 

x
cqDJ
∂
∂

−=diffusion  (1.4)

where q is the carrier charge and c refers to the charge density.  D is known as the 

diffusion coefficient, and in situations where the Einstein relation is valid, D = μ (kBT / e), 

where μ is the charge mobility, kB is Boltzmann’s constant, and T is the temperature.30 

 

Combining Eqs. 1.3 and 1.4, and substituting D using the Einstein relation gives the 

following hole/electron current flux: 
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where jn and jp are the electron and hole current fluxes and the total current flux is 

defined as j = jp + jn.  p and n (substituting c) refer to the hole density and electron density 

respectively, and μn and μp are the electron and hole mobilities respectively. 

 

1.3.3 Recombination and device efficiency 

Charge injection and transport in a device increases steadily as bias is increased.  At 

some stage, when the carrier density reaches a level providing the required radiative 

charge recombination, EL will be observed.  Recombination of free electrons and holes in 

a homogeneous system is often assumed to be bimolecular and to follow the Langevin 

form.31  In the Langevin model, free electron and hole carriers which come sufficiently 

close to each other will recombine if their Coulombic binding energy exceeds their 

thermal energy.  This provides the recombination rate R per unit length: 

),(),(),( eh txptxntxR κ=  (1.7)

where ( ) 0rpneh εεμμκ += e  is the Langevin coefficient, assuming Einstein’s relation.  

The relative permittivity εr is a spatial average. 

 

There are several possible approaches to combining electron and hole transporting 

materials inside one device.  One common way is a simple bilayer structure with an 

electron transport layer and a hole transport layer deposited between electrodes.  It is 

also possible to combine electron and hole transporting conjugated polymers in a 
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blend.32  The spin-casting of such polymer blends involves the very rapid formation of 

solid films from solution, which gives the two polymers little time to completely phase-

separate into an equilibrium state of minimum energy.  Polymer blends mixed in such a 

way are known as bulk or distributed heterojunctions.  A third approach to balancing 

holes and electrons includes using a single layer of a copolymer deposited between two 

electrodes.33  Advances in synthesis techniques and the understanding of polymer 

materials have led to the production of copolymers that combine hole-transporting and 

electron-transporting constituents on single polymer chains.  Although balanced 

alternating or block copolymers can be difficult to produce, they are often easier to 

process than polymer blends.  In addition, alternating copolymers do not phase separate, 

unlike many polymer blends. 

 

The exciton decay process has a great influence on device performance.  There are 

various parameters used to describe the fundamental emission properties of OLEDs.  For 

display applications, the commonly accepted definition for the external quantum 

efficiency ηext is the ratio of the number of photons emitted by the OLED into the viewing 

direction to the number of electrons injected.  The internal quantum efficiency ηint is the 

ratio of the total number of photons generated within the structure to the number of 

electrons injected.  This implies that internal and external efficiencies differ by the fraction 

of light ηc coupled out of the structure into the viewing direction.  Hence, 

( ) ( ) ( ) cphSflScintext ])1([ ηφχφχγληληλη −+==  (1.8)

where γ is the fraction of injected electrons and holes that recombine to form excitons, χS 

is the fraction of excitons formed in singlet state, φfl is the fluorescence efficiency, and φph 

is the phosphorescence efficiency. 

 

The internal EL efficiencies are relatively low (~10–25 %) for PPV and its derivatives.34 

Inclusion of secondary effects involving triplet-triplet annihilation leads to a higher figure 

of about 40 %.18  For other samples with higher solid state PL efficiencies, close to 100 % 

internal EL efficiencies have now been reported for both phosphorescent and fluorescent 

OLEDs.35,36  External quantum efficiencies for good devices currently lie in the range of 

6–19 %.37 

 

The luminous efficiency ηL, in candelas per amp [cd/A], is convenient for quantifying the 

properties of an OLED for display applications.  In many respects, ηL is equivalent to ηext, 

with the exception that ηL weights all the emitted photons according to the photopic 

response of the human eye.  In this case,  
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( ) IAL /L =λη  (1.9)

where A is the device active area, I is the current, and L is the luminance of the OLED (in 

[cd/m2]) which is a photometric measure of the brightness of displays.  The luminance 

describes the luminous intensity [cd] per unit area of the orthogonal projection of the 

surface onto a plane perpendicular to the given direction, and can be measured 

experimentally by a luminance meter which typically contains calibrated photodiodes and 

filters to approximate how the eye would respond. 

 

Another frequently used efficiency unit is the luminous power efficiency or luminosity ηp 

[lm/W]. ηp is the ratio of luminous power emitted in the forward direction Φ [lm], to the total 

electrical power required to drive the OLED at a particular voltage V: 

( ) ( ) VVI // Lp πηλη =⋅Φ=  (1.10)

The units of lumens and candelas are related by 1 cd = 1 lm / sr.  For a Lambertian 

source emitting into the half plane, 1 lm = π × (1 cd), so here AL ⋅⋅=Φ π .  Therefore, ηp
 

can be calculated from ηL using Eq. 1.10. 

 

1.3.4 Internal electric field 

The operation of OLEDs can be explained by considering the electrodes as two metals 

with different work functions.  When the two dissimilar materials m1 and m2 are placed in 

contact, electrons will flow from the one with lower work function (φ2) to the one with 

higher work function (φ1) until the Fermi levels equilibrate.  Therefore the material (m2) 

with the lower work function becomes positively charged and the material (m1) with the 

higher work function becomes negatively charged.  The work functions of the metals are 

fixed for given materials and surface conditions according to the expression: 

FL EVe −×−=φ  (1.11)

where VL is the vacuum level near the surface corresponding to the energy of an electron 

at rest just outside the solid, and EF is the Fermi level of the metal.  The differences 

between the vacuum level and the LUMO and HOMO levels are the electron affinity (Ea) 

and ionisation potential (Ip), respectively. 
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Figure 1.14 A schematic band diagram showing the energy levels of an organic film in a typical single 
layer device: (a) two electrodes are isolated; (b) two electrodes are short circuited.  
 

 

Fig. 1.14a shows a schematic electronic structure of an OLED before two electrodes with 

different work functions (φ(anode) = φa and φ(cathode) = φc) are brought into contact. 

Energy barriers φBn and φBp are formed at the cathode and the anode when the metal and 

the organic semiconductor are contacted.  The misaligned Fermi levels EFa and EFc give 

rise to a difference in work functions (Δφ).  Fig. 1.14b represents the situation after the 

electrodes have been connected.  Electrons flow from the cathode to the anode until 

equilibrium is achieved, resulting in an internal electric field in the bulk of the polymers. 

This built-in potential, VBI, can be written as: 

VBI = (φ1 − φ2) / e (1.12)

 

Equilibration of the Fermi levels requires some charge redistribution across the 

metal/polymer interface and the organic layer to produce the changes in the potential. 

This results in band bending when a sufficient concentration of relatively mobile carriers 

is available in the organic layer.  The thickness of the band bending region (>~ 20 μm), 

related to the doping concentration and the built-in potential, is significantly larger than 

the typical device thickness (~ 100 nm) and therefore any band bending effects can be 

neglected for devices based on pure undoped materials.11 

 

After equilibration of the Fermi levels, the anode is negatively charged and the cathode is 

positively charged, resulting in a downhill slope from the anode to the cathode.  By 

subjecting the device to a forward bias less than the built-in potential, electrons are 

transferred from the negative terminal of the power supply to the cathode, which reduces 

the slope of between the two electrodes.  When the applied forward bias is equivalent to 

the built-in potential, the device is returned to a condition of zero electric field.  This 

voltage is referred to as the flat-band voltage (VF) and yields |VF| = |VBI|.  When the 
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applied bias exceeds the flat-band voltage, an electric field of opposite polarity to the 

built-in field will exist.  In this case, the cathode becomes negatively charged and the 

anode is positively charged. 

 

The situation discussed above is the ideal Schottky barrier model in which the electrode 

Fermi levels lie within the polymer energy gap, in which case the built-in potential 

corresponds closely to the difference between the electrode work functions.  If the Fermi 

level of one of the electrodes lies outside the energy gap, charge transfer occurs from the 

electrode to the polymer, resulting in the pinning of the metal Fermi level to the polymer 

LUMO or HOMO level.38  For example, if the cathode Fermi level lies above the polymer 

LUMO level, then there is no barrier for the electron injection, so electrons pass readily 

from the cathode to the semiconductor raising its local electric potential energy until the 

Fermi level is coincident with the LUMO level.  A similar process occurs at the anode if 

the work function of the anode is greater than the ionisation potential of the organic layer. 

In this case, the effective work function of the pinned electrode is determined by the 

polymer energy levels.39  Thus, the maximum achievable built-in potential is determined 

by the polymer energy gap, gEeV =max
BI .  

 

Anomalous pinning between PEDOT:PSS and the HOMO of the active polymer layer has 

been reported for PEDOT:PSS-containing devices,40 even though the Fermi level of 

PEDOT:PSS lies inside the energy gap of the active polymer.  It has been proposed that 

the pinning of the Fermi level to the HOMO level is a consequence of electron trapping at 

the interface between the active polymer layer and PEDOT:PSS.40-43  In this case, the 

built-in potential is determined by the HOMO level of the polymer and the work function of 

the cathode or the LUMO level of the active layer. 

 

The shift of Fermi levels of metals and PEDOT:PSS indicates that a dipole layer (of width 

less than 1–2 nm)44 must be formed at the metal/organic and organic/organic interfaces. 

According to Ishii and co-workers’ work,45 there are four different ways that such an 

interface dipole can be formed, as depicted in Fig. 1.15.  The first is electron transfer 

between the metal and the organic layer, with the positive and negative charges 

separated across the interface.  This is expected for the combinations of strong organic 

acceptors and low work function metals (Fig. 1.15a1) or strong organic donors and high 

work function metals (Fig. 1.15a2).  The second is the image effect or the modification of 

the surface dipole at the metal surface, which can be ascribed to the polarisation of an 

electron cloud attracted by the image charge formed in the metal (Fig. 1.15b1). 

Alternative explanation leading to a similar effect is the rearrangement of the electron 

cloud pushed back by repulsion with another electron cloud at the metal surface 
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(Fig. 1.15b2).  The third is a chemical interaction that could lead to the rearrangement of 

the chemical bonds, or formation of new bonds (Fig. 1.15c).  The direction of the resultant 

dipole varies in different cases.  And finally, the fourth is the preferential surface 

orientation of organic molecules that possess permanent dipole moments such as polar 

molecules or functional groups can lead to a large interfacial dipole, as shown in 

Fig. 1.15d.  These mechanisms may explain the phenomenon of the Fermi level pinning 

which is commonly observed in the PLEDs studied in this thesis and also plays an 

important role of revealing charge distributions at interfaces. 

 

 
Figure 1.15 Possible factors that can give rise to an interfacial dipole layer: (a1) and (a2) charge 
transfer across the interface; (b1) image charge effect, and (b2) rearrangement of electron cloud; (c) 
strong chemical interaction; and (d) orientation of polar molecules or functional groups.45 
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2. Experimental Methods 

 

 

xperimental methods used to produce and characterise the PLEDs in this 

work are introduced.  Electroabsorption theory is introduced and used to 

study the electric field inside PLEDs.  A detailed overview of  the 

electromodulation technique used for the work in this thesis is provided. 
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2.1 Device Fabrication 

There are three types of PLEDs used in the work discussed in this thesis, as shown 

schematically in Fig. 2.1.  The first type was fabricated in the Department of Physics at 

Imperial College (IC), and is discussed in Chapter 3.  The other two types studied in 

Chapter 4 were provided by Sumitomo Chemical Co. Ltd and the University of Cologne. 

IC devices and Cologne devices use one piece of ITO as the anode which is shared by 

different pixels, while Sumitomo devices separate the anodes and cathodes for each 

pixel to avoid cross-talk.  The round patterned anodes and cathodes in the Cologne 

devices are believed to limit the sheet resistance of the electrodes.  This chapter however 

will focus only on the fabrication methods and characterisation techniques carried out at 

IC.  Experimental methods specific to a particular piece of work will be discussed in the 

relevant chapters. 

 

 
Figure 2.1 A schematic plan view of the devices used in this thesis.  (a) Devices made at Imperial 
College, in which a common anode of ITO is used for 3 pixels.  (b) Devices made at Sumitomo Chemical 
Company Ltd, in which each pixel has its own separate cathodes and anodes.  (c) Devices made at 
University of Cologne with a round common ITO anode for all the pixels. 
 

 

The structure of the IC sample, as viewed from the top, is shown in Fig. 2.1a.  A 

12 × 12 mm2 glass substrate is covered with a 4 × 12 mm2 stripe of ITO in the middle, on 

top of which is spin-coated one or more thin polymer films.  Three stripes of metal 

cathode of area 8 × 2 mm2 are then evaporated perpendicular to the ITO stripe.  Contact 

to each of the three stripes is easily made by applying silver paint at the edges.  Contact 

is made to the bottom ITO layer by scratching the polymer layer(s) off.  Such a structure 

allows easy examination of three 4 × 2 mm2 individual pixels on one substrate, increasing 

the reliability of experimental results. The size of the substrate permits easy mounting 

onto the probe of an Oxford Instruments closed-cycle cooled He cryostat.  The probe has 

four pins, three of which are connected to the individual cathode pixels and the other of 

which is connected to the common anode.  The rectangular shape and size of the pixels 

are well matched to the focused probe light whose elongated shape is determined by the 

slits of the monochromator. 
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ITO is commonly used as the anode material since it is transparent in the visible region 

and highly conductive.  It also has a relatively high work function (4.5–5.0 eV) which 

matches reasonably with the HOMO level of many conjugated polymers.  To achieve 

better device performance, substrate preparation is of great importance.  The substrates, 

which are prepared and supplied by CRL Opto Ltd, are shipped with a photo-resist layer 

that is a remnant from the ITO etching process.  In order to remove this layer, they are 

initially treated with acetone in an ultrasonic bath for 20 minutes, followed by isopropanol 

(IPA) for 20 minutes, and then a Decon 90 detergent/DI water mix for 10 minutes.  To 

avoid solvent marks, the substrates must be kept wet between each cleaning step.  After 

thorough rinsing with DI water (ten times of washing in running DI water and 10 minutes 

treatment in an ultrasonic bath), and drying with nitrogen, the substrates are placed on a 

hot plate at a temperature of 120 °C for 1 hour, in an attempt to remove any residual 

moisture.  Finally, they are subjected to two minutes of oxygen plasma treatment in an 

EMS 1050 plasma asher before being used.  By treating ITO anodes with oxygen plasma 

the surface energy can be increased due to strong dipoles arising from an increase in the 

concentration of negatively charged oxygen species at the surface.46  It also leads to 

greater adhesion with subsequently deposited polymer layers, resulting in reduced 

interfacial tension and a more efficient electrical contact, which leads in turn to an 

improvement in charge-carrier injection and device performance.47  The ITO substrates 

used here have a sheet resistance of ~10 Ω/square and a thickness of 120 nm. 

 

The PEDOT:PSS used in this thesis is Baytron P AI4083, provided by HC Starck.48  This 

type of PEDOT:PSS is especially suitable for OLEDs as it reduces the barrier to hole-

injection by as much as 0.5 eV and also leads to minimal cross-talk between pixels, 

resulting in longer device lifetime.  Surface roughness is also greatly reduced, which in 

turn decreases the probability of electrical shorts.  The polymeric film deposition 

technique used here is spin-coating as this can produce thin homogeneous films. 

Preheating the PEDOT:PSS solution at ~70 °C for 30 minutes is found to facilitate spin-

coating.  A layer of 40–80 nm PEDOT:PSS was then achieved by spin-coating for 60 s at 

between 2000 and 4000 rpm rotating speed. Balancing the thickness of the PEDOT:PSS 

layer is important because stable hole-injection must be maintained throughout the entire 

device, but the film must not become so thick that too much light is absorbed by the 

PEDOT:PSS layer.  Spin-coating at much less than 2000 rpm can lead to blotchy films, 

whilst spin-coating above 4000 rpm results in non-uniform films with thicker 

edges.  Samples are next annealed in air at 120 °C for 60 minutes to remove all traces of 

water, and to improve the conductivity of the PEDOT:PSS films.49 
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Figure 2.2 A schematic diagram of the process of device fabrication at IC.  Spin-coating is carried out in 
a clean room environment using a 2000–4000 rpm rotating speed.  The cathode evaporation and device 
encapsulation are finished in a glove box. 
 

 

The polymers used in the IC devices were synthesised at the Dow Chemical Company 

and arrived in powdered form.  The solvents are dictated by the solubility of the polymer, 

although wherever possible solvents with a high boiling point are preferred.  Organic 

layers spin-coated from toluene solutions tend to yield high quality films.  On occasion, 

other solvents are used, but, since film morphology and properties are strongly 

dependent on the solvent, the same solvent is always used in situations where other 

device parameters are being compared. Generally, solid concentrations of 5–20 mg/ml 

are used, and films are only spin-coated from solutions that have been vigorously stirred 

for more than 12 hours.  After dissolving the polymer, the solution is passed through a 

filter with a pore size of 0.2 µm to remove any large particulate contaminants. 

 

The substrate is placed on top of the chuck of a spin coater and held in place by a rotary 

vacuum.  Dust particles are removed from the substrate surface using a filtered nitrogen 

supply before the polymer solution is carefully pipetted onto the ITO substrate to give a 
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uniform coverage.  Depending on the viscosities of the organic solutions, organic layers 

are typically spin-coated on top of the annealed PEDOT:PSS at speeds between 

1500 rpm and 4000 rpm for 60 seconds, in an attempt to achieve uniform films of 80–

110 nm thickness.  Any remaining organic debris is removed from the reverse sides of the 

substrates using the appropriate solvent.  The samples are then transferred to a 

desiccated nitrogen atmosphere glove-box, for possible further annealing and thermal 

evaporation of the cathodes. 

 

Organic films can be annealed before and/or after thermal evaporation of the cathodes. 

This can help improve surface smoothness, and create a smooth boundary between 

each layer.  It helps ensure charge mobility is high, but affects film morphology for better 

or for worse.  Once in the glove-box, samples are transferred into an evaporation 

chamber.  A shadow-mask defining 3 pixels, each of area 2 × 6 mm2, is placed in direct 

contact with the organic layer, and cathode materials are then loaded appropriately. 

Thermal evaporation is carried out at ~4 × 10−6 Torr at a rate of roughly 0.1 nm/s initially. 

Sometimes, dual layer cathodes of either barium and aluminium, or calcium and 

aluminium, are used.  In this case, a 20 nm layer of barium or calcium is deposited 

through the mask onto the organic film.  This is then capped with 100–150 nm of 

aluminium. 

 

For current-voltage-luminance (I-V-L) and electroluminescence (EL) measurements, the 

OLED pixels were tested as soon as possible after fabrication using portable chambers 

designed to hold samples in a vacuum or nitrogen environment.  For electromodulation 

(EM) measurements, samples were fully encapsulated after fabrication with epoxy resin 

in nitrogen environment, in order to exclude oxygen and water.  For thermal curing 

encapsulation, two kinds of epoxy resin, namely Robnor Resin PX681C and HX681C, are 

first mixed together with a ratio of 1:1.  Then they are heated at 50 °C for 10 minutes, and 

stirred thoroughly at the same time, allowing air (oxygen) originally blended in the resin 

epoxy to evaporate thoroughly. Once the blended epoxy turns semi-transparent, it is 

applied to the edges of a glass cover plate and the cover plate with corresponding metal 

contacts was pressed onto the prepared devices.  After that, the encapsulated devices 

are baked at 70 °C for 1 hour to cure the sealing epoxy and then left in the glove box 

overnight before testing.  For UV-curing epoxy, TB3124 obtained from Three Bond Ltd is 

used.  It is important to cover the active area using metal sheets to avoid UV damage. 

After depositing the epoxy along the edge of the cover glass, the substrate and cover are 

placed together, and the devices are exposed to a 100 W UV lamp for 2 minutes in the 

glove box.  Then the devices are left in a glove box for at least 2 hours before testing, to 

ensure that the epoxy sets fully. 
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2.2 Device Characterisation 

2.2.1 Film thickness 

Film thickness is an important parameter to characterise for a PLED.  It is one factor that 

governs the operating voltage of a device as charge injection and charge carrier 

mobilities are field dependent.  If the thickness of the polymer is reduced, then the field 

across the device at a given applied voltage is increased.  If the thickness is too low, 

however, recombination will be inefficiency.  An approximate empirical relationship 

between concentration, spin speed and resultant thickness is: 

⎟
⎠
⎞

⎜
⎝
⎛∝ 2/1v

Cd η
 (2.1)

where d is the thickness of material deposited, η is the viscosity of the solution which is 

closely linked to the molecular weight of the polymer, and C is the concentration of the 

solution, and v is the spin speed. 

 

The thicknesses of all films mentioned in this thesis were measured using a Tencor 

Instruments alpha-step 200 profilometer.  This scans across the organic surface with a 

spring-loaded diamond tip and profiles the film topography.  Three scratches are made 

uniformly in the film with a sharp edge such as a scalpel.  The profilometer scans over 

the scratches and measures the depth of the scratch with reference to the surface of the 

film, and then the average of the three values is calculated to gain the mean film 

thickness.  The error is largely dependent on the film quality, and for a typical 100 nm film, 

it is approximately ± 3 nm. For much thinner films (~10 nm), absorption spectroscopy is 

used.  As the absorbance is proportional to the film thickness, by comparing the 

absorbance of a thin film and a thick film of known thickness (~100 nm, measured by the 

profilometer), the thickness of the former can be calculated. 

 

2.2.2 Film conductivity 

The conductive properties of thin films were measured using the four-point-probe 

technique.  Four thin electrodes, fixed in a straight line, with electrode separation s, were 

brought into contact with the sample surface under test.  A current I was passed through 

the outer two probes, and any drop in potential V caused by resistance to current flow in 

the film was measured between the inner two probes.  Due to heating effects and the 

excessive current density at the probe tips, the current flowing between the outer two 

electrodes was typically restricted to just a few μA.  Knowing the current and the potential 
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drop, the resistivity ρ for a thin-film with thickness d can then be expressed as:50 

I
Vd

)2ln(
π

=ρ  (2.2)

which is usually expressed in Ωcm.  The conductivity σ is then given by: 

σ = 1/ ρ (2.3)

in units of S/cm.  Another common way to describe the conductivity is the surface 

resistance Rs, which is given by 

I
V

d
R

)2ln(
π

s ==
ρ  (2.4)

The sheet resistance is independent of any geometrical dimensions, in units of Ω/sq, and 

is therefore a function of the material alone.  

 

2.2.3 Work function  

The work functions of thin films were measured by the Kelvin probe.  The system 

consists of a Kelvin probe “S”, with a 2.5 mm diameter gold grid reference electrode, and 

a Kelvin “Control Model 07”, both purchased from Besocke Delta Phi GmbH.  These were 

used alongside a Blackstar 4053 Intelligent Multimeter and a Gould OS300, 20 MHz 

oscilloscope to measure contact potential differences.  All of the measurements were 

carried out in a glove box (< 2 ppm H2O, < 0.1 ppm O2) using highly orientated pyrolytic 

graphite (HOPG) as the reference sample.  The work function of HOPG was taken to be 

4.48 eV.51  The vibrating reference surface, or tip, was mounted just above a sample 

electrode.  In typical Kelvin probe measurements the output voltage varies periodically as 

the tip vibrates, and the peak-to-peak voltage depends on the difference between the 

contact potential and external voltage.  The tip vibrates with amplitude of 0.1 to 1 mm at 

frequency of 30–300 Hz and its mean position is kept constant to within 50 nm.  Changes 

in contact potential can then be detected by determining the external potential that yields 

a minimum or "null" output voltage. 

 

2.2.4 Optical characteristics 

Optical characterisation typically involved three different techniques (i) optical absorption, 

(ii) photoluminescence, and (iii) electroluminescence.  The sample preparation for the 

first two techniques involved spin-coating the polymer onto a spectrosil B quartz 

substrate which has negligible absorption over the spectral range 200–

900 nm.  Absorption spectroscopy in the solid state was performed using a Jasco UV-Vis 
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spectrophotometer with a clean spectrosil B substrate as reference.  The 

photoluminescence spectrum was measured with a Spex Flouromax3 fluorescence 

spectrophotometer.  The electroluminescence spectrum, which are usually measured at 

100 cd/m2 or 1000 cd/m2 by applying the requisite voltage from a Keithley source meter, 

is recorded by an Ocean Optics USB 2000 CCD spectrophotometer.  The absolute 

values of the detected signals are arbitrary, since they depend strongly on the amount of 

light coupled into the detector. 

 

(a) (b) 

Figure 2.3 (a) colour matching functions, which can define a standard chromaticity coordinates (colour) 
for a given spectrum.  (b) CIE-xy (1931) chromaticity diagram.  The colour gamut of human vision is 
represented in the colour region of the diagram with corresponding positive x and y values. 

 

 

From the EL spectrum, the colour of the PLED can be quantified using Commision 

Internationale de l’Eclairage (CIE) colour classification systems.52  For a given intensity 

spectrum the colour matching functions in Fig. 2.3a can be used to characterise a 

standard observer’s perception of the emission colour in terms of three chromaticity 

coordinates x, y and z.  Different spectra may well yield identical chromaticity coordinates, 

but different colours as perceived by the human eye should not.  To make the 

chromaticity coordinates easier to visualise, a two-dimensional plot of possible x and y 

values at constant brightness yields the CIE-xy (1931) chromaticity diagram shown in 

Fig. 2.3b.  All chromaticities visible to a standard observer (the colour gamut of human 

vision) are represented in the coloured region of the diagram.  The outer curved 

boundary is the spectral (or monochromatic) locus, with wavelengths shown in 

nanometers.  All visible chromaticities correspond to positive values of x and y.  Light with 

a flat energy spectrum (essentially white light) has chromaticity coordinates (x, y) = (0.33, 

0.33).  If one chooses any two separate points (colours) on the chromaticity diagram, 

then all colours that can be produced by mixing these two colours lie on a straight line 

connecting the two points.  Similarly, for three light sources, a triangle inside the colour 
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gamut can be formed, and only colours lying inside the triangle can be produced by the 

mixing of these three sources.  This pattern continues for four or more light sources. 

 

2.2.5 Current-voltage-luminance characteristics 

For general electrical characterisation, current-voltage-luminance (I-V-L) responses are 

measured.  The whole apparatus is computer controlled using Labview.  An external bias, 

supplied by a Keithley 2400 programmable source unit, is applied across the device.  The 

current through the device is measured with the Keithley Source Meter, while the 

luminance is detected simultaneously with a Topcon BM-9 Luminance Meter.  This 

luminance meter has three measurement ranges (depending on the brightness of the 

tested PLEDs) with minimum detectable luminances of 1 cd/m2, 10 cd/m2 and 100 cd/m2. 

The IC devices were measured in an air-tight testing chamber under vacuum or in a 

nitrogen atmosphere.  The devices were usually subjected to a bias sweep from −4 to 

10 V with 0.2 V intervals and the waiting time between successive measurements was 

set to 0.2 s. 

 

From the I-V-L response, several important figures for the PLEDs can be extracted.  The 

turn-on voltage is normally defined as the voltage required to get detectable light from the 

LEDs, but this is a poorly defined parameter as it depends strongly on the sensitivity of 

the detection system used.  The voltage required to achieve a brightness of 100 cd/m2 is 

used to define the operating voltage, since 100 cd/m2 is the typical required brightness 

for computer screens. The luminous efficiency (cd/A) and luminosity (lm/W) can also be 

calculated from the measured current density, voltage, and luminance. 

 

2.3 Electroabsorption Theory 

The electric field across the active layer is an important parameter for several essential 

processes in organic semiconductor devices.  Electroabsorption (EA) spectroscopy is a 

method to directly and noninvasively probe the electric field inside the device.  It 

measures the change in absorption coefficients of a material in response to an electric 

field, which can be detected optically.  The EA signal is determined by three major effects: 

the linear Stark effect, the quadratic Stark effect, and the Franz-Keldysh effect (mixing of 

continuum states). 
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2.3.1 Linear Stark effect 

In the presence of an electric field, molecular energy levels are shifted due to the Stark 

effect, resulting in a change in the absorption coefficient of the material.  The electric field 

also causes mixing of the states and allows transitions which were previously forbidden. 

In centrosymmetric conjugated molecules, electronic states cannot have a permanent 

electric dipole moment due to their symmetry.  However, disorder including geometrical 

distortions, aggregates and chain defects can break the symmetry.  Aggregate formation 

in the solid state has been widely reported, especially upon annealing.53  The linear Stark 

effect originates from the energy shift ΔεE from initial (i) to final (f) electronic states with 

the permanent dipole moment m given by,14 

EmEmm ⋅Δ−=⋅−−=Δ fiifE )(ε  (2.5)

where E is the electric field. 

 

 
Figure 2.4 Schematic diagrams of the linear Stark effect, adapted from Ref. [54].  (a) The external 
electric field induced energy changes; (b) Optical absorption spectra without electric field (black), and 
with same (red)/opposite (blue) orientated electric field; (c) Δα follows the second derivative line shape. 
 
 
The linear Stark shift can cause a downward or upward energy shift (see Fig. 2.4a), 

depending on the orientation of the dipole moment (which may be oriented in the 

direction of or against the applied external field).  Hence it can give rise to a red- or blue-

shift in the optical absorption spectrum, as shown in Fig. 2.4b.  For the other randomly 

oriented dipoles, the energy shift is the combination of these two extreme cases.  The 

change in absorption coefficient between field-on and field-off, Δα = α(E) − α(0), can be 

expressed in powers of ΔεE using a Taylor expansion up to 2nd order:14 
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where triangular brackets mean averaging over all dipole orientations. 

 

Since in disordered polymers, the molecules and dipoles are oriented randomly with 

respect to the applied field, and the first term of Eq. 2.6 varies linearly with the electric 

field by substituting ΔεE by Eq. 2.5, so it averages to zero for such an isotropic distribution 

of dipoles.  While for the second term, the average value is non-zero, as  

)()()( 22
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2
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2
E EmcEm ⋅Δ=⋅Δ=Δε  (2.7)

where cL is a constant and was reported to equal 1/3.55 

 

By substituting Eq. 2.7 into Eq. 2.6, the averaged EA signal is given by: 
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Therefore, the electroabsorption coefficient Δα due to the linear stark effect follows the 

line shape of the second absorption spectrum derivative (as shown in Fig. 2.4c), and also 

varies with the square of the electric field. 

 

2.3.2 Quadratic Stark effect  

The quadratic Stark shift arises due to the interaction between the field and the field 

induced dipole.  Since the induced dipole is aligned with the added field, the produced 

energy shift is always negative, resulting in a red shift in optical spectrum, as shown in 

Fig. 2.5a.  Due to the presence of a nearby dipole, the electron cloud of an atom tends to 

be distorted from its normal shape; this tendency is defined as polarisability.  Therefore, 

the quadratic Stark effect can also be expressed in terms of the change in polarisability of 

the molecule upon excitation as: 14,56 
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where p is the polarisability of the exciton and μij is the dipole moment between the 

exciton and other states.  E is the applied electric field strength. 

 

Substituting this into Eq. 2.6 and retaining only the first linear term, we obtain 
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The quadratic Stark effect is proportional to the first derivative of the absorption 

coefficient and also depends quadratically on applied electric field.  Therefore, in the 

quadratic Stark effect, the change in absorption follows the line shape of the first 

derivative.57 

 

 
Figure 2.5 (a) Quadratic Stark effect results in red-shift; (b) Δα is proportional to the first derivative of the 
absorption coefficient. 
 

2.3.3 Analysis of electroabsorption spectrum 

For most disordered conjugated polymers, it is often the case that the electroabsorption 

spectrum can be better described by a superposition of both the quadratic Stark effect 

and the non-zero second-order term of the linear Stark effect. 
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where c1 < 0, c2 and c3 > 0.  The first term represents the Franz-Keldysh effect which 

transfers oscillator strength from the lowest exciton state to higher exciton states.58  The 

second term represents the red-shift of the lowest exciton state due to the quadratic Stark 

effect.  And the third term represents the non-vanishing contribution of the linear Stark 

effect due to defect-induced or disorder-induced dipoles. 

 

The organic films used here are obtained by spin-coating from conjugated polymer 

solutions.  The resulting spin-coated films are usually amorphous or have small grain 

polycrystalline (5–20 nm crystallites), and are highly disordered.  So in typical conjugated 
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polymers, the first term of EA shown in Eq. 2.11 is usually small compared to the other 

two terms due to the relatively large energy separation between ground state and excited 

states.58  However, in systems with small energy separation, for example in charge-

transfer excitons of crystalline anthrancene-PMDA (pyromellitic dianhydride), the first 

term can dominate the line shape.14  The relative importance of the other two terms 

depends on the polymer structure and the film quality, because factors such as chain 

order, chemical purity and the presence of defects can influence the formation of both 

permanent and field induced dipoles.  The quadratic Stark effect has been shown to 

dominate the EA response of certain specially made or naturally ordered films, such as 

MeLPPP (a methyl-substituted ladder-type poly(phenylene)) films,58 and films of 4-BCMU 

(polydiacetylene 4-butoxycarbonyl methylurethane) 59. 

 

The linewidths of the EA spectra broaden when moving from isolated chains to highly 

disordered chains in spin-coated films.  There is also an increased contribution of the 

second derivative line shape, indicative of the domination of the linear Stark effect.  Take 

a highly-disordered film of PFO as an example.  The EA spectrum (Fig. 2.6d) has a 

shape similar to the second derivative linear shape (Fig. 2.6c).  As shown in Fig. 2.6a, the 

absorption spectrum of the PFO film peaks at 3.2 eV, while the maximum response of the 

EA spectrum emerges at 2.98 eV, indicating an overall red-shift which is consistent with 

the discussions above. 

 

The EA response can sometimes be modelled as a linear combination of the absorption 

and its first and second derivatives with respect to photonic energy.  A numerical least-

square fit procedure results in the following coefficients for PFO: 
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As seen in Fig. 2.6e, the fit is rather poor, so it is difficult to relate the electroabsorption 

response with individual electronic energy transfers for disordered polymers. 
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Figure 2.6 (a) Absorption spectrum of a film of PFO; (b) the 1st derivative of the absorption spectrum 
with respect to the energy; (c) the 2nd derivative of the absorption spectrum; (d) the corresponding EA 
spectrum of the PFO-based PLED; and (e) the comparison of the experimental EA signals with the 
simulated results. 
 

 

In classical treatment, the EA coefficient is also proportional to a fraction of the third-order 

dielectric susceptibility χ(3) and the square of electric field E:60 

2)3( )(Im Ehνχα ∝Δ  (2.13)

where hν is the photon energy and Im represents the imaginary part of the function.  The 

electroabsorption measures the normalised change in optical transmission ΔT/T due to 

the applied external electric field.  The transmitted intensity T of light through the sample 

can be related to the original light intensity T0, the film thickness d, the absorption 
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coefficient α, and the reflection coefficients R1 and R2 (for the anode and cathode 

interfaces, respectively), by Eq. 2.14.61 

deRRTT α−−−= )1)(1( 210  (2.14)

 

The change in intensity T due to an applied field E is given by the partial derivative of the 

above equation, which yields 
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Dividing Eq. 2.15 by Eq. 2.14, the fractional field-induced change in transmission is  
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For sufficiently high absorbance, the second and third terms in Eq. 2.16 can be 

neglected,62 therefore, 

dhh
T
T

⋅Δ=
Δ

− )()( ναν  (2.17)

 

Combining Eqs. 2.13 and 2.17, the relationship for the electroabsorption response of a 

material is shown as 63: 

2)3( )(Im)()( Ehh
T

Th ⋅∝
Δ−
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In an EA experiment, the electric field applied to the device consists of a DC component 

EDC and an AC component EAC cos(ωt), where ω is the frequency of the applied AC bias: 

)cos(ACDC tEEE ω+=  (2.19)

Consequently, applying simple trigonometric identities the EA response can be written: 
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The mean electric field E is related to the applied voltage V by Eqs. 2.21 a and b: 
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where VBI is the built-in potential.  The 1st harmonic and 2nd harmonic signals can be 

written separately as: 
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These electric field dependencies are applicable only when the electric field inside the 

device is constant, i.e. the charge density inside the device is small enough not to perturb 

the electric field or modulate the transmission.  Charge accumulation within a device 

alters the internal electric field, which ultimately affects charge injection and transport.  In 

the case of significant carrier injection or a high concentration of traps, the charges 

present in the device during the measurement may perturb the distribution of electric field 

or generate additional features, leading to deviations from the conventional EA response. 

 

2.3.4 Previous electroabsorption studies 

EA spectroscopy provides a sensitive tool for studying the band structure of 

semiconductors. This technique was first applied to organic solids by Sebastian and 

Weiser in 1981 to study the delocalised state in polydiacetylene.64  Electric field induced 

changes in the absorption spectra were also used to study the π-electron states of 

isolated polydiacetylene 4-butoxycarbonylmethylurethane (4BCMU) and polydiacetylene 

by Horvath and co-workers in 1996.65  EA spectroscopy can also be used to probe the 

third order DC Kerr non-linear susceptibility in molecular materials,60 and to calculate the 

energy levels, dipole moment and polarisability of singlet exciton 14.  

 

The first extensive measurements of internal fields in OLEDs using electroabsorption 

spectroscopy were reported by Campbell et al. in 1995.66  The authors measured the 

electric field in a multi-layer OLED and showed that under forward bias the field was non-

uniformly distributed between the different layers due to the carrier blocking role of 

monopolar transport layers.  One year later, Campbell et al. applied this technique to 

measure changes in metal-polymer Schottky barrier heights as a function of the contact 

metal using a single layer device consisting of poly(2-methoxy,5-(2-ethyl-hexyloxy)-1,4-

phenylenevinylene) (MEH-PPV) sandwiched between two metal contacts.39  The internal 

electric field distribution in a bilayer 4,4’-bis[N-(1-naphthyl)-N-phenylamino]-biphenyl 

(NPB) / tris-(8-hydroxyquinoline) aluminium (Alq3) OLED was investigated experimentally 

using EA spectroscopy by Martin et al.67.  They reported the barrier heights to carrier 

injection and the offset between the HOMO and LUMO levels at the heterointerface 

critically affected charge accumulation, and hence the electric field distribution in the 

device. 

 

EA can be employed to investigate the degradation of devices and the change of the 

charge injection barriers by comparing the built-in potentials.  Giebeler et al. studied the 

effect of bulk carrier trapped charges on the electric field in non-encapsulated PLEDs 

based on MEH-PPV 68 and poly(2,5-dialkoxy-p-phenylene vinylene) (PDAOPPV) 69 by EA 



Chapter 2  Experimental Methods 

55 

spectroscopy, and discussed its relevance to device degradation.  A reduction in the hole 

injection barrier was reported when the anode material was changed from ITO to 

ITO/PEDOT:PSS,70 as the voltage at which the EA signal vanished was increased by 

0.5 V.  EA measurements have been used to investigate electron injection barriers in 

PLEDs by studying the effects of inserting ultra-thin layers of lithium fluoride (LiF) 

between a blue-emitter and the metal cathode (Al or Ca).71,72  EA spectroscopy has also 

been used to study the effect of chemical modification on the electronic structure of 

distyrylbenzene derivatives, where it has been shown that EA spectroscopy can be a 

sensitive probe of aggregation.73 

 

Other examples of PLED characterisation by EA spectroscopy include measurements of 

band bending in MEH-PPV-based devices containing an insulating layer,74 and 

demonstrations of discriminating between interface and bulk effects.75  Dominici et al. 

used EA spectroscopy to study the creation of space charge distributions, and found an 

asymmetric charge distribution with a depletion region close to the anode.76  Also, Liess 

et al. reported a method for monitoring the onset of both hole and electron injection, via 

changes in the EA signal induced by field screening of the injected charge.77  EA 

measurements have also been used to investigate the operating method of light-emitting 

electrochemical cells (LECs),78 to study the internal electric field inside PLEDs,79 and to 

determine the built-in potentials of organic bulk-heterojunction solar cells 80. 

 

In this thesis, electroabsorption spectroscopy is used to investigate the internal electric 

field strength inside operating multilayer PLEDs and to provide insight into the charge 

densities in the individual polymer layers and near the polymer/polymer interfaces.  

Hence, it enables further understanding of PLED physical mechanism in order to optimise 

the device performance. 

 

2.4 Electromodulation Procedures 

In this thesis, the term electromodulation broadly refers to any change in the transmission 

of a probe beam passing through a sample due to an applied electric field.  The EM 

response of a material is composed mainly of electroabsorption (EA) features and 

charge-induced features. 
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2.4.1 The single modulation technique 

A single modulation EM spectroscopy set-up is shown in Fig. 2.7.  The probe light is 

supplied by a 75 W xenon lamp.  The light beam is first passed through a CVI Laser 

Corporation monochromator equipped with a long pass filter to reject unwanted 

harmonics. Then the output is focused onto the active area (pixel) of a device through the 

glass substrate (at ≈ 45° incidence), reflected off the metal cathode at the rear, and finally 

collected by a lens and focused onto a silicon photodiode.  The EM signal is much 

smaller than 1 mV, so a lock-in amplifier (Stanford SR-830) is employed to discriminate 

the signal from the background.  A sinusoidal voltage combined with a DC bias using a 

simple op-amp based summing amplifier is applied to the device.  AC bias is generated 

from the internal oscillator of the lock-in amplifier; while DC bias is taken from the 

auxiliary dc out from the lock-in amplifier. 

 

The photodetector output consists of a DC component (∝ I0T), and an AC component 

(I0ΔT), where I0 is the intensity of the light beam, T is the transmittance and ΔT is the 

change in transmittance.  The absolute value of the detected AC component (∝ I0ΔT) not 

only reflects the absorption feature of the tested device, but is also affected by the 

spectral characteristics of the light source, the monochromator, and the photodiode. 

However, as the EA signal is determined by the ratio of ΔT to T, all of the influences from 

the setup cancel out.  The phase of the lock-in amplifier is optimised to give the largest 

positive ∆α signal, so as to have the same polarity as the first derivative of absorption.  A 

computer is used to control the monochromator and to read T and ∆T from the lock-in 

amplifier.  Significant averaging is used to reduce the noise to an acceptable level. 

 

 
Figure 2.7 A schematic diagram of the single modulation technique set-up.  The probe light provided by 
a xenon lamp is modulated by an optical chopper.  The external electric field added on the device 
consists of DC and AC components, both of which are provided by the lock-in amplifier (which acts as a 
source meter).  The EA signal is detected by a photodiode and measured by a lock-in amplifier. 
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Fourier’s theorem states that any input signal can be represented as the sum of many 

sine waves of differing amplitudes, frequencies and phases.  If a periodic function of t, 

with period τ, can be expressed as the following summation:  

∑∑
∞

=

∞

=

+=
10

)/2sin()/2cos()(
n

n
n

n ntbntatf τπτπ  (2.24)

where n is a positive integer, and the coefficients in the summation may be calculated as 

∫=
τ

τπ
τ 0

)/2cos()(2 dtnttfan , and ∫=
τ

τπ
τ 0

)/2sin()(2 dtnttfbn . 

 

Using a technique known as phase-sensitive detection, the lock-in amplifier singles out 

the component of the signal at a specific reference frequency.81  Noise at frequencies 

other than the reference frequency are rejected and do not affect the measurement 

results.  Suppose that the buried signal is )sin( sss θω +tV , where Vs and ωs are the signal 

amplitude and frequency respectively, and θs is the initial phase.  In this thesis, the lock-in 

reference is either derived from the internal oscillator of the lock-in or from the external 

optical chopper in the form of )sin( rrr θω +tV .  The lock-in first amplifies the signal and 

then multiplies it by the reference signal.  The output of the phase-sensitive detector 

(PSD) is the product of the detected signal and the reference: 
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As shown in Eq. 2.25, the PSD output is the sum of two AC signals, one at the low 

difference frequency (ωs − ωr), and the other at the high sum frequency (ωs + ωr).  If the 

PSD output is passed through a low pass filter with a very low frequency cut-off, all of the 

AC signals are removed in general case.  Only when ωs equals ωr, will the difference term 

yield a DC signal.  In this case, the filtered PSD output will be 

]cos[5.0 rsrspsd θθ −= VVV .  The lock-in can adjust θr, making the phase difference between 

the signal and the lock-in reference equal zero, i.e. θs = θr, in which case Eq. 2.25 

simplifies to rspsd 5.0 VVV = .  Hence after filtering, Vpsd is proportional to the signal 

amplitude Vs.  It is clear that the PSD and low pass filter only detect signals whose 

frequencies are very close to the lock-in reference frequency, ensuring noise and 

interfering signals at other frequencies are effectively rejected. 
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2.4.2 The double modulation technique 

OLEDs emit light when a sufficient forward bias is applied.  In this case, the signal 

measured by the signal modulation technique described above is a mixture of 

electroluminance (EL) signal and electromodulation (EM) signal.  The EL signals are 

usually much larger (»100) than the EM signals.  Therefore a double modulation 

technique in which both the external field and probe beam are modulated is frequently 

needed.82  The schematic arrangement of the experimental apparatus is shown in 

Fig. 2.8.  In this set-up, two lock-in amplifiers are used. Lock-in amplifier 1 is referenced 

to the modulation frequency of the applied field (ωo). This lock-in amplifier is initially made 

to be in phase with the EL response, therefore it only measures the EL signal.  The 

output of lock-in amplifier 1 is then fed into lock-in amplifier 2 which locks onto the 

frequency ωp provided by the mechanical optical chopper.  The first lock-in amplifier acts 

as a (short time-constant) pre-filter and the second lock-in detects the EM response.  The 

principle is described in detail below. 

 

 
Figure 2.8 Experimental arrangement of double modulation technique.  Two lock-in amplifiers are used 
to modulate the probe light and the added electric field respectively.  The EL signal has the same 
modulation frequency (ωo) as the electric field, which is measured by lock-in 1.  The EM signal with the 
modulation frequency of (ωp) is measured by lock-in 2. 
 

 

In accordance with the work by Pires et al.82, the frequency of ωp (lock-in 2) must be less 

than a third of ωo (lock-in 1) to ensure that the EM signal is adequately sampled.  Due to 

the limits of the mechanical chopper, ωp was set to 664 Hz which is the highest practical 

frequency for stable operation.  Thus, the modulation frequency of ωo is allowed from 
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2 kHz up to 100 kHz.  Unless otherwise stated, ωo was usually set to 6 kHz.  A 1 ms time 

constant was therefore chosen for the first lock-in amplifier.  The time constant for the 

second lock-in amplifier was set according to the magnitude of the response.  Larger time 

constants were employed for smaller signals.  For most of the experiments, a time 

constant of either 1 or 3 s was set.  A waiting time of 10 times the chosen time-constant 

was imposed before taking measurements. The dynamic reserve was set to 24 dB. 

 

 
Figure 2.9 The effect of successive lock-in amplifiers on the EM and EL signals.  (i) and (ii) show the 
modulated signal at the 1st and 2nd lock-in amplifiers, respectively.  (iii) shows the output of the 2nd 
lock-in amplifier. 
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The effect of successive lock-in stages on the EL and EM signals is shown in Fig. 2.9. 

Fig. 2.9(i) shows the signal input at the first lock-in amplifier.  The blue line shows the 

contribution from the mechanical chopper (ωp) and the red line gives the contribution from 

the applied field (ωo).  The EM signal is doubly modulated: first by the modulation of the 

probe chopper ωp and second by the alternating voltage ωo. Meanwhile, the undesirable 

spurious signals (EL) which should be eliminated are modulated only at ωo. As the first 

lock-in amplifier is tuned to ωo, the signal from the probe becomes a DC output for the 

intervals when the mechanical chopper allows light to pass through.  This produces a 

square wave as shown in Fig. 2.9(ii).  The EL response will also be collected at the first 

lock-in amplifier providing a DC voltage output.  After the second lock-in amplifier which is 

tuned to ωp, the probe signal results in a DC output, and the EL signal is eliminated.  This 

is shown in Fig. 2.9(iii).  Due to the arrangement of lock-in amplifiers for this technique, a 

separate transmission measurement is required.  In order to obtain the correct 

electroabsorption (EA) response (−ΔT/T), multiplication by a factor of 2√2 must be carried 

out. The lock-in amplifier converts the peak to peak signal to an rms value, therefore 

multiplication by 2√2 corrects for the discrepancy between the transmission and EA 

measurement. 

 

2.4.3 System test 

The stability and noise characteristics of the EM system were evaluated to optimise the 

performance of the system.  This section examines the stabilities of the measured 

transmission (T) and the differential transmission (∆T), and looks at the effects of higher 

modulation frequencies.  It also describes several improvements to the Labview program 

used to control the measurement.  The benefit of applying the double modulation 

technique is also demonstrated. 

 

The stability of the double lock-in technique was investigated using an ITO/PEDOT:PSS/ 

LG1300/Ca device.  The emissive material is a green emitter from the Sumitomo 

Chemical Company Ltd.  The probe wavelength was set to 410 nm, which was the peak 

EA response wavelength for this device.  The transmission signal (T), indicated by blue 

squares in Fig. 2.10a, was obtained by using one lock-in amplifier whose frequency 

originated from the external optical chopper at 664 Hz.  T is almost constant but falls 

slightly with time.  The transmission change (∆T) signal was obtained through a similar 

method except that the internal oscillator was used for the reference frequency (6 KHz). 

∆T also shows a roughly constant amplitude in the first 5 minutes and then decreases 

slowly with time. 
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Figure 2.10 (a) The variations of T (blue squares) and ΔT (green circles) with time when applied 410 nm 
probing light and an AC voltage of 0.5 V.  (b) The comparison of the ∆T/T signals with time when 
modulated at 6 kHz (green circles) and 60 kHz (blue squares). 
 

 

The ratios of ∆T/T under low frequency (6 kHz) and high frequency (60 kHz), as shown in 

Fig. 2.10b, are essentially constant and show similar trends with time due to the drift of 

the probing light intensity.  But data measured at the higher frequency fluctuates more 

widely.  The average value of the 60 kHz signal is 311.2 ± 2.5 µV, whereas the average 

value of the signal modulated at 6 kHz is 311.5 ± 1.3 µV.  The two time-averaged values 

are very close; the 60 kHz signal is slightly smaller mainly due to a reduction in the gain 

of the photodiode amplifier with increasing frequency (and hence a lower signal to noise 

ratio). 

 

The sample was replaced with a mirror with the reflected probe beam focused on the 

photodiode to obtain the light output from the monochromator, as shown in Figs. 2.11a 

and b.  It is clear that a substantial power intensity of the xenon arc lamp exists in the 

whole visible wavelength range, making it a good source for probing the red, blue and 

green PLEDs.  However, due to the relatively smaller response within/near the UV range, 

the entrance and exit slit widths of the monochromator are widened for measurements in 

this spectral region.  As indicated by the dotted line in Fig. 2.11a, the transmission signal 

drops to 20 % of its 622 nm value at 390 nm and to less than 5 % at 350 nm, resulting in 

unreliable/noisy measurement results.  By increasing the widths of the entrance and exit 

slits of the monochromator from 0.4 to 1 mm at 390 nm, the signal can be boosted to the 

622 nm value albeit at the expense of spectral resolution.  The boosted signal drops to 

20 % at 340 nm, so the slits are further widened to the maximum permissible value of 

1.5 mm at this point. 
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Figure 2.11 Comparison of transmission spectra obtained by two Labview programmes.  The improved 
program allows the variation of the slit widths (incident light intensity) of the monochromator to achieve 
smoother EA signals. 
 

 

The transmission spectra based on the same device were measured using the two 

Labview programmes respectively: one using fixed slit widths of the monochromator; the 

other using the approach described above, see Fig. 2.11b.  The EA spectra obtained with 

the old program and the modified program are compared in Fig. 2.11c.  Two EA spectra 

lie on top of each other beyond 400 nm. But below that wavelength, the signal obtained 

by new program is much smoother due to the larger entrance and exit slit widths which 

lead to higher signal to noise ratio. 

 

Fig. 2.12a shows the EM responses measured by the single and double lock-in 

techniques respectively as a function of DC bias.  The tested device has a structure of 

ITO/PEDOT:PSS/Red F/Ba, where Red F refers to a proprietary red-emission copolymer 

provided by the Sumitomo Chemical Company Ltd.  A 6 kHz modulation with amplitude of 

0.5 V was applied to the device.  The single modulation procedure, shown with blue 

triangles, illustrates the problem of a strong EL contribution above the turn-on bias.  The 

EL component emerges at 2.0 V and increases sharply with DC bias afterwards, 

preventing a reliable measurement of the EM signal.  The green circles representing the 

double modulation technique show a consistent linear dependence of the EM signal on 

the DC bias.  Below the turn-on bias, the data measured using the two techniques 
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overlaps closely after multiplying a constant of 3.3 to the double lock-in results.  The 

constant is larger than the theoretical value of 2.82 due to deliberate signal attenuation 

between the first and second lock-ins to prevent damage to the pre-amplifier of the 

second lock-in.  This comparison indicates that effective suppression of the modulated EL 

component can be achieved by using double modulation. 
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Figure 2.12 (a) The 1st-harmonic EM response for an ITO/PEDOT:PSS/Red F/Ba structured device as a 
function of DC bias.  Both single modulation (blue triangles) and double modulation (green circles) were 
used and compared.  (b) The 1st-harmonic EM spectra comparison of the single (blue line) and double 
(green circles) modulation techniques. 
 

 

To further test the reliability of the double modulation technique, the EM spectra of a 

device at −2 V DC bias (to ensure the absence of EL) were obtained using the single 

lock-in and double lock-in modulation techniques, and are compared in Fig. 2.12b.  As 

expected, the two spectra are virtually identical.  Although for a given measurement time, 

the double modulation gives EM spectra that are visibly nosier than those obtained with 

the single modulation.  The increased noise levels are likely the results of jitter from the 

chopper, and can be easily overcome with increased averaging. 
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3. Polymer LED with Interlayers 

 

 

he behaviour of  red, green, and blue PLEDs containing an interlayer on top of  

the PEDOT:PSS layer is investigated.  The use of  a 10 nm poly(9,9-dioctyl-

fluorene-alt-N-(4-butylphenyl)-diphenylamine) (TFB) interlayer is shown to 

significantly improve the device efficiency.  Electroabsorption spectroscopy is 

used to study the reasons for this improvement. 
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3.1 Introduction 

Since the fabrication of the first successful OLEDs by Tang and VanSlyke,8 significant 

research efforts have been devoted to achieving higher device efficiencies and longer 

operating lifetimes.  OLEDs are ‘dual-injection’ devices, in which holes and electrons are 

injected from opposite electrodes into an active emissive medium to produce light 

emission via exciton decay.  To achieve optimum device performance, it is necessary to 

achieve well balanced injection of electrons and holes, a condition often achieved by 

means of multilayer device architectures with separated hole and electron transport 

layers.  The monopolar transport layers have two major effects on the operation of 

organic LEDs: they maximise the rate of charge injection and transport, and equally 

importantly, their use suppresses leakage of charges at the counter electrodes due to 

energy offsets at the polymer/polymer interface.83 The blocking of carriers leads to the 

accumulation of charges at the interface between the light-emitting layer and the 

transport layer.  The accumulated charges alter the internal electric field distribution 

within the device, which ultimately acts as a feedback mechanism to charge injection.  In 

addition, the presence of the interface can affect the position of the recombination zone 

and ensure that photons are generated away from the (quenching) electrodes.83 

Therefore, understanding the interface between adjacent polymer layers is of great 

importance in optimising device operation and stability. 

 

Hole injection is fairly inefficient from the ITO anode into the HOMO level of most 

conjugated polymers due to typically large mismatches between the work function of ITO 

(4.7 eV) and the HOMO level (5.3–5.9 eV) of the polymer.84  The composite material 

PEDOT:PSS is widely used as an anodic surface coating in organic light-emitting diodes.  

In use, PEDOT:PSS serves as an excellent ameliorating coating for ITO – the most 

widely used anode material – where it limits the influence of asperities, raises the 

effective anodic work function, and enhances adhesion to subsequently deposited 

organic layers.85  Importantly, its inclusion in OLEDs reduces batch-to-batch variability in 

device characteristics and significantly improves operating lifetimes and efficiencies. 

PEDOT:PSS is used in virtually all state-of-the-art polymer devices, and is found in a 

growing number of small molecule OLEDs too (see e.g. Ref. [86]).  However, it interacts 

chemically with many organic materials due to the acidic nature of PSS,49 and is known 

to degrade when it is forced to pass an electron (as opposed to hole) current 87.  The 

latest generation of OLEDs therefore tend to employ a thin electron-blocking/hole-

transporting ‘interlayer’ between the active layer and the PEDOT:PSS, which results in 

both improved lifetimes and efficiencies.88 
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Interlayers are generally considered to serve two main roles: firstly, they are thought to 

prevent electrons and excitons from passing into the PEDOT:PSS from the bulk of the 

device; and, secondly, they physically separate the PEDOT:PSS from the active layer 

(and so prevent chemical interactions between them).  Typical interlayer materials have 

high hole mobilities, low electron mobilities, Highest Occupied Molecular Orbitals 

(HOMOs) that are closely aligned with the ~5.1 eV effective work function of PEDOT:PSS 

and large (~3 eV) band gaps.89  They consequently enable ready hole injection from the 

PEDOT:PSS anode, whilst also blocking electrons.  

 

A variety of interlayer materials have been reported in the literature. In early work, 

Morgado and co-workers reported that the inclusion of a 35 nm layer of poly(p-

phenylenevinylene) (PPV) between PEDOT:PSS and PFO yielded a two-fold increase in 

the electroluminescence efficiency compared to equivalent interlayer-free devices.90  Yan 

et al. later used a 15 nm interlayer of the cross-linkable material 4,4’-bis[(p-

trichlorosilylpropylphenyl)-phenylamino] biphenyl (TPDSi2) in conjunction with a layer of 

N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’,-diamine) (TPD).  They 

reported a two-fold reduction in the current density accompanied by an appreciable five-

fold increase in the device efficiency 91.  In more recent studies by Kim et al.88, Choulis et 

al.92, and Duan et al.93, poly(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-diphenylamine) 

(TFB) has been shown to act as an effective interlayer for polyfluorene based devices, 

yielding efficiency enhancements of up to 200 %.  TFB is a triarylamine-based 

semiconductor with a band gap of 3 eV, a relatively high hole mobility of 2×10-3 cm2/Vs, 

and HOMO and LUMO levels of −5.3 and −2.3 eV, respectively.94  

Octadecyltrichlorosilane has similarly been used successfully as an anodic interlayer 

material, leading to improvements in both efficiency and lifetime compared with 

equivalent interlayer-free devices.95  Such improvements, however, are entirely 

dependent on finding a compatible combination of interlayer material and light-emitting 

polymer.  Harding and co-workers, for example, recently investigated the influence of 

TFB and poly[9,9-dioctylfluorene-co-(bis-N,N’-(3-carboxyphenyl)-bis-N,N’-phenyl 

benzidine)] (BFA) interlayers on devices based on a variety of blue, green and yellow 

emitters.96  They found that inserting an interlayer between the PEDOT:PSS anode and 

the emissive layer could lead to either an increase or a decrease in performance 

depending on the specific combination of materials chosen. 

 

The efficiency improvements arising from the use of an interlayer have been variously 

attributed to the suppression of electron leakage at the anode 97 and the prevention of 

exciton diffusion to the PEDOT:PSS where they are liable to be quenched 95.  However, 

direct experimental evidence about their precise role is relatively scarce due to the 
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practical difficulties of probing a thin buried layer inside an operational device.  Most 

studies to date have focused on measurements of the current-voltage-luminance 

characteristics 91,98 which, although useful, provide only limited information about the 

physical processes that govern device operation.  The following section provides a third 

explanation by exploring the internal electric field distribution of the operating devices. 

 

3.2 Green Devices with Different Cathodes 

In this section, a combination of I-V-L and EM measurements are used to obtain a more 

complete picture of device operation.  In particular we compare the behaviour of devices 

with and without TFB interlayers, using either Al or Ca as the cathode material to achieve 

weak or strong electron injection respectively.  Poly(9,9-dioctylfluorene-alt-bithiophene) 

(F8T2) is used as the emissive layer due to its compatibility with TFB and its good charge 

transport properties (μh
FET = ~5 x 10-3 cm2/Vs, μe

FET = ~6 x 10-3 cm2/Vs have been 

measured for unaligned F8T2 in organic field effect transistor systems).99  The chemical 

structures of the emissive material F8T2 and the interlayer material TFB are shown in 

Fig. 3.1. 

 

 
Figure 3.1 The chemical structures of TFB and F8T2, which are used as the interlayer material and the 
emissive material in this section. 
 

 

We report measurements on four device structures: (a) ITO/PEDOT:PSS/F8T2/Al, (b) 

ITO/PEDOT:PSS/F8T2/Ca, (c) ITO/PEDOT:PSS/TFB/F8T2/Al, and (d) ITO/PEDOT:PSS/ 

TFB/F8T2/Ca.  The behavioural differences between these four devices provide 

considerable insight into the role of the interlayer.  Importantly, the measurements 

reported below reveal an additional mechanism by which efficiencies can be enhanced, 

namely the accumulation of the most easily injected charge carrier at the 

interlayer/organic interface until efficient injection of the opposite carrier type becomes 

favourable.  Similar electron blocking properties have been reported in other device 

structures, such as using PPV as the interlayer.90 

TFB F8T2 
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3.2.1 Interlayer stability 

Two device architectures are studied in this chapter.  One is the conventional single layer 

structure with PEDOT:PSS as the anode buffer layer (ITO/PEDOT:PSS/F8T2/Ca or 

ITO/PEDOT:PSS/TFB/Ca); and the other structure includes a thin TFB layer between the 

PEDOT:PSS and F8T2 layers (ITO/PEDOT:PSS/TFB/F8T2/Ca).  The TFB interlayer was 

spin-coated from a xylene solution and annealed in the glove box before organic solvent 

spin-washing to achieve a nanoscale uniform film.  However, the deposition of further 

layers via solution-casting risks partially dissolving the TFB layer.  To ensure this does not 

happen with TFB, we carried out a study using absorption spectroscopy. 

 

Fig. 3.2 shows absorption spectra for various TFB films on bare quartz and PEDOT:PSS 

coated quartz before and after spin-washing or soaking in toluene.  The films were 

subjected to different annealing conditions.  The TFB films on quartz (10 nm) were 

prepared by spin-coating from 4.3 mg/ml xylene solutions onto the pre-cleaned quartz 

substrates (with no PEDOT:PSS layer).  These films were then annealed in a glove box 

at 70 °C (< Tg of TFB) or 180 °C (> Tg of TFB) for 15 or 60 minutes.  The absorption 

spectra of the as-prepared films were then recorded using a UV-Visible 

spectrophotometer.  After this, the films were immersed in toluene (the solvent used for 

most of the emissive polymers in this work) for 30 seconds before being spin-washed. 

The absorption spectra were then remeasured.  The shape of the absorption spectra 

were unaffected by the spin-washing process but the intensities varied greatly, indicating 

varying degrees of material loss. 

 

According to Beer’s law, the absorbance is proportional to the film thickness.  By 

comparing the peak absorbance values of the unwashed thin TFB films against the peak 

absorbance of one 100 nm bulk film (measured by a profilometer), the original thickness 

of the tested TFB film was determined to be approximately 10 nm.  It is clear from the 

data that 70 °C is not sufficient to insolubilise TFB since its absorption spectrum is 

virtually eliminated by washing.  The thickness of the TFB film annealed at 180 °C for 

15 minutes was approximately 5 nm after spin washing.  Similarly, the thickness of the 

TFB film annealed at 180 °C for 60 minutes was ~7±0.5 nm after spin washing.  Hence, 

more TFB is retained during spin-washing if a longer annealing time is applied. 
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Figure 3.2 Stability tests for 10 nm TFB films on quartz substrates (a, b, and d) or quartz/PEDOT:PSS 
substrates (c and e).  The preformed TFB films were then spin-washed with toluene after annealing in 
the glove box under special conditions: (a) 70°C for 15 minutes; (b, c) 180°C for 15 minutes; (d, e) 
180°C for 60 minutes.  The TFB films on quartz substrate (f) and quartz/PEDOT:PSS substrate (g) were 
soaked in toluene for 4 hours to compare. 

200 250 300 350 400 450 500 550 600
0

0.05

0.1

70oC 15 mins

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

before
after
Quartz

200 250 300 350 400 450 500 550 600
0

0.05

0.1

180oC 15 mins

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

before
after
Quartz

200 250 300 350 400 450 500 550 600
0

0.05

0.1

180oC 15 mins

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

before
after
PEDOT:PSS

200 250 300 350 400 450 500 550 600
0

0.05

0.1

180oC 60 mins

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

before
after
Quartz

200 250 300 350 400 450 500 550 600
0

0.05

0.1

180oC 60 mins

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

before
after
PEDOT:PSS

200 250 300 350 400 450 500 550 600
0

0.05

0.1

Soaking 4 hours

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

Quartz before
Quartz after

200 250 300 350 400 450 500 550 600
0

0.05

0.1

Soaking 4 hours

Wavelength (nm)

O
pt

ic
al

 D
en

si
ty

PEDOT:PSS before
PEDOT:PSS after

Deposition on quartz/PEDOT:PSS Deposition on quartz 

(a) 

(b) (c) 

(d) (e) 

(f) (g) 



Chapter 3  Polymer LED with interlayers 

70 

For the Quartz/PEDOT:PSS/TFB films shown in Figs. 3.2c and 3.2e, a 60 nm thick 

PEDOT:PSS layer was first spin-coated from a water solution and then baked at 140 °C 

in the air for 30 minutes.  TFB was then spin-coated from the xylene solution (4.3 mg/ml) 

directly on top of the PEDOT:PSS layer, and then annealed at 180 °C for 15 minutes 

(sample c) or 1 hour (sample e) in a glove box and cooled on a cold metal surface 

followed by 30 seconds spin-rinsing with toluene as described before.  Sample c shows a 

TFB film with ~8±0.5 nm thickness.  After annealing at 180 °C for 1 hour in a glove box, 

the TFB film on top of a PEDOT:PSS layer was almost insoluble.  An inferred thickness 

loss of just 0.5 nm was observed after spin-rinsing.  The annealing time was extended to 

2 hours at 180 °C, but this did not diminish the 0.5 nm dissimilarity.  Comparing the 

PEDOT:PSS-free (Fig. 3.2d) and PEDOT:PSS containing (Fig. 3.2e) substrates, which 

were annealed under the same conditions, the one with PEDOT:PSS retained more TFB 

after spin-rinsing.  This implies that PEDOT:PSS helps to ‘fix’ the TFB layer effectively. 

 

Absorbance measurements were also carried out for quartz/TFB(10 nm) and quartz/ 

PEDOT:PSS(60 nm)/TFB(10 nm) samples before and after soaking in toluene at room 

temperature for 4 hours.  Before soaking in the solvent, the two samples were annealed 

at 180 °C for 1 hour in the glove box.  It is apparent from Figs. 3.2f and 3.2g that for the 

sample without PEDOT:PSS, nearly 70 % of the TFB was lost during the soaking process; 

but for the sample with PEDOT:PSS, only ~5 % TFB was lost.  Though the determination 

of the interlayer thickness from the absorption spectra is not especially accurate (with the 

error of ±0.5 nm), the results indicate that TFB on PEDOT:PSS forms an almost insoluble 

layer after annealing at 180°C for 1 hour in dry nitrogen, and can act as an interlayer 

during PLED fabrication. The formation of the insoluble polymer layer is principally the 

result of the binding of individual chains at the surface of PEDOT:PSS upon annealing at 

high temperature.  This is consistent with evidence reported by X.H. Yang et al. 

recently.100  They used absorption spectroscopy to show that the interlayer thickness 

depends significantly on the type of the underlying PEDOT:PSS layer: CH 8000 or AI 

4083, which differ solely in PSS content (2.6 % for CH 8000 and 1.5 % for AI 4083 101).  It 

has been speculated that mobile H+ ions in PEDOT:PSS protonate the electron lone 

pair(s) in the neighboring interlayer material, making these oxidised chains less soluble in 

organic solvents.88,102 Therefore for CH 8000 PEDOT:PSS, due to the larger PSS content 

ratio compared with AI 4083, more H+ ions would be expected to maintain the neutrality, 

which may also penetrate deeper into the neighboring material, leading to a thicker 

interlayer as reported in Ref. [100]. 
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3.2.2 Device characteristics and performance 

TFB-free devices were fabricated in the manner as described in Section 2.1. Interlayer 

devices were fabricated in the same way, except a 10 nm layer of TFB was deposited 

from 4.3 mg/ml xylene solution and thermally annealed at 180 °C for 60 minutes prior to 

deposition of F8T2.  Fig. 3.3a shows approximate energy levels for the constituent 

materials.  F8T2 is a copolymer of alternating 9,9-dioctylfluorene and bi-thiophene 

moieties which affords good hole-transporting properties.  It has an ionisation potential of 

5.5 eV and an electron affinity of 3.2 eV.94  TFB is often used as a hole transporter due to 

its fairly low ionisation potential 5.33 eV and high hole mobility of up to 2 × 10 -3 

cm2/Vs.103,104  The expected barrier heights for hole injection from PEDOT:PSS into F8T2 

and TFB are 0.4 and 0.2 eV, respectively.  Hence, on purely energetic grounds, we would 

expect hole injection to be fairly efficient into TFB and fairly inefficient into F8T2.  The 

Fermi level of Al lies approximately 0.9 eV below the LUMO level of F8T2, suggesting 

electron injection from Al into F8T2 will be strongly inhibited.  The Fermi level of Ca lies 

approximately 0.3 eV above the LUMO level of F8T2 so pinning is expected to occur 

between the two giving rise to efficient (Ohmic) electron injection.  There is a small 0.2 eV 

barrier for hole transfer from TFB to F8T2 and a large 0.9 eV barrier for electron transfer 

from F8T2 to TFB.  The latter barrier should be sufficient to prevent electrons from 

transferring to the TFB layer, and so TFB is expected to act as an effective electron 

blocking material that will prevent electrons from reaching the PEDOT:PSS.  

 

 
Figure 3.3 (a) A schematic energy level diagram for the materials used in the devices described in this 
section.  Two cathode materials were used: Ca or Al; (b) Absorption spectrum (blue solid line) and 
photoluminescence spectrum (green dotted line) of a 100 nm F8T2 film. 
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Fig. 3.3b shows the absorption (solid line) and PL (dotted line) spectra of F8T2 thin 

films.  The absorption spectrum of F8T2 shows clear vibronic structure, with a peak at 

455 nm and a shoulder at 482 nm.  The PL spectrum of F8T2 has its maximum at 548 nm 

with an additional peak at 512 nm and a shoulder at 588 nm.  From its EL spectrum (not 

shown here but essentially the same as the PL spectrum), bright green LEDs with CIE 

1931 (x, y) = (0.37, 0.59) can be achieved. 
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Figure 3.4 I-V-L measurements for the devices (a) ITO/PEDOT:PSS/F8T2/Al, (b) ITO/PEDOT:PSS/ 
F8T2/Ca, (c) ITO/ PEDOT:PSS/TFB/F8T2/Al, and (d) ITO/PEDOT:PSS/ TFB/F8T2/Ca. 
 

 

The current-voltage-luminance characteristics of devices (a) ITO/PEDOT:PSS/F8T2/Al, (b) 

ITO/PEDOT:PSS/F8T2/Ca, (c) ITO/PEDOT:PSS/TFB/F8T2/Al and (d) ITO/PEDOT:PSS/ 

TFB/F8T2/Ca are shown in Figs. 3.4a to 3.4d, respectively.  The onset of appreciable 

current injection was 1.4 V for device (a) and 2 V for devices (b), (c) and (d).  The onset 

of detectable light emission (~10 cd/m2) was 4.2 V for device (a) compared with 2.6, 3 

and 2.8 V for devices (b), (c) and (d), respectively.  The relatively large 2.8 V difference 

between the current and emission thresholds for the interlayer-free Al device and the 

weak intensity of the emitted light indicates a significant mismatch between the electron 

and hole currents in this device.  The inclusion of a TFB interlayer between the 

PEDOT:PSS and the F8T2 layers led to a substantial reduction in the emission threshold 
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and a dramatic increase in the luminance as shown in Fig. 3.4c.  Interestingly, the 

currents – which were presumably dominated by holes in both Al devices due to the 

substantial barrier to electron injection at the Al/F8T2 interface – were very similar for all 

biases greater than 3 V.  The replacement of Al by Ca resulted in an appreciable increase 

in the current density and luminance of both the interlayer-free and interlayer-containing 

devices. 
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Figure 3.5 The variation of the luminous efficiency and luminosity with luminance level for devices (a) to 
(d) using the data from Fig. 3.4.  The interlayer-containing devices exhibit much higher efficiencies than 
their interlayer-free counterparts. 
 

 

The luminous efficiencies and luminosities of the four devices are shown as a function of 

luminance in Figs. 3.5a to 3.5d.  The interlayer-free Al device had peak luminous 

efficiency and luminosity of just 0.11 cd/A and 0.07 lm/W at 25 cd/m2 (falling to 0.058 cd/A 

and 0.025 lm/W at 100 cd/m2).  The luminous efficiency and luminosity increased 

substantially when a TFB interlayer was included between the PEDOT:PSS and the F8T2 

layers, reaching values of 2.4 cd/A and 1.1 lm/W at an arbitrary reference luminance of 

2500 cd/m2.  These are remarkably high efficiencies given the substantial 0.9 eV energy 

barrier that exists at the F8T2/Al interface.  The 2500 cd/m2 luminous efficiency and 

luminosity of the interlayer-free Ca device were 1.1 cd/A and 0.7 lm/W, compared with 

3.5 cd/A and 2.9 lm/W for its interlayer-containing counterpart.  In all four cases, the 
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luminous efficiencies and luminosities diminished fairly quickly with increasing luminance 

but the decline was much steeper with the interlayer-free devices.  Key performance 

characteristics for the four devices are summarised in Table 3.1. 

 

Device structure 
Current 

threshold (V)

Luminance  

threshold (V) 

(L > 10 cd/m2)

Lmax 

(cd/m2) 

ηmax 

(cd/A) 

ITO/PEDOT:PSS/F8T2/Al 1.4 4.2 174 0.11 at 20 cd/m2 

ITO/PEDOT:PSS/F8T2/Ca 2 2.6 16540 1.35 at 700 cd/m2 

ITO/PEDOT:PSS/TFB/F8T2/Al 2 3 5800 2.51 at 980 cd/m2 

ITO/PEDOT:PSS/TFB/F8T2/Ca 2 2.8 23400 3.68 at 5600 cd/m2 

 

Table 3.1 Summary of I-V-L properties of the four devices: device (a) ITO/PEDOT:PSS/F8T2/Al has the 
lowest current threshold voltage of 1.4 V; device (b) ITO/PEDOT:PSS/F8T2/Ca has the lowest 
luminance voltage of 2.6 V; device (c) ITO/PEDOT:PSS/TFB/F8T2/Al yields a relatively high efficiency 
despite a significant barrier to electron injection; and device (d) ITO/PEDOT:PSS/TFB/F8T2/Ca has the 
highest luminance and luminous efficiency. 
 

 

The presence of a TFB interlayer evidently improves the efficiencies of both the Al and 

Ca devices, and it is clearly of interest to understand the mechanisms by which these 

improvements are achieved.  Additional insight into the role of the interlayer can be 

obtained from EM spectroscopy.  Fig. 3.6 shows, for a variety of applied biases, the 1st-

harmonic EM spectra for the four device structures described above.  The EM response 

of the interlayer-free Al device is shown in Fig. 3.6a.  The (voltage-dependent) spectra 

have a strong peak at 510 nm with a shoulder at 480 nm plus two secondary peaks at 

446 and 380 nm.  The EM features vary approximately linearly in magnitude with applied 

bias and exhibit mirror-image symmetry about the built-in potential VBI = 1 V, consistent 

with electroabsorption (i.e. the Stark Effect).105  
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Figure 3.6 The 6 kHz 1st-harmonic EM spectra of devices (a) to (d).  Devices (b) and (d) show strong 
charge-induced absorption features in forward bias. 
 

 

The reverse bias spectra of the interlayer-containing Al device are broadly similar in 

shape to those of the interlayer-free Al device, and exhibit the same strong peak and 

shoulder at 510 and 480 nm.  The shorter wavelength features, however, are less well 

resolved and are somewhat modified in shape and position.  The EM features again 

scale linearly with applied bias between −2 and 2.2 V, consistent with the Stark effect. 

Above 2.2 V, however, the shape of the spectra begins to change and by 3.6 V the 

original reverse bias peaks have been completely replaced by new seemingly unrelated 

features.  

 

This anomalous feature cannot be due to electroabsorption but must arise from another 

effect.  The most probable cause, as described by Brewer and Lane et al.,106,107, is 

modulation due to the injected charge, referred to as excited state bleaching and 

absorption (ESBA).  Therefore, the observed EM signal is a mix of the field-dependent 

EA signal and the charge-induced ESBA signal.  This forward bias ESBA signal which is 

attributed to trapped (as opposed to free) or/and accumulated injected charges can be 

further proved by frequency-dependent and temperature-dependent EM measurements. 
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The dynamics of trapped charges typically have longer lifetimes, so there is a strong 

reduction in the ESBA signal with increasing frequency; while the EM signal is 

independent of modulation frequency due to the fast response time (1 μs) of most 

OLEDs.105  The charge-induced features can be eliminated by reducing the temperature 

of the device in which charge injection is ‘frozen out’.42 

 

The same general behaviour is observed for the interlayer-free Ca device.  The usual 

oscillatory features are observed at 510, 480, 446 and 380 nm in the range −2 to 2.3 V 

and these again scale linearly with the applied bias, consistent with the Stark effect. 

However, these features are completely absent above 2.3 V and are replaced by a broad 

feature below 420 nm plus a weak feature of the opposite sign above 500 nm.  Again, the 

sufficient charge injection at higher forward biases results in bleaching and/or absorption 

of the excited states which in turn alters the field-dependent EA spectra, adding in 

another charge-induced feature in the EM signals.  The inclusion of an interlayer in the 

Ca device, however, yields behaviour reminiscent of the interlayer-free Al device.  The 

same EM features are present at 510 and 480 nm, although the short wavelength 

features are somewhat modified in shape.  The magnitudes of the EM spectra vary 

approximately linearly with applied bias (although a slight deviation is observed above 

0.8 V as will be discussed shortly); strong anomalous charge-induced features of the kind 

described for devices (b) and (c) are not observed. 

 

Fig. 3.7 shows the DC bias dependence of the 1st-harmonic EM response for the four 

devices, measured at the 510 nm EA peak using a 6 kHz, 0.2 V AC bias.  The EM signal 

for the interlayer-free Al device varies linearly with DC-bias, passing through zero at 1 V, 

and shows only a slight deviation from linearity above 4 V.  The EM signal for the 

interlayer-containing Al device varies linearly with applied bias in the range 0 < VDC < 2 V, 

passing through zero at 1.2 V, but deviates from linearity at higher biases and exhibits an 

up-turn in the signal at 4.2 V.  In the case of the interlayer-free Ca device, the signal 

decreases linearly with DC-offset until the null-point is reached at 2.3 V.  In contrast to 

the other devices, however, the signal does not subsequently rise in magnitude as would 

be expected for the formation of a forward-biased electric field inside the device.  Instead, 

it remains close to zero, indicating substantial neutralisation of the internal field.  This 

behaviour is very common in devices that contain both PEDOT:PSS and a low work 

function cathode as reported by Brewer and co-workers.108,42  The behaviour of the 

interlayer-containing Ca device is similar to that of the interlayer-free Al device, although 

the deviation from linearity is more pronounced and occurs at a DC offset of about 0.6 V. 
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Figure 3.7 The DC bias dependence of the 6 kHz 1st-harmonic EM response of devices (a) to (d) at 
510 nm.  The modulation frequency is 6 kHz with 0.2 V amplitude. 
 

 

The electroabsorption signal falls to zero when the applied bias is equal to the built-in 

potential.107  The values of the built-in potential for the two Al devices can be extracted 

directly from Fig. 3.7 since they both exhibit linear behaviour at the point where the data 

crosses the x-axis in agreement with standard electroabsorption theory.  The built-in 

potentials for the Ca devices may be determined by extrapolating the data from the 

(linear) reverse-bias regime to −ΔT/T = 0.  Hence, we obtain for the built-in potential of 

devices (a)–(d), values of 1, 2.3, 1.2 and 1.9 V, respectively.  On first examination, these 

results do not suggest any kind of consistent behaviour: for the Al devices the inclusion of 

an interlayer increases the built-in potential by 0.2 V whereas for the Ca devices it 

decreases the built-in potential by 0.4 V; and for the interlayer-free devices, the switch 

from an Al to Ca cathode increases the built-in potential by 1.3 V whereas for the 

interlayer-containing devices, the same change of cathode materials increases the built-

in potential by only 0.7 V. 
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In Ref. [40], Lane and co-workers showed that the Fermi level of PEDOT:PSS has a 

strong tendency to become pinned to the HOMO level of the adjacent organic material 

with a consequent effect on the built-in potential.  The pinning effect between 

PEDOT:PSS and the HOMO of the active layer is different in nature from conventional 

pinning.40  Conventional pinning occurs when the work function of the anode is greater 

than the ionization potential of the active layer or the work function of the cathode is less 

than the electron affinity.  Facile hole (electron) injection lowers (raises) the potential of 

the semiconductor until the Fermi level and energy level are coincident.  The Fermi level 

of PEDOT:PSS, however, lies inside the energy gap.  To achieve pinning in theses 

circumstances, the organic layer in the vicinity of the PEDOT:PSS anode must acquire a 

negative charge in order to raise the electric potential and bring the energy of the HOMO 

coincident with the Fermi level.40  It has been proposed by Brewer and Lane that pinning 

of the Fermi level to the HOMO level is a consequence of electron trapping either within 

the PEDOT:PSS layer or at the interface between polyfluorene and PEDOT:PSS.40,107,108  

There is considerable experimental evidence in support of this model reported by Murata 

et al., Poplavskyy et al., and Woudenbergh et al. 41,43,109 

 

When using PEDOT:PSS as the anode, there are four situations that can occur: (i) 

pinning at neither electrode; (ii) pinning at the PEDOT:PSS anode but not the cathode; (iii) 

pinning at the cathode but not the PEDOT:PSS anode; (iv) pinning at both electrodes.  

The four situations give rise to four distinct values for the built-in potential as shown in 

Fig. 3.8: 
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Figure 3.8 Illustration of the relationship between the built-in potential, the electrode work functions, and 
the molecular orbitals of an organic semiconductor. (i) The energy levels when no Fermi levels pinning is 
expected; (ii) The energy levels when Fermi level pinning of anode (PEDOT:PSS) is expected; (iii) The 
energy levels when Fermi level pinning of cathode is expected; (iv) The energy levels when Fermi level 
pinning of both electrodes is expected. 
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In the above expressions, φa and φc are the work functions of the PEDOT:PSS anode and 

the cathode, respectively, φHOMO refers to the HOMO energy of the organic material in 

contact with the PEDOT:PSS (TFB or F8T2) and φLUMO refers to the LUMO energy of the 

organic material in contact with the metal cathode (F8T2).  The condition for pinning to 

occur at the cathode is straightforward and well-established experimentally: only if the 

Fermi level of the cathode lies above the LUMO level of the anode will pinning 

occur.  Hence, for F8T2, pinning will occur with Ca but not Al.  In the case of 

PEDOT:PSS, pinning can occur even when the effective Fermi level of the PEDOT:PSS 

lies above the HOMO level of the adjacent organic material as reported by Lane and co-

workers 40.  In the absence of a robust rule for determining whether or not pinning will 

occur at the PEDOT:PSS/organic interface, one must refer to the experimental data to 

determine if pinning occurs in a given device. 

 

In Table 3.2, we compare the experimentally determined built-in potentials for the four 

devices together with the expected values in the event or absence of pinning at the 

PEDOT:PSS/ organic interface.  As the data in Table 3.2 makes clear, the experimental 

results can be reconciled with theoretical expectation if pinning occurs for the interlayer-

free Ca device and the interlayer-containing Al device, i.e. for the same two devices that 

exhibited anomalous features in their forward-bias EM spectra.  The pinning effect 

eliminates the charge injection barriers at the PEDOT:PSS/organic interface, meaning we 

would expect efficient hole injection in these two devices.  In the other two devices, no 

pinning occurs so the rate of hole injection is determined by the energy offset between 

the effective Fermi level of PEDOT:PSS and the HOMO level of the adjacent organic 

layer. 

 

Expected VBI (V) 

Device structure 
Pinning at 

cathode?  pinning at anode
no pinning at 

anode 

Observed 

VBI (V) 

Conclusion: 

pinning at 

anode? 

ITO/PEDOT:PSS/F8T2/Al 
No 

(Δφ = 0.9 eV)
HOMO cφ φ−  

5.5 – 4.1 = 1.4 

a cφ φ−  

5.1 – 4.1 = 1.0
1.0 

No 

(Δφ = 0.4 eV)

ITO/PEDOT:PSS/F8T2/Ca 
Yes 

(Δφ = 0 eV)
HOMO LUMOφ φ−
5.5 – 3.2 = 2.3 

LUMOaφ φ−
5.1 – 3.2 = 1.9

2.3 
Yes 

(Δφ = 0 eV) 

ITO/PEDOT:PSS/TFB/F8T2/Al 
No 

(Δφ = 0.9 eV)
HOMO cφ φ−  

5.33 – 4.1 = 1.23

a cφ φ−  

5.1 – 4.1 = 1.0
1.2 

Yes 

(Δφ = 0 eV) 

ITO/PEDOT:PSS/TFB/F8T2/Ca 
Yes 

(Δφ = 0 eV) 
HOMO LUMOφ φ−

5.33 – 3.2 = 2.13

LUMOaφ φ−
5.1 – 3.2 = 1.9

1.9 
No 

(Δφ = 0 .2 eV)

Table 3.2 Comparison of the observed built-in potentials for devices (a) to (d) with the values expected 
theoretically in the event or absence of pinning at the PEDOT:PSS/organic interface. 
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3.2.3 The role of the interlayer 

The experimental results reported in the previous section are surprising in a number of 

ways.  Most remarkable perhaps is the excellent performance of the interlayer-containing 

Al device which – based on the large 0.9 eV barrier to electron injection – would be 

expected to exhibit very poor efficiencies.  To understand how the interlayer affects 

device efficiency, we show in Fig. 3.9 the energy level diagrams for the four devices 

plotted using the data in Fig. 3.3 and the information inferred from Table 3.2.  In the 

interlayer-free Al device, the energy barriers for electron and hole injection are 0.9 eV 

and 0.4 eV, respectively (Fig. 3.9a), meaning the current is both small in magnitude and 

dominated by holes.  Owing to the low carrier densities inside the device and the large 

mismatch in electron and hole currents, low device efficiencies are expected in 

agreement with Fig. 3.5a.  In the case of the interlayer-free Ca device, there are no 

barriers to either electron or hole injection due to pinning at both electrodes (Fig. 3.9b). 

Injection should be efficient for both electrons and holes so a high current is expected. 

However, since there is nothing to prevent injected charges from reaching the counter 

electrodes before they have a chance to recombine, an appreciable fraction of the 

current will be wasted through ‘leakage’, resulting in a relatively low device efficiency as 

seen in Fig. 3.5b. 

 

In the case of the interlayer-containing Al device, one would intuitively expect very low 

device efficiencies since, the barrier to hole injection is zero while the barrier to electron 

injection is 0.9 eV.  In reality, the interlayer-containing Al device performs very well and, 

remarkably, is more efficient than even the interlayer-free Ca device.  The implication is 

clear: introducing an interlayer next to the hole-injecting contact must somehow improve 

the rate of electron injection at the opposite contact.  Although counterintuitive, this can 

be rationalised if during device operation there is a substantial accumulation of holes at 

the TFB/F8T2 interface (Fig. 3.9c).  This would cause the bulk of the device to become 

steadily more positively charged until electron injection eventually becomes favourable 

despite the 0.9 eV energy barrier at the F8T2/Al interface. 
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Figure 3.9 Energy level diagrams for the four devices based on the data in Fig. 3.3 and the information 
in Table 3.2.  The Fermi level of the Ca cathode is pinned to the LUMO level of F8T2 in devices (b) and 
(d).  The Fermi level of the PEDOT:PSS is pinned to the HOMO level of the adjacent organic layer in 
devices (b) and (c). 
 

 

The 0.2 eV HOMO level offset is unlikely in itself to cause enough holes to accumulate at 

the TFB/F8T2 interface.  However in passing from the TFB layer to the F8T2 layer, there 

is an approximate twenty-fold reduction in the hole mobility from ~2×10-3 to ~1×10-4 

cm2/Vs in spin-coated thin films measured by TOF technique.110  The effect of a reduction 

in mobility is similar to that of an energy barrier, causing charges to pile-up on the high-

mobility side of the interface, and so can be thought of as a “mobility barrier” in analogy 

to a conventional energy barrier.  Hence, the combined effects of the 0.2 eV energy 

barrier and the large reduction in hole mobility are likely to give rise to significant hole 

accumulation inside the device, sufficient to appreciably increase the rate of electron 

injection.  Importantly, due to the energy/mobility barriers at the F8T2/TFB interface, 

permeation of holes into the F8T2 layer and of electrons into the TFB layer is strongly 

suppressed.  Electron-hole recombination will be highly localised at the TFB/F8T2 

interface due to the enhanced charge density at this location, resulting in higher overall 

device efficiencies than the interlayer-free Ca device.  
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A similar mechanism is expected to apply in the case of the interlayer-containing Ca 

device, where electron injection is Ohmic but there exists a substantial 0.4 eV energy 

difference between the Fermi level of the injecting electrode and the HOMO level of the 

emissive layer (into which the holes must pass before light emission can occur).  In this 

case, a large accumulation of electrons is expected at the TFB/F8T2 interface due to the 

large offset in LUMO energies, causing the device to become steadily more negatively 

charged until it eventually becomes favourable for holes to pass across the TFB/F8T2 

barrier where they recombine with (some of) the accumulated electrons. 

 

3.2.4 Summary 

The data reported in this section indicates that the use of a low work function cathode or 

the inclusion of a TFB interlayer between the PEDOT:PSS and F8T2 gives rise to both 

anomalous charge-induced features in the electromodulation spectra and pinning at the 

PEDOT:PSS/organic electrode.  By contrast, the use of a low work function cathode and 

a TFB interlayer suppresses the charge-induced features and pinning effects.  There are 

few obvious mechanisms that can convincingly account for the observed behaviour i.e. 

that can readily explain how two unrelated changes to the device structure can lead to 

similar changes in device behaviour when implemented separately yet seemingly cancel 

each other out when implemented together.  This behaviour – and in particular the 

physical factors that determine whether or not pinning will take place – is clearly critical to 

obtaining a proper understanding of device operation and further studies are needed to 

shed light on this issue. 

 

As a final comment, based on the surprisingly high efficiencies of the interlayer-

containing Al device, we raise an interesting question: with sufficient optimisation could 

the use of interlayers eliminate the need for a low work function electrode altogether? 

The present generation of OLEDs use reactive electrode systems (e.g. Ca, Ba and metal-

halide doped composites) but appropriately chosen interlayers might enable high 

efficiencies to be achieved without recourse to such materials, thereby simplifying device 

fabrication and potentially improving device lifetimes. 
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3.3 Interlayers in Blue and Red Devices 

While the previous section examined green-emitting F8T2 PLEDs, in this section we 

explain the effect of a TFB interlayer in blue- and red- emitting PLEDs based on the light-

emitting polymer poly(9,9’-dictylfluorene) (PFO) and polyfluorene-based red copolymer 

(Red F).  Here, we focus only on devices with low work function Ba cathodes, and our 

studies are less comprehensive than those reported for F8T2.  Devices with the structure 

ITO/PEDOT:PSS/LEP(100 nm)/Ba(20 nm) are referred to as PFO-, Red F- or TFB- only 

devices, and those with the structure ITO/PEDOT:PSS/TFB(10 nm)/LEP(100 nm)/ 

Ba(20 nm) are called “interlayer devices”.  These devices were fabricated using the same 

methods as before. 

 

3.3.1 Optical and electrical characteristics 

PFO was chosen as the blue emission material due to its high PL quantum efficiency 

(40 %).  It has an ionisation potential (Ip) of 5.8 eV and an electron affinity (Ea) of 2.6 eV, 

and is a non-dispersive hole-transporter with a room temperature hole mobility of 4 × 10-4 

cm2/Vs.19  Fig. 3.10 shows the relevant energy levels of PFO, TFB, PEDOT:PSS and Ba. 

As mentioned in the previous section, the HOMO level of the interlayer TFB matches well 

with the Fermi level of PEDOT:PSS and is therefore used here to aid hole injection. 

Following Fig. 3.10, to inject holes from TFB into PFO a 0.5 eV energy barrier must be 

overcome, and to transfer electrons from PFO to TFB a 0.3 eV barrier must be overcome.  

 

 
Figure 3.10 Schematic energy level diagram of ITO/PEDOT:PSS/TFB/PFO/Ba device; also shown are 
the molecular structures of PEDOT:PSS, TFB and PFO. 
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Typical room temperature absorption and photoluminescence (PL) spectra for solid films 

of PFO and TFB are shown in Fig. 3.11a.  For PFO, the absorption consists of a strong 

featureless π-π* transition that peaks at 384 nm.  The PL spectrum reaches a maximum 

at 436 nm with well defined vibronic features at 426 nm and 441 nm.  The absorption and 

emission peaks of TFB (394 nm and 433 nm) are closer than those of PFO.  Since the 

two absorption spectra are fairly similar to each other, the EA spectra of PFO and TFB 

are predicted to be reasonably alike. 
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Figure 3.11 (a) Absorption and PL spectra for solid films of PFO (solid lines) and TFB (dotted lines).  (b) 
EL spectra for PFO-only device (red triangles) and TFB (10 nm)/PFO device (solid blue line). 
 

 

The normalised electroluminescence (EL) spectra for PFO-based devices with and 

without a 10 nm interlayer were recorded at a luminance of 100 cd/m2, as shown in 

Fig. 3.11b.  The CIE coordinates of the emission of the PFO-only device are x = 0.18, y = 

0.10, whereas those of the TFB/PFO interlayer device are x = 0.17, y = 0.08.  Comparing 

the EL spectra of the two devices, we find that the inclusion of the TFB interlayer does 

not affect the main features of the EL spectrum: in both cases there are two peaks at 426 

and 442 nm and the spectra match closely in range 350–470 nm.  This confirms that the 

emission in the TFB/PFO device originates primarily from radiative recombination in the 

PFO layer.  However, the PFO-only device shows a plateau at ~500–520 nm and a 

slower drop off in EL intensity towards the 550–600 nm tail, which is a feature commonly 

observed in degrading polyfluorene-based PLEDs.111  The emission feature, which turns 

the blue emission colour to an undesirable blue-green emission indicates the formation of 

(exciton- and charge- trapping) keto defect sites,112 as a result of photo- or electro- 

oxidative degradation.  Blending the PFO with dilute concentrations of hole transporting 

materials can suppress the unwanted EL at long wavelengths.113  Similarly, adding a hole 

transporting interlayer appears also to reduce the oxidation process. 
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Figure 3.12 (a) Current density-voltage (open symbols) and luminance-voltage (solid symbols) curves 
for the PFO-only device (circles), the TFB/PFO interlayer device (triangles), and the TFB-only device 
(squares).  (b) Luminous efficiencies of the three devices.  For clarity, the luminous efficiency of the TFB-
only device has been multiplied by a factor of 10. 
 

 

Fig. 3.12 shows the current-voltage-luminance (I-V-L) characteristics and luminous 

efficiencies of the PFO- and TFB-only devices as well as the TFB/PFO interlayer device. 

The ITO/PEDOT:PSS/PFO/Ba device shows a turn-on voltage (L > 1 cd/m2) of 4.2 V and 

shows a nearly constant luminance of ~150 cd/m2 at drive voltages between 6.5 and 10 V 

and a corresponding current density of ~338 mA/cm2.  A maximum luminance of 

210 cd/m2 is eventually achieved at 16 V.  Surprisingly, for the interlayer device, the turn-

on voltage increases to 5.4 V.  A luminance of 750 cd/m2 is reached at 10 V and it peaks 

at a value of 2,300 cd/m2 at 15 V.  The current increases sharply at 7.5 V, resulting in a 

boost in the luminance above this voltage.  The reduction in device current upon insertion 

of the interfacial TFB above 4.0 V might indicate that the electron current is blocked by 

the TFB layer.  The TFB-only device has a larger leakage current and lower luminance, 

reaching 100 cd/m2 under an applied DC bias of 10 V.  But the light-onset voltage of 4 V 

is the lowest among the three. The PFO-only device shows very low luminous efficiencies 

(~ 0.05 cd/A in Fig. 3.12b); while the peak luminous efficiency of the interlayer device is 

nearly ten times higher (0.44 cd/A). As the maximum efficiency of the TFB-only device is 

less than 0.005 cd/A, this large performance difference cannot be solely attributed to 

either TFB or PFO, but must instead be an effect of the TFB/PFO interface. 

 

There are three possible reasons for the efficiency improvement in the interlayer device. 

Firstly, TFB could transport holes efficiently because of its high hole mobility and low lying 

HOMO level of −5.3 eV.  However, the turn-on voltage of the interlayer device is higher 

than that of the PFO-only device, suggesting a larger hole injection barrier for the former 

device, which will be examined shortly in the EM measurements.  Secondly, TFB also 

blocks electrons and excitons due to its high lying LUMO level of −2.3 eV compared to 
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−2.8 eV for PFO.  Based on our previous findings with F8T2, (i) electrons blocked by the 

TFB interlayer are expected to accumulate in the PFO layer and eventually recombine 

instead of being collected at the anode, and (ii) electron accumulation at the interface is 

expected to aid hole transfer to PFO, – both of which would improve device 

efficiency.  Finally, the recombination zone is shifted away from the anode as a result of 

electron blocking, and concentrates near the TFB/PFO interface, thus preventing the 

degradation of PFO from contact with the acid PEDOT:PSS. 

 

3.3.2 Electromodulation measurements 

To better understand the superior efficiency of the TFB/PFO device, EM spectroscopy 

can be used.  Fig. 3.13(I) shows the 1st-harmonic EM spectra of the three devices 

measured under a variety of DC offsets.  For the PFO-only device, the reverse bias 

spectra are dominated by a typical broad peak at 416 nm and a small oscillatory negative 

feature at 400 nm.  The reverse bias EM spectrum varies linearly with DC bias, which is 

consistent with conventional electroabsorption (the Stark effect).  However, the EA 

features vanish above 4 V, and are replaced by a much broader negative feature centred 

at 410 nm.  The shape of this broad peak changes as the bias increases, and the peak 

moves from 410 to 414 nm. 

 

For the TFB-only device shown in Fig. 3.13(Ib), the low bias EM spectra are dominated 

by a strong EA feature centred at 422 nm and vary linearly with DC bias, reaching zero at 

2.8 V and remaining virtually the same at higher biases up to 5 V.  This near-complete 

cancellation of the internal field is referred as screening effect, and is attributable to 

injected charge carriers under light-emitting conditions.  Injected charges must 

accumulate at the counter electrode in order to screen the bulk semiconductor from the 

external field.  Otherwise, accumulation of charges close to the injecting contact would 

increase the bulk field, as seen for example in space-charge-limited devices.  Therefore, 

the observed field screening is due to either trapped electrons at the anode or trapped 

holes at the cathode.  As discussed in a number of papers by Brewer and co-

workers,107,108 screening effect was observed in the electron-dominated regime, 

suggesting that trapped electrons by the PEDOT:PSS anode are the likely cause of 

screening.  

 

In contrast, the EM spectrum of the interlayer device shows relatively symmetric 

behaviour, which suggests that electroabsorption is the dominant process that contributes 

to the EM signal.  The peak EA wavelength shifts from 410 nm in the PFO-only device to 

418 nm in the interlayer device due to the inserted TFB which has an EA peak at 422 nm.  
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As shown in Fig. 3.13(IIa), the 1st-harmonic EM signal of the PFO-only device decreases 

linearly with the DC bias, and reaches zero at 2.8 V, which is the built-in potential of this 

device.  It continues to vary linearly with DC bias until 4 V, at which point it deviates in the 

positive direction.  As the work functions of the cathode (Ba) and the anode (PEDOT:PSS) 

lie inside the band gap of PFO, the built-in potential might be expected to equal 

5.1 − 2.7 = 2.4 eV.  The 0.4 V discrepancy  can be attributed to the pinning of the Fermi 

level of the anode to the HOMO level of PFO − a consequence of electron trapping either 

within the PEDOT:PSS layer or at the interface between PFO and PEDOT:PSS.108 

Pinning of the Fermi level of PEDOT:PSS reduces the hole injection barrier, which is 

consistent with the low EL turn-on bias as seen in Fig 3.11a. 
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Figure 3.13 (I) The 1st harmonic EM spectra for the devices (a) ITO/PEDOT:PSS/PFO/Ba, (b) 
ITO/PEDOT:PSS/TFB/Ba, and (c) ITO/PEDOT:PSS/TFB(10 nm)/PFO/Ba under a series of DC offsets. 
Device (a) and (c) were measured with 0.5 V modulation AC bias and device (b) was measured with 
0.2 V AC bias at frequency of 6 kHz.  (II) The dependence of EM response on DC bias (a) at 416 nm for 
the PFO-only device, (b) at 410 nm for the TFB-only device, and (c) at 418 nm for the TFB/PFO device, 
at VAC = 0.2 V with f = 6 kHz. 

 

 

The 1st-harmonic EM signal of the TFB-only device decreases linearly with DC bias in 

accordance with the Stark effect until 2.4 V, where it then deviates from pure Stark effect 

behaviour (solid line), indicating a moderate degree of field redistribution even at biases 

below the turn-on voltage.  The flat-band condition is satisfied at 2.7 V, which 

corresponds to the difference between the work function of Ba (2.7 eV) and the Ip of TFB 
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(5.3 eV, as a result of PEDOT:PSS pinning to HOMO level of TFB).  Above VBI, the signal 

remains at, or close to, zero, indicating full neutralisation of the internal field. 

 

In contrast, the 1st-harmonic EM signal of the TFB/PFO interlayer device exhibits a linear 

dependence on the DC bias over the full measurement range, giving a built-in potential of 

2.4 V.  Since charge induced effects are absent in the EM spectrum measurement and 

the built-in potential is approximately equal to the difference between the electrode work 

functions, it can be deduced that pinning does not occur at either electrode in the 

interlayer device.  In other words, the inserted TFB interlayer ‘cuts off’ the efficient hole 

injection pathway by increasing the hole injection barrier, resulting in a smaller current 

density and higher EL turn-on voltage as observed in Fig. 3.12a. 

 

On the sole basis of energy level considerations, the incorporation of TFB between 

PEDOT:PSS and PFO would ordinarily be expected to increase the hole current injected 

into the emissive layer.  In addition, the hole mobility is nearly an order of magnitude 

higher in TFB (~10-3 cm2/Vs at a field of 105 V/cm) than that in PFO.19,103  However, 

because of the pinning of Fermi level at the PEDOT:PSS/PFO interface, hole injection in 

the PFO-only device becomes Ohmic.  Inserting the TFB interlayer actually increases the 

hole injection barrier, since no pinning of PEDOT:PSS is observed in the interlayer 

device.  This phenomenon is consistent with the EM studies on F8T2-based Ca devices 

presented in the previous section.  It is proposed that the main reason for improved 

efficiency in the interlayer devices is the electron-blocking effect at the TFB/PFO interface, 

which results from the significant 0.3 eV mismatch in their LUMO levels. 

 

3.3.3 Red devices with interlayers 

Finally, to see if a TFB interlayer would behave similarly (i.e. increase the device 

efficiency due to its blocking nature), with a different choice of emissive polymer, 

interlayer-free and interlayer-containing devices with respective structures 

ITO/PEDOT:PSS/Red F/Ba and ITO/ PEDOT:PSS/TFB/Red F/Ba were fabricated and 

characterised.  Red F is a red-emitting polyfluorene that typically emits with CIE ordinates 

(x, y) = (0.65, 0.32).   The efficiencies of the two devices are compared in Fig. 3.14a.  The 

Red F-only device reaches a maximum luminous efficiency of 2.1 cd/A at 9.6 V, while the 

interlayer device reaches a peak of 2.93 cd/A at 7.4 V.  The maximum luminosity 

increases from 0.85 to 1.07 lm/W when the TFB interlayer is inserted.  So again, a TFB 

interlayer significantly enhances device efficiency. 
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Figure 3.14 (a) Luminous efficiency (cd/A) and luminosity (lm/W) of the Red F-only device and the 
TFB/Red F interlayer device. (b) Comparison of the 1st-harmonic EM spectra of the two devices at 
VDC = −2 and +4 V, respectively. 
 

 

EM spectroscopy was again used to study the function of the TFB interlayer.  Fig. 3.14b 

shows on a single plot the EM spectra for the Red F-only device and the interlayer device 

at −2 V and 4 V, respectively.  The two devices have similar 1st-harmonic EM spectra 

under reverse bias with a peak at 496 nm, positive oscillatory features at 370, 430, and 

600 nm, and a negative feature at 400 nm.  The two sets of EM signals have different 

amplitudes due to being of slightly different thickness.  Under forward bias, the Red F-

only device shows a large negative feature centred at 460 nm, which replaces all the EA 

features observed in the reverse bias.  The interlayer device has much smaller EM 

responses that cannot be accounted for by the thickness difference.  More importantly, 

although clearly modified in shape, it retains some oscillatory EA features at short 

wavelengths (whereas the Red F-only device changes completely in forward bias).  The 

insertion of an interlayer therefore again appears to reduce the formation of charge-

induced spectral features.  This is consistent with both the PFO data and the F8T2 data 

for devices with low work function cathodes.  This may be due to the electron-blocking 

property of TFB, which effectively moves the accumulated electrons from the 

PEDOT:PSS/Red F interface to the TFB/Red F interface.  If TFB also facilitates hole 

injection from the anode, there may be more free holes recombining with the 

trapped/accumulated electrons, resulting in a decrease of accumulated electrons and the 

associated absorption features. 
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3.3.4 Summary 

In summary, we have used the results of EM measurements to better understand the 

improvements in device efficiency that arise when a thin layer of TFB is inserted between 

PEDOT:PSS and the emissive layer in PFO- and Red F- based devices.  Although these 

studies are less comprehensive than those we reported for F8T2, the results are broadly 

consistent.  The EM measurements reveal that the TFB interlayer actually increases the 

hole injection barrier which given efficient injection from the Ohmic cathode (Ba) would be 

expected to reduce device efficiency.  It is the prevention of electron leakage and exciton 

quenching which appear to be primarily responsible for the improved device efficiency. 
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4. Device Optimisation Using Interlayers 

 

 

igh efficiency polymer LEDs with an interlayer next to the PEDOT:PSS layer 

are studied.  In this first part of  this chapter the effects of  two different 

polymeric interlayer materials poly[2,7-(9,9-di-N-octylfluorene)-alt-(1,4-

phenylene-((4-secbutylphenyl)imino)-1,4-phenylene)] (TFB) and poly[2,7-(9,9-di-n-

octylfluorene)-co-(bis-N,N’-(3-ethoxyphenyl)-bis-N,N’-phenylbenzidine)] (BFE) are 

compared and contrasted.  In the second part, a crosslinkable interlayer material 

– oxetane functionalised triphenylamine-dimer (XTPD) is combined with a 

phosphorescent active layer to achieve high efficiency. 
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4.1 Efficient Blue LEDs with Different Interlayers 

In this section, we present a comparative study of the effect of two different interlayer 

materials, poly[2,7-(9,9-di-N-octylfluorene)-alt-(1,4-phenylene-((4-secbutylphenyl)imino)-

1,4-phenylene)] (TFB) and poly[2,7-(9,9-di-N-octylfluorene)-co-(bis-N,N’-(3-ethoxyphenyl) 

-bis-N,N’-phenylbenzidine)] (BFE), in collaboration with Dr. BoonKar Yap who studied the 

film properties of the interlayer materials and interlayer-containing device lifetime (Section 

4.1.2).  The characteristics of the interlayers are tested using a series of LEDs based on 

blue light emitting copolymers consisting 9,9-dioctylfluorene (F8) and phenylenediamine 

(PD).102  Both interlayers are found to significantly improve the device performance, but 

the origins are different. 

 

4.1.1 Introduction 

Poly(9,9-dialkylfluorene) can be prepared in good yield and with high purity.  However, 

one of the problems of using poly(9,9-dialkylfluorene) is its poor colour stability after 

thermal treatment or during device operation,114 which turns the emission colour blue-

green and leads to a drop in the EL quantum efficiency.  This can be partially overcome 

by introducing an interlayer on top of PEDOT:PSS as discussed in Chapter 3.3.  Another 

problem is the imbalance of the charge-carrier mobilities in polyfluorenes.  A variety of 

chromophores have been incorporated into the polyfluorene backbone to obtain a series 

of soluble blue light-emitting conjugated random and alternating copolymers that exhibit 

improved stability and more evenly balanced transport characteristics.  For example, Ego 

et al. reported the synthesis and properties of a blue polyfluorene with hole-transporting 

triphenylamine units introduced in the 9-position.115  The recently developed silafluorene 

is an excellent deep blue chromophore with high thermal stability and low-lying LUMO.116 

In addition, polymers consisting of alkoxyphenyl-substituted fluorene units together with 

different amounts of a hole-transporting triphenylamine-substituted fluorene unit have 

been shown to exhibit high photoluminescence and electroluminescence efficiencies in 

the blue spectral region.117  

 

Here, an electron transporting component PD is copolymerised into F8 to achieve a 

better balance of charge mobilities.  In Chapter 3 we showed that adding a thin layer of 

TFB between PEDOT:PSS and the emitter can improve device performance.  In the work 

of Hong and Kanicki,118 by incorporating BFE into red-emitting LEDs on flexible 

substrates, a reduced operating voltage and improved efficiency were observed.  In this 

chapter, we compare the performance of TFB and BFE as interlayer materials for use 

with F8/PD copolymers. 
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Figure 4.1 Chemical structures of (a) F8 and PD, (b) TFB and BFE.  (c) Energy level diagram of the 
polymers and electrodes used here.102  The LUMO levels are calculated from the HOMO levels and the 
optical band gaps. 
 

 

To optimise device efficiency, four blue copolymers with proportions of 97 to 80 % F8 

(and correspondingly 3 to 20 % PD) were used.  The chemical structure of the two 

components of the emissive layer and the interlayer material BFE are shown in Fig. 4.1a 

and Fig. 4.1b, respectively.  The devices studies here have the structure 

ITO/PEDOT:PSS(80 nm)/ITL(10 nm)/EML(100 nm)/LiF(4 nm)/Ca(5 nm)-Al(120 nm), in 

which the emissive polymer is one of the four copolymers: SC011 (97 % F8 and 3 % PD), 

SC012 (95 % and 5 % PD), SC013 (90 % and 10 % PD), SC014 (80 % F8 and 20 % PD). 

The HOMO levels of the polymers used in this section were obtained from cyclic 

voltammetry measurements,119 while the LUMO levels were estimated from the HOMO 

levels and the optical gaps.  As shown in Fig. 4.1c, the HOMO levels of TFB and BFE are 

both lower lying than the Fermi level of PEDOT:PSS, and the LUMO level of BFE is 

estimated to be slightly lower-lying than that of TFB.  The emitters have similar LUMO 

levels but very different HOMO levels whose absolute values decrease with increasing 

PD content from SC011 to SC014. 
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The devices were fabricated by Sumitomo Chemical Co. Ltd.  The glass substrate 

patterned with ITO was cleaned ultrasonically in deionised water, acetone and then 

isopropanol for 20 minutes each, followed by 20 minutes of UV-ozone treatment.  Baytron 

P AI4083 PEDOT:PSS was then spin-coated on the prepared substrate, yielding an 

80 nm buffer layer.  A 10 nm interlayer TFB or BFE was then spin-coated from xylene 

solution onto the PEDOT:PSS and annealed in the dry nitrogen glove box at 180 °C for 

15 minutes.  The higher annealing temperature of 180 °C greatly increases the stability of 

the thin interlayers (both TFB and BFE).  Once the interlayer-coated substrate had cooled 

down, the light-emitting polymer was spin-coated on top and annealed at 90 °C for 1 hour 

in a glove box.  The thickness of the emissive layer was 100 ± 10 nm.  Finally, 4 nm LiF, 

5 nm Ca and 100 nm Al were thermally evaporated in sequence on top of the polymer 

layers through a shadow mask in vacuum under 10-6 mbar.  After cathode evaporation, a 

glass lid was clamped onto the substrates with UV-curable adhesive.  This was done in 

an encapsulation chamber with extremely low moisture and oxygen level.  Then UV 

irradiation was applied onto the substrates for 90 s to cure the adhesive.  The light-

emitting area, defined by the overlap of the ITO and LiF/Ca electrodes, was 4 mm2. 

 

4.1.2 Interface stability and device lifetime studies 

To better understand the differences between the behaviour of TFB and BFE as interlayer 

materials, detailed interfacial studies were carried out by B.K. Yap using three types of 

sample: (1) quartz/PEDOT:PSS/ITL, (2) quartz/PEDOT:PSS/ITL/EML, (3) quartz/ 

PEDOT:PSS/EML.  Sample 1 was used to study the interface between the interlayer 

materials and PEDOT:PSS. Sample 2 was used to investigate the interface between the 

interlayer materials and the emitter.  And, by comparing sample 2 and 3, the merits of 

inserting interlayers could be studied.  A solvent washing process in chloroform solvent 

was used to compare the adhesion between PEDOT:PSS and TFB or BFE.  

 

Fig. 4.2 shows that, after washing, the BFE samples subjected to 15 minutes or 1 hour 

annealing have shown an appreciable absorbance due to residual BFE.  The TFB 

samples subjected to just 15 minutes annealing have shown a much weaker absorbance. 

The TFB layer became more “insoluble” when the annealing time was increased to 1 hour, 

which is consistent with the findings of Chapter 3.  The absorbance after washing is 

smaller for TFB than BFE which suggests strong adhesion between BFE and 

PEDOT:PSS.  However, the absorbance of PEDOT:PSS/BFE reduces as the annealing 

time increases, suggesting poor thermal stability. 
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Figure 4.2 Absorbance of PEDOT:PSS/BFE (red) and PEDOT:PSS/TFB (black) films before and after 

chloroform wash.  The annealing time of the 25 nm interlayer films was 15 minutes or 1 hour.102 

 

 

As described in Ref. [102], for sample 2 (quartz/PEDOT:PSS/ITL/SC013), the SC013 

layer was completely washed off by the chloroform, leaving only the interlayer material 

behind.  This suggests that adhesion between SC013 and both of TFB or BFE is weak. 

While in the case of sample 3 (quartz/PEDOT:PSS/SC013), a thin layer of SC013 

remained on top of the PEDOT:PSS layer.  We showed in Chapter 3 that (as have others 

elsewhere 88,92,120) PEDOT:PSS is needed to promote the formation of an insoluble 

interfacial layer.  It has been speculated that mobile H+ ions from the sulphates (–SO3H) 

in PSS protonate or quaternise the electron lone pair in the nitrogen atoms of PD, TFB 

and BFE, making these oxidised chains less soluble in organic solvents.100,102,121  TFB 

has a lower ratio of nitrogen to polyfluorene than BFE (1:1 versus 2:1).  This may be the 

reason that 15 minutes of annealing is not enough to insolubilise TFB, but is sufficient for 

BFE.  Increasing the annealing time for the TFB interlayer to 1 hour probably improves 

the quality of adhesion by allowing free-moving H+ ions to penetrate deeper into the TFB 

layer. 

 

 



Chapter 4  Device optimisation using interlayers 

97 

 
Figure 4.3 EL decay with time for the SC013 control device (○), TFB device (Δ), and BFE device (□): the 
initial luminance is 1600 cd/m2, and the solid line indicates the half luminance of 800 cd/m2.102 
 

 

The stabilities of the SC013-based interlayer-free device, and the TFB and BFE interlayer 

devices were studied under continuous operation conditions (Fig. 4.3).  The half lifetime 

of the three devices was determined at an initial luminance of 1600 cd/m2.  The 

luminance of the control device decayed to 800 cd/m2 in 12 minutes, while the TFB and 

BFE devices had lifetimes of 7 hours and 3.6 hours, respectively.  It is clear that both TFB 

and BFE interlayers help to prolong the device lifetime, presumably by confining the 

electrons to the emissive layer and thus preventing them from passing into the 

PEDOT:PSS layer where they could cause degradation.  The interlayers might also 

protect the emissive layer from any water absorbed by the hydrophilic PEDOT:PSS layer. 

In addition, further protection of the emissive layer from reactive indium cations and 

oxygen atoms diffusing out of the ITO anode is also to be expected.  In terms of stability 

and device lifetime, the TFB interlayer device performs much better than the BFE 

interlayer device. 

 

4.1.3 Comparison of electrical characteristics  

4.1.3.1 Current-voltage-luminance measurements  

Fig. 4.4 shows the I-V-L characteristics of the SC011–SC014 control devices and the 

corresponding devices with TFB or BFE interlayers.  The current in the SC011 control 

device shows symmetric behaviour centred at −0.4 V and turns on sharply at 3.2 V.  The 

onset of measurable emission light (0.01 cd/m2) occurs at 3.8 V.  Adding TFB or BFE into 

the device reduces the reverse-bias current density, indicating fewer conductive filaments 
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between the electrodes.  The minimum absolute value of the current occurs far from 0 V 

for the TFB and BFE interlayer devices, which indicates that there are more intrinsic traps 

inside the interlayer devices (see Ref. [96]) that may be formed at the PEDOT:PSS/ITL 

interface and/or the ITL/SC011 interface during device fabrication.  Above 2.2 V, the 

current in the interlayer devices increases sharply and quickly exceeds the current in the 

control device.  The overall luminance improvement for the devices with the interlayer is 

remarkable.  The TFB interlayer device reaches a luminance of 2037 cd/m2 at 10 V (6.4 

times higher than the control device), while the BFE interlayer device reaches 4507 cd/m2 

at the same voltage (14.2 times higher than the control device).  In addition, the emission 

threshold for the control device is 3.8 V which reduces to 2.8 V for the TFB interlayer 

device and even further to 2.6 V for the BFE interlayer device. 

-4 -2 0 2 4 6 8 10
10-7

10-5

10-3

10-1

101

103

 SC014
 TFB/SC014
 BFE/SC014

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

10-2

10-1

100

101

102

103

104

105

Lum
inance (cd/m

2)

(d)
-4 -2 0 2 4 6 8 10

10-7

10-5

10-3

10-1

101

103

 SC013
 TFB/SC013
 BFE/SC013

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

(c)
10-2

10-1

100

101

102

103

104

105

Lum
inance (cd/m

2)

-4 -2 0 2 4 6 8 10
10-7

10-5

10-3

10-1

101

103

 SC012
 TFB/SC012
 BFE/SC012

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

(b)
10-2

10-1

100

101

102

103

104

105

Lum
iance (cd/m

2)

-4 -2 0 2 4 6 8 10
10-7

10-5

10-3

10-1

101

103

 SC011
 TFB/SC011
 BFE/SC011

Voltage (V)

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

(a) 10-2

10-1

100

101

102

103

104

105

Lum
inance (cd/m

2)

 
Figure 4.4 Current density-voltage (open symbols) and luminance-voltage (solid symbols) 
characteristics of devices (a) to (d) with structures ITO/PEDOT:PSS/ITL/LEP(SC011–14)/LiF/Ca.  □/■: 
control device, ○/●: devices with a TFB interlayer, and ∆/▲: devices with a BFE interlayer. 
 

 

The SC012–SC014 control and interlayer devices show similar I-V-L responses to those 

discussed above.  In general, the interlayer devices show much lower leakage currents 

and a well-defined threshold two-carrier injection and light emission.  Beyond 

approximately 3.2 V, the current in a given interlayer device exceeds the current 
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observed in the associated control device, indicating more efficient hole injection and 

thus high luminance.  For SC012-based devices, the 10 V luminance is enhanced by 

factors of 7.9 and 10.6 times for the TFB and BFE interlayer devices respectively. 

Similarly, for SC013 the enhancement factors are 4.4 and 5.5, and for SC014-based 

devices they are 2 and 2.1.  The enhancement in the luminance is strongest in the 

SC011-based devices and diminishes with increasing amine content from SC011 to 

SC014. 

2 3 4 5 6 7 8 9 10
10-2

10-1

100

101

 SC014
 TFB/SC014
 BFE/SC014

Voltage (V)

Lu
m

in
ou

s 
Ef

fic
ie

nc
y 

(c
d/

A
)

(d)
10-2

10-1

100

101

Lum
inosity (lm

/W
)

2 3 4 5 6 7 8 9 10
10-2

10-1

100

101

 SC013
 TFB/SC013
 BFE/SC013

Voltage (V)

Lu
m

in
ou

s 
Ef

fic
ie

nc
y 

(c
d/

A
)

10-2

10-1

100

101

Lum
inosity (lm

/W
)

(c)

2 3 4 5 6 7 8 9 10
10-2

10-1

100

101

 SC012
 TFB/SC012
 BFE/SC012

Voltage (V)

Lu
m

in
ou

s 
Ef

fic
ie

nc
y 

(c
d/

A
)

(b)
10-2

10-1

100

101

Lum
inosity (lm

/W
)

2 3 4 5 6 7 8 9 10
10-2

10-1

100

101

 SC011
 TFB/SC011
 BFE/SC011

Voltage (V)

Lu
m

in
ou

s 
Ef

fic
ie

nc
y 

(c
d/

A
)

(a)
10-2

10-1

100

101

Lum
inosity (lm

/W
)

 
Figure 4.5 Luminous efficiency (open symbols) and luminosity (solid symbols) characteristics of the four 
types of blue devices (a) to (d).  □/■: control device, ○/●: devices incorporating a TFB interlayer, and 
∆/▲: devices with a BFE interfacial layer. 
 

 

Fig. 4.5 shows the luminous efficiency (open symbols) and luminosity (solid symbols) of 

the control, TFB interlayer and BFE interlayer devices based on SC011–SC014. 

Comparing the four control devices, the copolymer with the highest amine content yields 

the highest current density as the HOMO level is best matched to that of the hole 

injection layer (Fig. 4.1).  By increasing the PD content from 3 % to 20 %, the HOMO 

level of the emitter shifts from −5.9 to −5.32 eV, reducing the hole injection barrier from 

~0.8 eV to ~0.2 eV.  As a result, the SC014 control device has the lowest EL turn-on 

voltage of 2.8 V (1 V lower than the other three control devices).  However, SC014 is the 
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least efficient device, with a maximum luminous efficiency of 0.85 cd/A, indicating 

inefficient recombination which may be due to the mismatched charge mobilities.122  The 

maximum efficiency among the four control devices is 1.8 cd/A, achieved by SC013 at a 

drive voltage of 10 V and a luminance of 2000 cd/m2.  This copolymer is 90 % F8 and 

10 % PD, the mobilities of which was also found be to the most balanced among the four 

copolymers.122 

 

To summarise, devices with interlayers exhibit much higher efficiencies, which diminish 

less rapidly with the driving voltage than their interlayer-free equivalents.  TFB and BFE 

have a similar influence on device performance (both of them reducing the operating 

voltage and increasing the device efficiency), but BFE is the better performing interlayer 

material for these F8 and PD copolymers.  TFB on the other hand yields more stable 

longer-living devices. 

 

4.1.3.2 Electroluminescence spectra 
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Figure 4.6 (a) EL spectra for the SC011–SC014 four control devices; (b) EL spectra comparison of 
SC011-based devices with (TFB or BFE) and without interlayers. 
 

 

EL spectra of the SC011–SC014 control devices and the corresponding TFB and BFE 

devices were measured under a luminance of 100 cd/m2.  As indicated in Fig. 4.6a, the 

normalised EL spectra for the four control devices have a common peak around 488 nm, 

and a shoulder around 454 nm.  The control devices with more F8 component (SC011 

and SC012) show a slightly stronger response around the shoulder.  The SC014 device 

with the highest amine content has a slightly flatter “tail” at longer wavelengths, but there 

is no evidence of the ‘green-band’ fluorenone defects common to the PFO-based 

PLEDs.  Hence copolymers with 3–20 % PD are more robust and less susceptible to 

oxidation.  Fig. 4.6b shows normalised EL spectra for the SC011-based control and 
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interlayer devices, all of which share a common peak around 488 nm and a common 

shoulder around 454 nm.  The CIE coordinates are (0.191, 0.279) for the control device, 

(0.186, 0.306) for TFB/SC011, and (0.195, 0.325) for BFE/SC011.  Therefore, the added 

TFB or BFE does not significantly affect the optical property of the bulk emitter.  The only 

apparent difference in the EL spectra is that the amplitude of the 454 nm shoulder is 

somewhat suppressed by the interlayer materials. 

 

4.1.4 Electromodulation characteristics 
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Figure 4.7 (I) Comparison of the 1st-harmonic EM spectra at different DC biases for SC011-based 
devices.  All of the devices were under a 6 kHz modulated AC bias with amplitude of 0.5 V.  (II) 
Comparison of the 1st-harmonic EM signals vs. the applied DC biases for SC011-based devices.  The 
selected wavelength is the peak EA wavelength of each device.  All of the devices were under a 6 kHz 
modulated AC bias with amplitude of 0.3 V. 
 

 

The 1st-harmonic EM spectra of the SC011 control device under various DC biases are 

shown in Fig. 4.7(Ia).  The EA spectra have a broad peak at 414 nm and a shoulder at 

around 364 nm, and vary linearly with DC bias, creating the usual symmetric pattern 

about the built-in potential of 2.4 V.  This symmetry is disturbed by incorporating the TFB 

or BFE interlayers. The EM spectra of the TFB/SC011 device vary linearly in magnitude 

below 2.6 V but then undergo a substantial shape change that disrupts the mirror image 

expected for a conventional electroabsorption signal.  This abnormal behaviour is even 

more apparent in the BFE/SC011 device, whose EM spectra change radically above 
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3.6 V.  The TFB/SC011 device shows relatively weak charge-induced features, and it has 

higher current density and efficiency compared with the control device.  The BFE/SC011 

device shows much stronger charge-induced feature and it has the highest efficiency and 

lowest turn-on voltage.  This suggests that the improvement in device performance is 

related to the charge distribution/accumulation inside the PLEDs. 

 

Fig. 4.7(II) illustrates the dependencies of the 1st-harmonic EM signals on DC bias at 

414 nm, 422 nm and 420 nm for SC011-only, TFB/SC011 and BFE/SC011 devices, 

respectively.  The built-in voltage is determined by extrapolating the linear reverse bias 

part of the curve to zero, so it is 2.4 V for SC011-only device, 2.6 V for the TFB/SC011 

device and 2.8 V for the BFE/SC011 device.  Below VBI, the EM signals show a visually 

linear dependence on DC bias. But the EM signals of the two interlayer devices deviate 

strongly from the linear dependence above VBI.  The TFB/SC011 device has an almost 

flat response between 4 and 5 V.  The BFE/SC011 device has a turning point at 3.8 V 

and tends to zero afterwards.  Similarly for SC012–SC014-based PLEDs (not shown 

here), the control devices have the same built-in voltage of 2.4 V as well as (nearly) linear 

dependencies on DC bias in accordance with the pure Stark effect.  The insertion of 

interlayers increases the built-in voltages, slightly shifts the EA peak, and most 

importantly, introduces charge-induced effects at higher biases. 

 

4.1.5 Discussion and conclusion 

The interface studies suggest that the presence of the interlayer materials improves the 

contact of the emitter to the anode by separating the PEDOT:PSS interface from the 

emissive material.  Better contact at organic/organic interface can reduce interface 

resistance, increase effective charge injection area, and result in more stable morphology. 

Therefore, the better adhesion between PEDOT:PSS and BFE can be one of the factors 

that contributes to the higher current density in the BFE interlayer devices.  However, the 

lifetimes of the BFE devices are shorter than those of the TFB devices.  One possible 

explanation concerns thermal stability issues for the BFE polymer itself.  The evidence is 

that longer annealing at high temperature leads to smaller absorption signal.  It is 

believed that the carboxylate ester on BFE could be susceptible to hydrolysis, whereby 

the carbonyl group is protonated and attacked by any H2O molecules that are absorbed 

by the PEDOT:PSS during the device operation.102  This is not the case for TFB, which 

seems to form a chemically stable interface with PEDOT:PSS.  Therefore during lifetime 

testing, any exposure of the device to air and moisture could potentially lead to faster 

BFE degradation than TFB, resulting in a shorter device lifetime for the BFE interlayer 

devices. 
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From the I-V-L measurements, the interlayer devices have larger operating currents.  As 

the only difference between the control devices and the interlayer devices is next to the 

anode, this suggests that the control devices are hole-injection-limited.  The changes in 

the built-in voltages when inserting interlayers suggest the Fermi level of PEDOT:PSS 

pins to the HOMO level of the adjacent interlayer (TFB or BFE) whose HOMO level lies 

between the Fermi level of PEDOT:PSS and the HOMO level of the emitter, thus reduce 

hole injection barrier.  This, in turn, results in a lower EL turn-on bias for the interlayer 

devices as the injected holes and electrons are more balanced.  For example, EL turn-on 

bias is 2.8 V and 2.6 V for TFB/SC011 and BFE/SC011 devices, and 3.8 V for SC011-

only device.  As BFE has a 0.1 eV lower-lying HOMO level than TFB,103 the BFE 

interlayer devices are expected to have smaller hole injection barrier after the Fermi level 

pinning of PEDOT:PSS, resulting in even lower EL threshold than the otherwise 

equivalent TFB devices. 

 

In the EM studies, the control devices show the conventional EA responses, while the 

charge-induced effect is observed for all of the interlayer devices.  This effect is due to 

the sufficient trapped charges caused by the inserted TFB or BFE.  As the LUMO levels 

of the emitters are very close to that of the interlayer materials, only a small amount of 

electrons can be blocked at the ITL/EML interface.  Therefore, most of the electrons are 

trapped at the interface between PEDOT:PSS/ITL, causing the pinning of the Fermi level 

of PEDOT:PSS to the HOMO of the emitter.  Those electrons trapped at the anode 

interface can essentially be thought of as an interface dipole pointing from the anode 

interface into the material.  The electric field of such a dipole would lower the barrier at 

the anode thus facilitating the injection of holes.  The interface dipoles revealed 

themselves in the magnitude of the built-in voltage of the device: an increase of VBI from 

2.4 V for control devices to 2.6 V for the TFB interlayer devices, and further up to 2.8 V 

for the BFE interlayer devices, indicative moderate electron accumulation in the TFB 

interlayer devices and strong electron accumulation in the BFE interlayer devices. 

 

In conclusion, a high efficiency of 5.1 cd/A is achieved for a simple-structured 

polyfluorene-based blue PLED by choosing a balanced emitter and incorporating a thin 

interlayer on top of PEDOT:PSS.  Both BFE and TFB work well as interlayer materials for 

SC011–SC014 copolymers: they reduce the operating voltage, increase the device 

efficiency, and prolong the device lifetime.  However, interface studies and EM 

measurements suggest that they function differently from each other.  The BFE interlayer 

devices give higher efficiency due to smaller hole injection barriers.  The TFB interlayer 

devices, on the other hand, have better stability both in terms of the material and the 

finished devices, yielding longer device lifetime. 
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4.2 Highly Efficient LEDs with Crosslinkable Interlayers 

It was shown previously that inserting one specially designed layer between the anode of 

the device and the electroluminescent layer dramatically increases the device 

efficiency.  For polymer-based LEDs, however, fabrication of this multilayer structure via 

solution spin-coating is challenging, as the polymers are likely to dissolve in some 

common solvents.  In addition, it is difficult to control the thickness of the interlayers.  In 

this section studies, we investigate devices with a crosslinkable, oxetane-functionalised 

triphenylamine-dimer (XTPD) interlayer, whose thickness can be well controlled.  To 

fabricate highly-efficient OLEDs, phosphorescent dyes were used to harvest the triplet 

excitons and charge-injection polymers were introduced into the emissive layer.  By 

carefully designing the interlayer device structure, a high luminous efficiency of 39 cd/A 

was achieved.  This work was done in collaboration with Dr. Malte Gather who kindly 

provided the devices in this study 123. 

 

4.2.1 Device information 

OLEDs based on phosphorescent emitters can overcome the 25 % efficiency limit 

imposed by the suspected 1:3 singlet triplet ration, and significantly enhance the 

efficiency as emission may result from both singlet and triplet states.  Research activities 

have been focused on polymer electrophosphorescent devices since Baldo et al. 

successfully demonstrated red phosphorescent doped electroluminescent devices in 

1998.124  The emissive layer used here is a polymer/dye blend, consisting of 69 wt% PVK 

and 25 wt% of the electron conductor 1,3-bis[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-

yl]phenylene (OXD-7) as the host, the chemical structure of which are shown in 

Fig. 4.8.  Additionally, 6 wt% of the green-emitting phosphorescent iridium complex tris(2-

(4-tolyl)phenylpyridine) iridium [(Ir(mppy)3] is added as the dopant.123  XTPD derived from 

2-(4-biphenly)-5-(4-tert-bu-tylphenyl)-1,3,4-oxadiazole (PBD) is used as the interlayer 

material. 

 

 
Figure 4.8 Chemical structure of the emissive layer components PVK, Ir(mppy)3, OXD-7. 

OXD-7 

Ir(mppy)3PVK 
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To optimise the device performance, a series of 100 nm devices was fabricated with 

varying relative thicknesses of the interlayer and active layer.  The interlayer thickness 

varied from 0 to 30 nm and the emissive layer varied from 100 to 70 nm.  In addition, a 

70 nm thick XTPD control device was also fabricated and studied.  The devices are 

distinguished by labelling XmGn, where X and G are short for XTPD and the green 

emitter respectively; m and n represent the corresponding layer thicknesses in 

nanometres.  The device structure was ITO(145 nm)/PEDOT:PSS(35 nm)/XTPD(0–30 

nm)/phosphorescent green(70–100 nm)/CsF (2 nm)/Al(140 nm). 

 

All the devices used in this section were fabricated in University of Cologne.  35 nm 

layers of PEDOT:PSS (Baytron P AI4083 from H.C. Starck) were spin-coated onto pre-

cleaned, and ozone-treated ITO coated glass substrates.  They were annealed at 110 °C 

for 10 minutes to remove residual water before transferring to a nitrogen atmosphere 

glove box.  For the G100 interlayer-free devices, a green-emitting phosphorescent layer 

was spin-coated from a 20 mg/ml chlorobenzene solution that contained 69 wt% PVK, 25 

wt% OXD-7 and 6 wt% Ir(mppy)3.  The cathode was then deposited by thermal 

evaporation under vacuum, followed by encapsulation with a glass cover in a dry nitrogen 

atmosphere.  The active area of each circular pixel was 7.8 mm2.  Caesium fluoride (CsF) 

as the cathode acts like LiF for low-voltage OLEDs, and is considered to form an Ohmic 

contact. 

 

 
Figure 4.9 (a) Chemical structure of the crosslinkable triphenyl-diamine XTPD.  (b) Schematic diagram 
of crosslinking process for the oxetane contained materials. 125 
 

 

For the interlayer devices, 5, 10, 20 and 30 nm thick XTPD layers were spin-coated on 

top of the PEDOT:PSS layer from 1.25, 2.5, 5 and 17.5 g/l toluene solutions containing 

1 wt% of the photoinitiator 4-octyloxydiphenyliodonium hexafluoroantimonate.123  The 
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synthesis of XTPD was detailed in Ref. [126], and its chemical structure is shown in 

Fig. 4.9a.  The photoinitiator introduces a cationic ring-opening polymerisation reaction 

when illuminated with UV light.127 As illustrated in Fig. 4.9b, the two oxetanes can be 

positively charged by dissolving in the photoinitiator.  When irradiated with UV light 

(365 nm) for 10 s, the oxygen-carbon bonds in each oxetane break and form a new C-O 

bond with another oxetane.  The resultant positively charged four-member ring can react 

with another oxetane, so this crosslinking process continues until rotational diffusion of 

the oxetane side groups is inhibited.  Because the polymer films remain soluble after UV 

irradiation, a soft-curing of one minute at 110 °C is required to promote crosslinking, 

ultimately making the material insoluble.57  The non-illuminated areas remain soluble and 

can be washed off with tetrahydrofuran.  Finally, an additional post-curing step at 180 °C 

for 10 minutes must be used to destroy the radical cations left over from the photo-

induced electron transfer.127  After crosslinking, the layers are insoluble in chlorobenzene 

and various other common organic solvents. 

 

 
Figure 4.10 Chemical structures of the compounds used here: OXD-7, PVK, and Ir(mppy)3, together 
with the energy level diagram of the materials used in the devices. 
 

 

The energy levels of the constituent materials are summarised in Fig. 4.10.  Hole-

transport in pure PVK has been extensively studied in the literature with reported hole 

mobility being between ~10-5 and 10-6 cm2/Vs.128  This value is expected to be reduced 

by blending with 6 wt% Ir(mpppy)3 which acts as a 600 meV deep hole trap.123  Electrons 

are mainly transported by OXD-7, which has an electron-mobility of ~2×10-5 cm2/Vs. 

Furthermore, the LUMO level of Ir(mppy)3 is similar to that of OXD-7, so it should not act 

as a severe trap level.  Thus, it seems likely that the mobility of the electrons in the 

emissive layer is as least as large if not larger than the mobility of the holes.  Electron 

injection from CsF into the blend should be Ohmic as the Fermi level of the cathode is 

above the LUMO levels of all three blend components.  Due to the substantial energy 

offset neither PEDOT:PSS nor XTPD appear to be suited to efficient hole injection into 
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the HOMO state of PVK.  It is suggested that holes are injected directly into the HOMO 

state of the phosphorescent dye rather than into the matrix during device operation.100 

 

4.2.2 Current-voltage-luminance and electroluminescence characteristics 

In this part, we compare and contrast the I-V-L characteristics of the different devices 

(data provided by Malte Gather 123).  As seen in Fig. 4.11a, the devices show well defined 

onsets of current injection (j > 1×10-3 mA/cm2) between 2.3 and 2.5 V.  Due to the high 

quantum efficiency of the phosphorescent emitter, even the device without XTPD 

(X0G100) shows a reasonable luminous efficiency of 19 cd/A.  But the driving voltage 

needed to achieve 1000 cd/m2 is high (13 V).  Inserting the XTPD layer significantly 

reduces this voltage, with the reduction being more pronounced for thicker XTPD layers: 

for 5, 10, 20 and 30 nm of XTPD the voltage required to reach 1000 cd/m2 is 11.4, 10.0, 

8.8 and 8.0 V, respectively.  The EL onset voltage (0.1 cd/m2) for the control device is 

3.8 V and is reduced to 3.2 V for X5G95, 3 V for X10G90, 2.7 V for X20G80, and 2.6 V 

for X30G70.  At the same time, the peak efficiency gradually increases with increasing 

XTPD thickness: device X30G70 achieves a maximum luminous efficiency of 39 cd/A at 

6.5 V (300 cd/m2), which is twice as large as that of G100.  In addition, maximum 

efficiency point shifts to lower current densities/driving voltages as the thickness of the 

XTPD layer is increased.  For completeness, Fig. 4.11a also shows the I-V curve of the 

single layer XTPD-only device.  The significantly steeper current increase in this device 

results mainly from the higher conductivity of XTPD as compared to the green emitter. 

 

 
Figure 4.11 (a) I-V-L characteristics of PLEDs with different thickness of XTPD: 0 nm (■), 5 nm (●), 
10 nm (▲), 20 nm (▼), and 30 nm (♦). The data for the XTPD control device is also shown (★).  (b) 
Corresponding luminous efficiency versus current density for the same devices.123 
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As discussed before, this set of devices is expected to be electron-dominated due to the 

Ohmic contact at the cathode and the absence of electron traps.  In order to increase the 

recombination probability it would therefore be necessary to prevent the injected 

electrons from leaking out the counter electrode.  In a number of previous studies,107,108 it 

has been shown that this kind of blocking of the electrons can occur in polyfluorene-

based devices that contain a PEDOT:PSS anode.  However, in the case of the devices 

studied there is not certain that the electron barrier at the PEDOT:PSS/organic interface 

is sufficiently large to achieve complete blocking.  In addition, electron reaching the 

PEDOT:PSS are liable to cause degradation of the PEDOT:PSS.129  Upon addition of the 

XTPD layer, one expects very efficient blocking of electrons at the XTPD/emissive layer 

(EML) interface due to the substantial LUMO energy offset of 0.5 eV (see Fig. 4.10).  The 

significant increase in both the current and the luminous efficiency as the XTPD layer is 

increased in thickness is consistent with better hole injection, and improved 

recombination of holes with the electrons that accumulate at the XTPD/EML interface. 
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Figure 4.12 Electroluminescence spectra of the three green triplets PLEDs: G100, X10G90 and 
X30G70 at a luminance of 100 cd/m2.  The dotted line is the EL spectrum of X70. 
 

 

The EL spectra of X70, G100, X10G90 and X30G70 are shown in Fig. 4.12.  The three 

devices containing the green phosphorescent emitter have similar EL spectra in the 

measurement range with the maximum at 516 nm and a small shoulder at 550 nm, 

yielding a chromatically “pure” green colour with CIE coordinates x = 0.3, y = 0.6.  For 

comparison, Fig. 4.12 also shows the EL spectrum of the X70 device, which has a very 

weak bluish emission profile that peaks at 420 nm.  As the XTPD gets thicker, the multi-

layer devices show broader and stronger features beyond 520 nm, but the EL spectrum 
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between 450 and 500 nm remain virtually the same.  Therefore, the alternation of the EL 

spectra in the interlayer devices does not seem to be contributed by the inserted XTPD 

bulk, but probably by the newly formed XTPD/EML and/or PEDOT:PSS/XTPD interface 

which may shift the recombination zone and thus change the EL profile. 

 

4.3.3 Electromodulation characteristics 

From the energy diagram, XTPD would be expected to have little effect on the efficiency 

of hole injection.  The I-V-L data, however, indicates it has a very strong effect on hole 

injection. To further elucidate the situation, the electric field inside the device was 

investigated using EM spectroscopy. 
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Figure 4.13 (a) The 1st-harmonic EM spectra for the XTPD control device subjected to a variety of DC 
bias.  The amplitude and frequency of the AC bias were 0.5 V and 6 kHz respectively.  (b) Built-in 
potential measurement for X70.  The devices were modulated with a 0.2 V AC bias at 6 kHz. 
 

 

We first studied the spectral EM response of the single layer devices X70 and 

G100.  Fig. 4.13a shows the 1st-harmonic EM spectra of X70 under a set of DC biases 

from −2 to 6 V.  The similarly shaped spectra have a strong broad peak at 392 nm and a 

weaker peak at 342 nm of opposite sign.  The spectra show mirror-image symmetry 

consistent with EA.  Fig. 4.13b shows the variation of the 1st-harmonic EM signal with 

applied bias for the XTPD-only device at the peak wavelength of 392 nm.  A linear 

dependence is observed, and the null point of 2.5 V implies a built-in potential of 2.5 V for 

the X70 device.  
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Figure 4.14 EM characteristics of G100 with structure ITO/PEDOT:PSS(35 nm)/Phosphorescent 
green(100 nm)/ CsF(2 nm)/Al(140 nm).  (a) EM spectra obtained under a variety of DC biases when 
VAC = 2.0 V and f = 6 kHz; (b) bias-dependent electromodulation measurements at 326 and 352 nm 
(VAC = 1.0 V and f = 6 kHz). 
 

 

The EM characteristics of G100 are shown in Fig. 4.14.  The EM spectrum at VDC = −2 V 

has two strong peaks at 326 nm and 352 nm, and two relatively small features at 404 nm 

and 428 nm.  According to an early report, PVK single-layer devices have EM features 

around 3.55 eV,130 so the 352 nm peak is due mainly to the PVK component in the green 

emitter. Similarly, the OXD-7 component derived from PBD introduces the 326 nm 

peak.130  The other two peaks with small amplitude at longer wavelengths are caused by 

the green-emitting phosphorescent dye Ir(mppy)3.  The bias-dependent EM signal of 

G100 is measured at the 326 nm and 352 nm peaks.  There is a linear EM response up 

to 4.5 V, and beyond that the signals deviate slightly from the linearity, indicating partial 

screening of the electric field due to charge accumulation inside the device.  The EM 

signals at 326 nm and 352 nm, representing OXD-7 and PVK component respectively, 

yield the same VBI value of 2.5 V.  This value is in reasonable agreement with the value 

expected from the work function of the PEDOT:PSS (−5.1 eV) and the LUMO level the 

electron transporter OXD-7 (−2.4 eV). 

 

Fig. 4.15 shows, under a variety of DC voltages, the 1st-harmonic EM spectra of the 

X5G95, X10G90, X20G80, and X30G70 interlayer devices.  Under reverse bias, the EM 

spectra show similar features to the G100 control device: four broad positive features at 

326 nm, 352 nm, 402 nm and 428 nm.  These reverse bias features are typical of EA, an 

assignment confirmed by the observation that the spectra scale linearly with the DC bias 

up to 4.0 V.  At higher voltages, three additional features that overlap the conventional EA 

response are observed: feature (1) is a broad band at short wavelengths which changes 

the shape of the EM peak at 326 nm and reduces the intensity of this peak; feature (2) is 
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a sharp peak centred around 345 nm that is clearly observed in the devices containing 

more than 10 nm XTPD; and feature (3) is the 404 nm feature observed in G100 which 

shifts to 398 nm for X30G70.  It is also noticeable that the peak broadens and increases 

in intensity as the XTPD thickness increases due to the broad EA peak of XTPD at 

392 nm.  The first two features are observed in the single-layer green phosphorescent 

device, indicating that these features correspond to similar but less pronounced charge-

accumulation. 
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Figure 4.15 1st-harmonic EM spectra under a variety of DC biases (VAC = 2.0 V, f = 6 kHz) for devices (a) 
X5G95, (b) X10G90, (c) X20G80, and (d) X30G70. 
 

 

To obtain further information, the voltage dependence of the EM signal was measured for 

the four interlayer devices at two probe wavelengths of 326 nm and 352 nm (which 

correspond to the EA peaks from OXD-7 and PVK in the emissive layer respectively).  As 

shown in Fig. 4.16, the two signals decrease linearly with increasing voltage in the range 

−2 to 4 V, and then deviate positively.  By extrapolation of the data in Figs. (a) and (b), 

built-in potentials for X5G95 and X10G90 are both 2.6 V.  Similarly, the built-in potential 

derived from the low voltage regime where the response is linear yields 2.7 V and 2.8 V 

for X20G80 and X30G70, respectively.  The thickness of EML decreases from (a) to (d), 

so the EM signals contributed by the emitter get progressively smaller.  Apart from the 
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difference in the absolute amplitudes, the EM signals of the four devices behave in a 

similar way above the built-in potentials.  The 352 nm signals still decrease in the 

negative direction but with diminishing gradients, while the 326 nm signals have a turning 

point at a device-dependent voltage of around 4.6 V, and then vary positively with DC 

bias beyond that. 

 

 
Figure 4.16 The DC dependence of the 1st-harmonic EM signals at 326 nm (blue circles) and 352 nm 
(green triangles) for: (a) X5G95, (b) X10G90, (c) X20G80, and (d) X30G70.  The applied AC bias was 
1.0 V with a modulation frequency of 6 kHz. 
 

 

The increase in the built-in potential is considered to be caused by the electrons trapped 

at the PEDOT:PSS/ITL, and/or the ITL/EML interfaces.  As there is a sufficient LUMO 

offset (0.55 eV) from the electron transporting material (OXD-7) to the XTPD interlayer, 

electrons are believed to be trapped mainly at the XTPD/emitter interface, which will be 

discussed in detail shortly.  As the XTPD layer gets thicker, the built-in potential rises 

gradually due to more efficiently electron blocking. 
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4.2.4 Internal electric field in individual layers 

In this section using an analytical treatment developed by Gather et al,123 we extend our 

EA analysis by developing a quantitative relation between the differential transmission 

(-ΔT/T) and the strength of the internal electric field in the organic layer.  As the EM 

features of the different layers appear at different wavelengths, the EM signal of each 

layer can be spectrally distinguished.  In this way, the average electric field in each layer 

of a multi-layer device can be calculated from the differential transmission at an 

appropriate wavelength.  As discussed in Section 2.3,  

( ) d
T
T 2)( ⋅Δ=

Δ
− λαλ  (4.1)

ACDC
)3( )(Im)( EE ⋅⋅∝Δ λχλα  (4.2)

where Δα is the electroabsorption coefficient, i.e. the difference in the absorption 

coefficients of the layer with and without an applied electric field, and λ is the wavelength 

of the probe light.  As the light is reflected at the cathode the propagation length of the 

light in the organic layer is approximately twice the thickness d of the layer. 

 

Combining Eqs. 4.1 and 4.2, for a single layer homogeneous PLED, the 1st-harmonic EM 

signal is related to the AC and DC field in the organic layer by: 

( ) ACDC EEdC
T
T

⋅⋅⋅=
Δ

− λ  (4.3)

where C is a proportionality constant and d is the layer thickness. 

 

Expressing the DC and AC fields in terms of VDC and VAC, gives: 

( ) ACBIDC
ACBIDC)( VVV

d
C

d
V

d
VVdC

T
T

⋅−⋅=⋅
−

⋅⋅=
Δ

− λ  (4.4)

 

So a linear fit can be used to determine the proportionality constants C for the XTPD and 

PVK components of the green emitter from the EA data for the single layer devices X70 

and G100: 

( ) ( ) ACBIDC VVV
d

T
TC

⋅−
⋅

Δ
−= λ  (4.5)

 

Applying the 392 nm EA data of X70 (Fig. 4.13b), the device thickness of 70 nm, the built-

in potential of 2.5 V, and the AC modulation of 0.2 V to Eq. 4.5, we obtain a value 

CXTPD = −9.92 (± 0.03) ×10-12 m/V2.  Similarly, from the 352 nm EA data of G100 shown in 

Fig. 4.14b, d = 100 nm, VAC = 1 V, and VBI = 2.5 V, CGEML = −1.03 (± 0.04) ×10-12 m/V2 is 

obtained.  Compared to XTPD, the absolute EM response of the green emitter is 
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relatively small.  This situation is beneficial for this set of multi-layer structure devices 

since the XTPD layer is considerately thinner than the green emissive layer.  Knowing the 

constant C, the electric field inside the single layer device can be calculated by 

rearranging Eq. 4.3, so 

( ) ( )λλ
T
T

VCT
T

EdC
E Δ

−⋅
⋅

=
Δ

−⋅⋅
⋅

=
ACAC

DC
111  (4.6)

 

 
Figure 4.17 Measured electric field strength versus the expected internal field strength for X70 (open 
circles) and G100 (open triangles).  The solid line has slope of one, representing the case where the 
potential drops homogenously across the active layer of the device. 
 

 

Fig. 4.17 shows the calculated electric fields of the two single layer devices.  To allow for 

a direct comparison between different devices, the calculated field is plotted against 

EDC
expected = (VDC − VBI) / d, which corresponds to the field expected if no charge-

accumulation is present.  It can be seen that below 20 V/µm, both of the electric fields in 

X70 and G100 have a linear dependence with the slope of 1, indicating the electric field 

drops homogenously across the emissive layer.  As the applied electric field is increased 

further, the field in X70 increases at the expected rate, while the field in G100 shows a 

sub-linear dependence from 20 V/µm onwards, indicating partial screening of the bulk 

field. 
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Similarly, for multilayer devices, rearranging Eq. 4.3 gives:  

( ) ( )i
ii

ii
ii

i

T
T

V
d

dCT
T

EdC
E λλ Δ

−⋅⋅=
Δ

−⋅⋅=
ACAC

DC
111  (4.7)

where all symbols have the same meaning as before and the subscript i denotes the 

layer. Once Ci is known (i.e. the proportionality constant for the material in layer i, which 

is determined from the single layer data), the internal field iE DC  in that layer can be 

determined from the size of the differential transmission signal.  λi is the EA wavelength 

used for each layer, which is 392 nm for the XTPD layer and 352 nm for the emissive 

layer.  VAC is the AC bias used for the multilayer device measurement, i.e. 1 V for all 

cases.  Here, it is assumed that the AC electric field drops homogenously across the 

entire stack of the device, i.e. EAC = VAC / d, and that any charge redistribution in response 

to the applied AC voltage is too slow to significantly distort the AC field within the organic 

layer.  As the charge-induced effect in the EM measurements are most obvious for the 

device with 30 nm XTPD layer, the X30G70 device is studied, thus, d = 100 nm, 

dX = 30 nm and dG = 70 nm.  By applying Eq. 4.7 to the EM data in Figs. 4.16d and 4.15d, 

the average electric fields in each individual layers of X30G70 can be calculated. 

 

 
Figure 4.18 Measured internal electric field versus the expected field in the XTPD (triangles) and the 
emissive layer (circles) in the X30G70 device.  The solid line represents the case where the potential 
drops homogenously across the active layers of the device. 
 

 

Fig. 4.18 shows the measured electric field strength iE DC  versus the average internal 

field strength in the X30G70 multilayer device.  The measured DC field strength in the 
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green emissive layer G
DCE  (filled triangles) is equal to the expected electric field 

VDC - VBI / d (when the DC potential drops evenly across the entire device) below 10 V/µm, 

and flattens out at higher applied electric field.  The measured DC electric field in the 

XTPD layer X
DCE  (filled circles) by contrast is much smaller than the expected electric 

field in the entire measurement range, and varies sub-linearly with the expected electric 

field (VDC - VBI / d) above −6 V/µm. 

 

Both the sub-linear growth of the electric field and the saturation of the field in the single- 

and multi-layer devices imply that charges accumulate at the interfaces and that these 

charges then screen the electric field in that layer from the external field.  The anomalous 

sub-linear field-dependence of the EA signal in the single layer device is consistent with 

the electron-blocking nature of the PEDOT:PSS layer discussed in previous chapters. 

The saturation of the electric field observed in the multilayer devices shows that the 

electron accumulation is more pronounced in the multilayer device than the single-layer 

device.  As discussed before, the charge transport in the green emitter is assumed to be 

dominated by electrons.  Therefore, the observed field screening in the multi-layer 

devices is most likely due to the electron barrier at the XTPD/emitter interface, causing 

electron to accumulate.  This implies that the hole-transporting XTPD layer is more 

effective as an electron blocking layer than PEDOT:PSS. 

 

The screening observations in the XTPD layer in the multilayer device can be rationalised 

by the residual p-type doping of the XTPD layer during crosslinking process.123  This 

results in free charge carriers and thus a relatively large intrinsic conductivity.  The high 

conductivity of the XTPD layer is confirmed by the steep IV curve of the single layer X70 

device, and the current density at 6 V is ~500 times higher than the single layer G100 

device (Fig. 4.11).  The accumulated electrons at the XTPD/EML interface in conjunction 

with the free holes inside the XTPD layer screen the actual electric field across the XTPD 

layer; thus the electric field in this layer is largely suppressed. 

 

Because the electron accumulation at the XTPD/EML interface reduces the voltage drop 

across the bulk of the organic layers, it also leads to an increase of the potential drop 

across the interface.  In general, this supports the injection of holes into the emissive 

layer from XTPD.  As stated earlier it is likely holes are injected directly into the HOMO 

state of the Ir(mppy)3 sites at the interface from XTPD.  However, the density of these 

sites at the interface is limited.  With the increased applied electric field, the potential drop 

across the interface and the electron density at the interface are increased.  Holes can 

then tunnel to the sites that are located further away from the interface more easily, 

followed by faster recombination with accumulated electrons.  This, in turn, would 
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substantially increase the hole-injection current at a given external voltage and thus 

explain the reduced operating voltages for the multi-layer devices.  For devices with a 

thick XTPD layer, the reduction in operating voltage may also be in part due to the 

relatively high conductivity of XTPD as compared to the green phosphorescent emitter. 

The hole-injection rate is further enhanced by the reduced injection barrier between 

XTPD and Ir(mppy)3 as compared to the barrier between PEDOT:PSS and Ir(mppy)3.  It 

should also be stated, however, that the increased potential drop across the interface 

could accelerate the rate of electron leakage into the XTPD layer.  Therefore, the large 

energetic barrier between the LUMO levels of the emissive blend and XTPD is essential 

for the efficient operation of the device.  If this barrier is increased even more, the device 

efficiency and the operating voltage can both be further enhanced.131 

 

4.2.5 Conclusion 

By carefully designing the device architecture, a high efficiency of 39 cd/A can be 

achieved in a multilayer device with a 30 nm XTPD interlayer and a 70 nm green 

phosphorescent emissive layer.  In this study, devices with a thicker XTPD interlayer 

exhibit lower operating voltages and higher efficiencies.  The EM data is consistent with 

electron accumulating at the XTPD/EML interface due to the mismatched LUMO levels of 

XTPD and the green emitter.  The accumulated electrons partially screen the electric field 

in the emissive layer, resulting in a lower than expected electric field strength.  High field 

near the XTPD interfacial layer facilitates hole injection, improving the charge balance 

within the multilayer devices and thus increasing the device efficiency. 
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n alternative anodic material vapour phase polymerised PEDOT (VPP-PEDOT) 

is studied.  Both bare VPP-PEDOT and VPP-PEDOT coated with PEDOT:PSS 

are investigated, and their behaviour is compared with equivalent devices based 

on ITO.  The inclusion of  PEDOT:PSS is shown to be of  utmost importance for 

achieving high efficiency PLEDs.  The dual layer electrodes based on VPP-PEDOT 

and PEDOT:PSS show great promise as alternative anodes for polymer light-

emitting diodes. 
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5.1 Introduction 

In recent years, composite films of PEDOT:PSS have been widely used as surface 

coatings for ITO.  PEDOT:PSS is usually deposited by spin-coating from a water-borne 

colloidal dispersion, in which small discrete particles of PEDOT are prevented from 

coalescing by surrounding chains of PSS.  Optimised PEDOT:PSS films are fairly 

transparent, have moderately high conductivities (up to ~10 S/cm for Baytron P 

formulation), and are relatively stable in dry environments.49,132  In use, they serve as an 

excellent ameliorating coating for ITO where they tend to limit the influence of asperities, 

raise the effective anodic work function, and enhance adhesion to subsequently 

deposited organic layers.85  Importantly, their inclusion in OLEDs reduces batch-to-batch 

variability in device characteristics and greatly improves operating lifetimes and 

efficiencies.  PEDOT:PSS is currently used in virtually all state-of-the-art polymer devices, 

and is found in a growing number of small molecule OLEDs. 

 

Conducting polymers such as PEDOT:PSS are also of growing interest as stand-alone 

anode materials where their ease of processing and conformable nature make them 

especially attractive for use on flexible plastic substrates (as required for reel-to-reel 

fabrication procedures).  ITO is poorly suited to such substrates due to its need for high 

temperature processing.  It also tends to crack when flexed and is susceptible to 

conductivity changes after bending.133  Relatively high efficiency OLEDs and 

photodetectors have been reported using PEDOT:PSS anodes,134-137 but their 

performance at high current densities is significantly compromised due to their relatively 

high sheet resistances (~108 Ω/sq for Baytron P AI4083), which compare unfavourably 

with ITO (~10 Ω/sq on glass substrates, ~100 Ω/sq on flexible plastic substrates).  The 

high sheet resistances are attributable in part to the presence of PSS, which reduces the 

packing density of PEDOT and disrupts the continuity of the conducting polymer chains. 

There is consequently considerable interest in alternative technologically viable methods 

for depositing PEDOT, which eliminate the need for PSS or other insulating additives. 

 

One very promising approach is vapour phase deposition of 3,4-ethylenedioxythiophene 

(EDOT) monomers followed by in-situ polymerisation on a heated substrate.138,139  The 

polymerisation can be carried out in either solution or vapour phase, although the latter 

process offers superior control over the degree of polymerisation.  With careful 

optimisation VPP-PEDOT conductivities in excess of 1100 S/cm can be achieved,139 

which is close to that of typical ITO (~4000 S/cm).  Unfortunately VPP-PEDOT has a 

relatively low work function (~4.6 eV 139) compared to ITO (~4.8 eV 140) and PEDOT:PSS 

(~5.1 eV 70), and it therefore exhibits poor hole injection properties that hinder its use as a 
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stand-alone anode material.  In combination with a surface-coating of PEDOT:PSS, 

however, it is possible to fabricate bilayer electrodes that combine the high conductivity of 

VPP-PEDOT with the excellent hole injection properties of PEDOT:PSS.  As we describe 

below, such an approach can be used to fabricate OLEDs with encouraging high 

efficiencies. 

 

Current-voltage-luminance measurements were first carried out on a series of LEDs 

based on a LumationTM Green 1300 (LG1300) light-emitting polymer (LEP) from the 

Sumitomo Chemical Co Ltd.  The devices used either ITO or VPP-PEDOT as the 

underlying anode material with or without a surface coating of PEDOT:PSS.  Four device 

configurations were tested: (a) ITO/LG1300/Ca, (b) VPP-PEDOT/LG1300/Ca, (c) 

ITO/PEDOT:PSS/LG1300/Ca, and (d) VPP-PEDOT/PEDOT:PSS/LG1300/Ca.  The two 

devices with uncoated anodes exhibited low efficiencies due to poor hole injection at the 

anode.  The other two devices with PEDOT:PSS-coated anodes exhibited much higher 

efficiencies. The electromodulation measurements described below indicate the improved 

efficiencies are attributable to the polystyrene-sulfonate component of PEDOT:PSS, 

which causes electrons to become trapped at the PEDOT:PSS/LG1300 interface and in 

so doing increases the rate of hole injection into the active layer.  The results reported 

here indicate that VPP-PEDOT/PEDOT:PSS is a viable alternative to ITO-based anodes, 

capable of yielding superior device efficiencies in otherwise identical organic LEDs. 

 

5.2 Experimental Techniques 

Device (a) with structure ITO/LG1300/Ca and device (c) with structure ITO/PEDOT:PSS/ 

LG1300/Ca were prepared in the same way as described in Chapter 2.  The thickness of 

the LG1300 layer was 80 nm and the thickness of the PEDOT:PSS layer was 50 nm. 

Devices (b) and (d) with respective structures VPP-PEDOT/LG1300/Ca and VPP-

PEDOT/PEDOT:PSS/LG1300/Ca were prepared in a similar way, using VPP-PEDOT in 

place of ITO.  As illustrated in Fig. 5.1a, by combining EDOT with a suitable oxidant iron 

tosylate Fe(OTs)3 and complementary base pyridine (to attenuate the reactivity of the 

oxidant 141), relatively uniform PEDOT films can be obtained.  The oxidative 

polymerisation of EDOT into PEDOT is shown in Fig. 5.1b.  EDOT monomer is firstly 

oxidised by Fe(OTs)3 transforming it into a cation radical.  Two nearby cation radicals can 

be rapidly stabilised by two tosylate ions (OTs-) which remove two protons, to produce 

one dimer.  Additional Fe(OTs)3 then oxidises the dimers, and chain growth proceeds as 

a classical step-polymerisation.  Fe(OTs)3 also oxidises the growing chains, leaving 

PEDOT in its doped state, though this is not strictly necessary for doping to occur since 

the low band gap of neutral PEDOT means that thin undoped PEDOT films rapidly 
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oxidise in air. 

 

 (a) 

 

(b) 

Figure 5.1 (a) PEDOT with tosylate counter ion (VPP-PDOT).  (b) Polymerisation EDOT monomers to 
form VPP-PEDOT,142 using Fe3+(OTs-)3 as the oxidant. 
 

 

The VPP-PEDOT film was prepared according to the method of Levermore et al.139, by 

first spin-coating a thin layer of oxidant solution onto glass substrates and then annealing 

in air at 80 ºC for 2 minutes (see Fig. 5.2).  The oxidant was based on a filtered solution 

comprising isopropanol (IPA), iron(ΙΙΙ) tosylate (Fe(OTs)3), and pyridine in a weight ratio of 

125:25:1.  Pyridine was chosen as a base-inhibitor due to its excellent film-forming 

properties, and its ability to raise the pH of the solution to ~2.5, which is low enough to 

ensure that Fe(OTs)3 can effectively act as an oxidant, but high enough to suppress an 

acid-initiated polymerisation of EDOT which would lead to a product with little or no 

conjugation.  The samples were loaded horizontally in a chamber and small drops of 

EDOT liquid were deposited on the roof of the chamber.  The chamber was sealed and 

placed under a light vacuum at ~10 mbar for 30 minutes.  The samples were then 

removed from the chamber and annealed in air at 50 ºC for 30 minutes.  Finally, they 

were rinsed with methanol before being left to dry for a few minutes in air.  The final VPP-
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PEDOT film was approximately 45 nm thick with conductivity as high as 1025 S/cm.  Film 

quality after rinsing was reasonably good, with no visible substructures in the plane of the 

film, but the films were found to be fairly rough (± 3 nm). 

 

 

Figure 5.2 Schematic diagram of the vapour phase polymerisation process. 
 

 

Compared to VPP-PEDOT, PEDOT:PSS is manufactured by polymerisation of the EDOT 

monomer in the presence of ploy(styrenesulfonic acid) (PSSA) using Fe3+ salts as an 

oxidant. Ion-exchange is used to remove inorganic salt by-products, and a base such as 

imidazole or pyridine is often used to moderate the effect of the oxidant.  X-ray diffraction 

studies have shown that PEDOT oligomer chains are rigid and stacked (with an 

interchain spacing of 35 nm), and are randomly distributed throughout the PSS chains.143 

The ratio of PEDOT to PSS is typically 1 in 6 in Baytron P AI4083, whilst the solids 

content is usually around 1.3 % by weight.  The PSS in PEDOT:PSS acts as a charge-

compensating counter-ion to stabilise the p-doped conducting PEDOT, facilitating the 

formation of a stable, processable, waterborne dispersion of negatively charged swollen 

colloidal particles.109  As shown above, VPP-PEDOT films are produced by direct 

oxidation of the EDOT monomer via a vapour process and hence need not be soluble, so 

an excess of PSS counter-ions is not required.  VPP-PEDOT contains charge balancing 

sulfonate-based tosylate counter ions (OTs-), but they are not present in excess.144  In 

addition, these ions are not freely mobile under normal operational conditions, but are 

electrically bound to the positively doped PEDOT main chain.  
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5.3 VPP-PEDOT Film Study 

Before fabricating any LEDs, the conductivity and work function of VPP-PEDOT films 

were first studied by Levermore et al.139 to help identify the optimum film thickness and 

thermal annealing conditions.  It is clear that both high transparency and high conductivity 

are necessary anode properties in a standard OLED configuration where the anode is 

deposited on a transparent substrate.  The transmittance of conducting polymer films is 

expected to follow Beer’s law.  Thinner films are more transparent, facilitating the 

extraction of more light in the case of OLEDs.  The transmission of a 60 nm VPP-PEDOT 

film is more than 75 % within the visible range (350–700 nm).138  To investigate how 

thickness influences VPP-PEDOT conductivity, a series of films with 30, 45, 65, 90 and 

102.5 nm thickness were prepared by varying the exposure time of oxidant coated 

substrates to EDOT vapour.  As shown in Fig. 5.3, the highest conductivity of 1010 S/cm 

was obtained for 30 nm VPP-PEDOT.  Films thicker than ~50 nm were considerably less 

conductive, and conductivity decreases steadily with increasing thickness.  The work 

functions of VPP-PEDOT films were measured using the Kelvin probe technique as 

described in Chapter 2.  The results are shown on the right ordinate.  Work functions of 

the thinnest 30 nm films were determined to be 4.69 eV, falling to 4.55 eV in the thickest 

100 nm films.  The data show a clear trend of decreasing work function with increasing 

film thickness. 
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Figure 5.3 Influence of film thickness on the conductivity (squares: left ordinate) and work function 
(triangles: right ordinate) of VPP-PEDOT films.139 
 

 



Chapter 5  Studies of VPP-PEDOT as an anode material 

124 

The continuous decrease of conductivity with film thickness is reportedly due to the 

variation of the experimental conditions in the polymerisation chamber with time.139  As 

mentioned above pyridine base is used to raise the pH to a level that is high enough to 

inhibit an acid-initiated side-reaction.141  However, pyridine evaporates continuously as 

the polymerisation proceeds, causing the acidity of the environment to rise until the 

undesirable side-reaction can no longer be suppressed.  This leads to the formation of 

VPP-PEDOT with shorter conjugation lengths and higher resistances on the upper 

surface of thicker films.  The work function measurement supports the idea that the VPP-

PEDOT composition alters as the film grows, and suggests that the energy barrier 

between VPP-PEDOT and a subsequently deposited PEDOT:PSS layer could be 

minimised by using thin VPP-PEDOT films.  Taking the roughness of the film into account, 

the optimum thickness of VPP-PEDOT used in the following measurements is 

approximate 40–45 nm. 

 

As the conductivity of conjugated polymers is strongly dependent on conjugation length, 

aqueous PEDOT:PSS will never be able to fully express the potential of PEDOT in terms 

of conductivity, since conjugation length is necessarily compromised in order to maintain 

solubility.  VPP-PEDOT films are deposited using a vapour process, so solubility 

considerations do not apply, and enhanced conjugation lengths can be achieved.  It 

should be noted that the conductivity of VPP-PEDOT is ~100 times larger than that of the 

Baytron P AI4083 PEDOT:PSS. 

 

     

Figure 5.4 Influence of annealing at 80 ºC (squares), 130 ºC (triangles) and 200 ºC (circles) on (a) 
conductivity and (b) work function of VPP-PEDOT and PEDOT:PSS films.  Filled symbols represent un-
coated VPP-PEDOT, whilst empty symbols are for PEDOT:PSS films deposited on top of VPP-PEDOT 
or ITO.139 
 

 

After choosing the optimum thickness, the best annealing conditions for VPP-PEDOT 

films were then investigated at 80, 130 and 200 ºC for 10, 30 and 60 minutes, 
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respectively.  As shown in Fig. 5.4a, during the first 10 minutes of annealing at all 

temperatures there is a decrease in the conductivity of un-coated VPP-PEDOT, with the 

effect being most pronounced at 200 ºC, where the conductivity falls from 870 S/cm to 

just 290 S/cm.139  The conductivity remains almost the same thereafter.  The annealing 

temperature of 80 ºC induces the smallest change in the conductivity, and thus results in 

slightly higher conductivity after 10 minutes thermal annealing.  This trend is also 

observed in the work function data for un-coated VPP-PEDOT in Fig. 5.4b.  After 

annealing for 10 minutes at 200 ºC and 130 ºC, the work function falls from 4.65 eV to 

4.30 eV and from 4.67 eV to 4.53 eV respectively.  The effect is less significant at 80 ºC, 

and once again, after the initial 10 minutes period, further changes are less pronounced.  

However, the annealing processes do not seem to affect the work function of an overlying 

PEDOT:PSS film, the work function of which remains stable at ~5.2 eV independent of 

annealing conditions.  Interestingly, this value is ~0.15 eV higher than the work function 

recorded for PEDOT:PSS films deposited on ITO coated glass (annealed at 130 ºC).139  It 

is clear that annealing temperatures in excess of ~80 ºC lead to significant degradation of 

un-coated VPP-PEDOT causing a drop in conductivity and work function, but that coating 

with PEDOT:PSS produces a significantly more stable work function. 

 

5.4 Device Characteristics 

5.4.1 Absorption and electroluminescent spectra  

The emitter LG1300 is a polyfluorene-based alternating conjugated copolymer, which 

represents a rare example of a bipolar non-dispersive charge transport conjugated 

polymer, with electron mobilities being somewhat higher than hole mobilities.  In most of 

the well studied conjugated polymer systems, such as polyfluorenes, poly(p-phenylene 

vinylene), and derivatives, holes are believed to be the faster carrier type with the hole 

mobilities significantly higher than the electron mobilities.19  For LG1300, the hole mobility 

is 2.5 × 10-6 cm2/Vs at E = 2 × 105 V/cm, while the electron mobility is nearly 10 times 

larger, 2 × 10-5 cm2/Vs.145  The difference is somewhat lowered at high electric fields due 

to a steeper electric field dependence of the hole mobility.  Fig. 5.5b shows the 

absorption and emission spectra of the LG1300 film.  The absorption peak at 380 nm is 

contributed by the polyfluorene backbone (this is clear from a simple comparison with the 

absorption spectrum of PFO).  The electroluminescence spectrum peaks at 550 nm, and 

has CIE coordinates (x, y) = (0.43, 0.55). PLED devices that employ this polymer exhibit 

high efficiencies and excellent operational lifetime characteristics,146 thus this material is 

regarded as a state-of-the-art light-emitting polymer. 
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Figure 5.5 (a) Schematic energy level diagram for the materials under study. (b) Absorption and EL 
spectra of LG1300. 
 

 

Four types of devices were fabricated as outlined in the Section 5.2.  Fig. 5.5a shows a 

schematic energy level diagram for the materials used in this work.  As noted above, the 

respective Fermi levels of VPP-PEDOT, PEDOT:PSS and ITO are −4.6 eV, −5.1 eV, and 

−4.8 eV in relation to the vacuum level.  The HOMO level of LG1300 is approximately 

−5.4 eV so, from simple energy level considerations, moderately efficient hole injection is 

expected from PEDOT:PSS but poor hole injection from ITO and VPP-PEDOT.  The 

−2.9 eV LUMO level of LG1300 is approximately coincident with the −2.87 eV Fermi level 

of Ca, so Ohmic injection of electrons is expected.147  The four device structures used 

here allow one to investigate differences in the behaviour of VPP-PEDOT and ITO 

anodes, and also to investigate the unique properties of PEDOT:PSS surface coatings. 

 

5.4.2 Current-voltage-luminance and device efficiency 

Fig. 5.6 shows the current-voltage-luminance (I-V-L) characteristics of the four devices: (a) 

ITO/LG1300/Ca, (b) VPP-PEDOT/LG1300/Ca, (c) ITO/PEDOT:PSS/LG1300/Ca, and (d) 

VPP-PEDOT/PEDOT:PSS/LG1300/Ca.  The two ITO-based devices show sharp current 

thresholds at ~2.2 V, consistent with the onset of substantial carrier injection into the 

LG1300 active layer.  But the ITO/PEDOT:PSS device turns on more sharply and exhibits 

a higher current and luminance above threshold, consistent with superior hole injection. 

This is in general agreement with the energy level diagram of Fig. 5.5a, which suggests 

the current through the ITO-only device should be dominated by electrons due to the 

large HOMO offset at the ITO/LG1300 interface, resulting in weak emission. Insertion of a 

PEDOT:PSS layer increases the rate of hole injection into LG1300, resulting in an 

improved balance of electron and hole currents and a much higher luminance. 
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Figure 5.6 I-V-L measurements for devices (a) ITO/LG1300/Ca, (b) VPP-PEDOT/LG1300/Ca, (c) 
ITO/PEDOT:PSS/LG1300/Ca, and (d) VPP-PEDOT/PEDOT:PSS/LG1300/Ca. The PEDOT:PSS-
containing devices exhibit much higher current densities and luminances than the corresponding 
PEDOT:PSS-free devices. 
 

 

The same general trends are evident in the VPP-PEDOT devices, with the VPP-

PEDOT/PEDOT:PSS device similarly exhibiting much higher currents and luminances at 

voltages above 2 V.  Interestingly, unlike the other three devices, the VPP-PEDOT device 

has no threshold in its current-voltage characteristics, and exhibits a relatively low current 

density across the full measurement range.  The relatively symmetric device 

characteristics suggest that an appreciable fraction of current is passed through 

conducting filaments (shunts) in the device perhaps due to the high surface roughness of 

the uncoated VPP-PEDOT film.  The data reveals that the electron and hole currents are 

both small in this device, which is surprising since – in common with the other devices – 

one would expect Ohmic electron injection from the Fermi level of the cathode into the 

LUMO level of LG1300, resulting in a high overall current.  Comparing the 

ITO/PEDOT:PSS and VPP-PEDOT/PEDOT:PSS devices, the current is seen to be lower 

in the latter case, which is due to the lower conductivity of VPP-PEDOT compared to 

ITO.  In consequence, the luminance is also much lower (at any given voltage) for the 

VPP-PEDOT/PEDOT:PSS device. 
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The variation of the luminous efficiency (cd/A) and luminosity (lm/W) with luminance is 

shown in Fig. 5.7.  The luminosities and efficiencies of the two devices with uncoated 

anodes are very low due to poor hole injection at the anode (and hence imbalanced 

injection currents of electrons and holes): < 0.12 lm/W, < 0.75 cd/A for ITO and 

< 0.023 lm/W, < 0.144 cd/A for VPP-PEDOT.  The other two devices with PEDOT:PSS-

coated anodes exhibit much higher efficiencies.  At a brightness of 10 000 cd/m2 the 

luminosities and efficiencies are 3.8 lm/W, 8.4 cd/A for ITO/PEDOT:PSS and 2.6 lm/W, 

10.2 cd/A for VPP-PEDOT/PEDOT:PSS.  The luminous efficiencies of the two devices 

decrease only slowly with increasing luminance level, which implies that the electron and 

hole currents are well matched up to at least 25 000 cd/m2.  Their luminosities, however, 

decrease fairly quickly with luminance due in part to the non-zero sheet resistances of the 

anodes, which cause an increasing fraction of the applied voltage to be dropped across 

the planar anode as the current rises. 
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Figure 5.7 The variation of the luminous efficiency and luminosity with luminance level for devices (a) to 
(d) using the data from Fig. 5.6. The PEDOT:PSS-containing devices exhibit much higher luminosities 
and efficiencies than the corresponding PEDOT:PSS-free devices. The VPP-PEDOT/PEDOT:PSS 
device exhibits higher luminous efficiencies than the ITO/PEDOT:PSS device for luminances up to 
25 000 cd/m2, although its luminosity is lower due to the higher sheet resistance of VPP-PEDOT. 
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The high luminous efficiency achieved with VPP-PEDOT/PEDOT:PSS is very 

encouraging and implies it is a viable alternative to ITO/PEDOT:PSS, capable of yielding 

superior efficiencies in otherwise identical device structures.  The higher sheet resistance 

of VPP-PEDOT (~200 Ω/sq), however, results in a lower overall luminosity at any given 

brightness, which indicates that further improvements in its conductivity are needed 

before it is a truly competitive alternative to ITO.  One way to circumvent the higher sheet 

resistance of VPP-PEDOT is to deposit an open-structured conductive metal grid on to 

the substrate prior to deposition of VPP-PEDOT, thereby providing high conductivity 

pathways for in plane current flow.  The higher luminous efficiency achieved with VPP-

PEDOT/ PEDOT:PSS is tentatively attributed to the advantageous refractive index of the 

anode layer, which – as previously observed for high-conductivity secondary doped 

PEDOT:PSS 148 – is expected to be significantly lower than ITO, ensuring superior 

outcoupling. 

 

Using ITO or VPP-PEDOT anodes and omitting PEDOT:PSS from the device structure 

results in a poor hole injecting contact at the anode side (for low applied bias voltages).  If 

an injecting cathode, such as Ca is also used, then electron injection and transport 

dynamics may be isolated and studied in what are effectively electron-only devices. 

Although hole injection in these devices is very weak, it is not completely blocked, as the 

devices do emit some light at high voltages.  Nevertheless, the hole current has been 

reported not to contribute significantly to the total current in these devices,87 which is 

therefore determined mainly by the electrons, especially in the low electric-field region.  It 

has previously been shown that in dual-carrier LG1300 PLED devices, electron injection 

from a Ca electrode appears to be Ohmic, while hole injection from PEDOT:PSS is not 

entirely Ohmic.87  However, the efficiencies of the two PEDOT:PSS-containing devices 

are surprisingly high, and indicate efficient hole injection in spite of the ~0.2 eV energy 

barrier at the PEDOT:PSS/LG1300 interface.  To clarify the reasons for the efficient hole 

injection, the EM response of the four devices was investigated. 

 

5.4.3 Electromodulation measurements 

Fig. 5.8 shows the EM spectra of the four devices at DC-biases in the range −2 to +4 V, 

obtained using a 6 kHz AC modulation of 0.5 V.  The ITO device (Fig. 5.8a) exhibits 

oscillatory EM features typical of electroabsorption (the Stark effect) with nodes at 432, 

474 and 544 nm and anti-nodes at 416, 450 and 500 nm.  The spectra vary linearly in 

magnitude with DC-bias, resulting in mirror-image symmetry about the built-in potential 

VBI = 1.9 V.  The VPP-PEDOT device exhibits similar oscillatory features, with nodes at 

430, 470 and 540 nm and anti-nodes at 416, 450 and 500 nm.  As with device (a), the 
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reverse- and low forward-bias EM spectra vary linearly with applied bias passing through 

zero at VBI = 1.7 V, giving rise – at least at long wavelengths – to mirror-image symmetry 

consistent with EA.  At short wavelengths, this symmetry is slightly disrupted due to the 

emergence at high DC-biases of new charge-induced features that overlap with the EA 

signals. 

 

Figure 5.8 The 6 kHz 1st-harmonic EM spectra for devices (a) to (d). The EM spectra of devices (a) and 
(b) scale approximately linearly with the DC-bias but otherwise do not change significantly in shape, 
consistent with EA. The reverse-bias EM spectra of devices (c) and (d) are similar to those of the other 
devices but, in forward-biases larger than the built-in potentials, the spectra change completely and the 
EA features are replaced by new EM features due to injected charges. 
 

 

The ITO/PEDOT:PSS device also shows oscillatory electromodulation spectra in reverse-

bias consistent with EA – this time with nodes at 430, 474 and 544 nm and anti-nodes at 

416, 450 and 500 nm.  At low applied biases, the spectra again scale linearly with applied 

bias passing through zero at VBI = 2.3 V.  Above 2.3 V, however, the EM spectra change 

completely.  All traces of the original EA features disappear and, at short wavelengths 

< 400 nm, new charge-induced spectral features appear.  The dominant new feature at 

370 nm first increases sharply with VDC, and then decreases from 3.6 V onwards.  The 

same general behaviour is observed for the VPP-PEDOT/PEDOT:PSS device.  In 

reverse bias, the EM spectra have nodes at 434, 474 and 546 nm and anti-nodes at 416, 
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450 and 500 nm.  These again scale linearly with DC bias until the built-in potential is 

reached at VBI = 2.4 V, at which point the EA features vanish and are replaced at higher 

biases by new charge-induced features at short wavelengths.  In this case, the dominant 

370 nm feature increases steadily with DC bias over the full measurement range. 

 

For the VPP-PEDOT-only device, the magnitude of the 416 nm peak at a given DC bias 

is only half of the EA peak values for the ITO-only devices.  This may be due to the 

conductivity differences between the two anodes.  The thickness of the VPP-PEDOT 

layer is 1/3 of the thickness of the pre-coated ITO layer.  Additionally the sheet 

conductivity of VPP-PEDOT is much lower compared to that of the ITO, only 1/4 of the 

typical of ITO (ca. 4000 S/cm).  So the larger resistance of the VPP-PEDOT anode 

causes a greater voltage drop across the anode, leading to a smaller electric field across 

the bulk of the device.  This leads in turn to smaller EA signals in the VPP-PEDOT-

containing devices.  However, it is also noticeable that the shape of the EM spectrum is 

slightly different between the two devices too.  This may be because the VPP-PEDOT 

film morphology includes rough nanostructure features,138 which can influence charge 

injection as a result of the increased surface area between the electrode and the active 

polymer.  Additionally, surface roughness could increase the scattering of emitted light, 

which may affect the profile of the EA spectrum too. 

 

The DC-bias dependencies of the EM signals for the four devices are shown in Fig. 5.9 at 

two illustrative wavelengths of 416 nm and 500 nm, which correspond to anti-nodes in 

the reverse-bias EM spectra.  The 416 nm EA peak overlaps with the charge-induced 

spectra whereas the 500 nm EA peak does not.  In the case of the ITO device, the two 

signals vary linearly with applied bias.  This behaviour is consistent with EA and indicates 

a linear variation in the internal field strength with increasing DC-bias, with the electric 

field passing through zero when the DC-bias equals the built-in potential of 1.9 V.  The 

same general behaviour is observed for the 500 nm signal of the VPP-PEDOT device, 

which passes through zero at VBI = 1.7 V.  Its 416 nm signal also varies linearly with DC-

bias until 1.7 V but then deviates slightly from linear behaviour due to the emergence of 

short-wavelength charge-induced features which overlap with the EA peak.  The higher 

built-in potential of the ITO device is consistent with the ~0.2 eV higher work function of 

ITO compared to VPP-PEDOT. 
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Figure 5.9 The DC-bias dependencies of the 6 kHz 1st-harmonic EM response of devices (a) to (d) at 
416 nm and 500 nm. The 416 nm signal has contributions from both EA and charge-induced absorption 
in forward bias. The 500 nm signal has a contribution only from EA since there are no charge-induced 
features beyond about 440 nm. The 416 and 500 nm signals vary linearly with DC-bas for devices (a). 
The same is broadly true for device (b), although the 416 nm signal shows slight deviation form linearity 
above 1.7 V due to the emergence of the charge-induced signals. In the case of devices (c) and (d), 
linearity in the EM signals is observed only up to the built-in potential. At higher biases, the 500 nm (EA-
only) signal vanishes, indicating screening of the internal field. The 416 nm signals deviate from linearity 
due to the emergence of charge-induced features. 
 

 

The ITO/PEDOT:PSS device behaves very differently.  The 500 nm signal decreases 

linearly with DC offset until reaching zero at the built-in potential of 2.3 V.  The behaviour 

above 2.3 V however is quite different.  The signal does not subsequently rise in 

magnitude as would be expected for the formation of a forward biased electric field in the 

device.  Instead, it remains at (or close to) zero, indicating full neutralisation of the 

internal field.  The same is true for the 500 nm signal of the VPP-PEDOT/PEDOT:PSS 

device, which varies linearly with DC bias until 2.4 V and then remains at approximately 

zero.  The 416 nm signals for the two devices also vary linearly with DC-bias up to the 

built-in potential but undergo a clear change of gradient thereafter when the EA features 

are replaced by new charge-induced features.  The neutralisation of the bulk field above 

the built-in potential is a common property of OLEDs containing PEDOT:PSS,107 and has 

a profound influence on device behaviour as discussed in the next section. 
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Interestingly, the built-in potential of the VPP-PEDOT/PEDOT:PSS device is 0.1 V higher 

than that of the ITO/PEDOT:PSS device.  This is somewhat surprising since, in a simple 

model, the built-in potential should equal the work function difference between the 

PEDOT:PSS anode-coating and the Ca cathode (where in the current case the Fermi 

level of the cathode is expected to be pinned to the LUMO level of the active 

layer).  Since PEDOT:PSS and Ca are used for both devices, one would expect to 

observe the same built-in potential.  Taking into account the 2.9 eV LUMO energy of the 

active layer and the built-in potentials of 2.3 V and 2.4 V, effective work functions of 5.2 

and 5.3 eV are achieved, respectively.  This is consistent with separate Kelvin probe 

measurements reported by Levermore et al.139 (see Fig. 5.4b), which also indicated an 

approximate 0.1 eV difference between PEDOT:PSS deposited on ITO and VPP-

PEDOT.  Previous Kelvin probe measurements by Huang and co-workers 49 revealed a 

variation in PEDOT:PSS work function when doped with different concentrations of low 

molecular mass polyalcohols.  In that case, since the dopants had low boiling points and 

were considered to leave the PEDOT:PSS film during annealing, it was concluded the 

changes in work function were due to morphological changes in the composite 

film.  Similar morphological differences may account for the change in work function 

reported here. 

 

5.5 Data Discussion  

The above I-V-L data indicates that significant improvements in device efficiencies can be 

achieved by coating an ITO or VPP-PEDOT anode with a layer of PEDOT:PSS prior to 

deposition of the LG1300 active layer.  The EM data moreover indicates that the internal 

electric field is completely screened in the PEDOT:PSS-containing devices, suggesting 

this is the reason for the improved efficiencies.  In order to screen the bulk semiconductor 

from the external field, injected charges must accumulate at the counter electrode: 

electrons at the anode and/or holes at the cathode.  Field-screening in ITO/PEDOT:PSS 

devices occurs only with a low work function cathode material, implying electron trapping 

at the PEDOT:PSS/ organic interface is responsible for the screening effect.105  The 

trapped electrons cause the electric potential to be preferentially dropped at this location, 

thereby reducing the magnitude of the bulk electric field to virtually zero.107  The high 

field-strength at the PEDOT:PSS/organic interface increases the rate of hole injection into 

the active layer and so yields substantially higher device efficiencies than would be 

expected from energy level considerations alone.40 

 

EL turn-on voltages (Von), built in potentials (VBI) and estimated work functions (Фwf) of the 

surface layers are summarised in Table 5.1.  The built-in potential of PEDOT:PSS-
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containing devices is larger than the PEDOT:PSS-free equivalents, giving direct evidence 

of reduced hole injection barrier heights.  The rise in carrier injection is the dominant 

factor for the concomitant enhancement in EL characteristics. 

 
Anode/hole-injection structure Von (V) VBI (V) Φwf (eV) 

ITO 4.8 (at 10 cd/m2) 1.9 ± 0.05 ~4.8 

VPP-PEDOT 11.2 (at 10 cd/m2) 1.7 ± 0.05 ~4.6 

ITO/PEDOT:PSS 3.2 (at 100 cd/m2) 2.3 ± 0.05 ~5.2 

VPP-PEDOT/PEDOT:PSS 3.4 (at 100 cd/m2) 2.4 ± 0.05 ~5.3 

 
Table 5.1 Summarised EL turn-on bias (Von) (at 10 cd/m2 for ITO and VPP-PEDOT, and 100 cd/m2 for 
ITO/PEDOT:PSS and VPP-PEDOT/PEDOT:PSS), built-in potential (VBI) and the estimated work function 
(Фwf) of the surface layer for the different anode/hole-injection structures used in this work. 
 

 

It is clear that complete field screening only emerges when PSS exists at the interface 

with the LEP, since no severe screening effect is present in the VPP-PEDOT-only device. 

The VPP-PEDOT device is substantially more resistive than the VPP-PEDOT/ 

PEDOT:PSS device, so it might be argued that the absence of screening in the former is 

simply due to the lower current densities.  In fact, the VPP-PEDOT device shows no 

evidence of screening even at DC-biases as high as 10 V (see Fig. 5.10), at which bias 

the (electron-dominated) current density equals 17.8 mA/cm2.  In the case of the VPP-

PEDOT/PEDOT:PSS device, screening begins just above the built-in potential, at which 

bias the current density has a value of just 0.32 mA/cm2. 
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Figure 5.10 Dependence of the 1st-harmonic EM signal on DC biases between −2 and 10 V at 500 nm 

(VAC = 0.5 V) for the device with only VPP-PEDOT as the anode material. 
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X-ray photoelectron spectroscopy and neutron scattering studies of PEDOT:PSS indicate 

the formation of a PSS-rich surface layer after thermal annealing,149,150 which is both 

insulating and acidic.  It is reasonable to believe that PEDOT-free segments of the 

polymer mixture segregate to the surface, forming this PSS-rich phase.  Furthermore, 

PSS is a wide band gap polymer with a high lying LUMO level.  Hence, this layer might 

either act as a barrier to electron transfer or alternatively it might interact chemically with 

the LEP layer, leading to the formation of trap sites for electrons.  Whatever the physical 

origin of the blocking effect, the measurements reported here seem to indicate that PSS 

rather than PEDOT is the root-cause of the field screening effect. 

 

5.6 Conclusion 

Vapour phase polymerised-PEDOT is not limited by the need for solubility, and its thin 

films display good transmission (> 75%) in the visible range and high conductivity 

(> 1000 S/cm).  The main drawback is its low work function of 4.6 eV, which can be 

overcome by adding a PEDOT:PSS layer. I-V-L measurements were made for a series of 

OLEDs based on LG1300 from the Sumitomo Chemical Co. Ltd.  Devices were prepared 

with either ITO or VPP-PEDOT as the underlying anode material with or without a surface 

coating of PEDOT:PSS.  Four device structures were examined: (a) ITO/LG1300/Ca, (b) 

VPP-PEDOT/LG1300/Ca, (c) ITO/PEDOT:PSS/LG1300/Ca, and (d) VPP-PEDOT/ 

PEDOT:PSS/LG1300/Ca.  The two devices with uncoated anodes exhibited low 

luminosities and efficiencies due to poor hole injection at the anode: < 0.12 lm/W, 

< 0.75 cd/A for ITO; and < 0.023 lm/W, < 0.144 cd/A for VPP-PEDOT.  However, the other 

two devices with PEDOT:PSS exhibited much higher luminosities and efficiencies: 

3.8 lm/W, 8.4 cd/A for ITO/PEDOT:PSS; and 2.6 lm/W, 10.2 cd/A for VPP-PEDOT/ 

PEDOT:PSS at ~10 000 cd/m2.  EM measurements suggest that the improved 

efficiencies are attributable to the poly(styrenesulfonate) component of PEDOT:PSS, 

which causes electrons to become trapped at the PEDOT:PSS/LG1300 interface and in 

so doing increases the rate of hole injection into the active layer.  Importantly the above 

results indicate that VPP-PEDOT/PEDOT:PSS is a viable alternative to ITO-based 

anodes, capable of yielding superior device efficiencies (cd/A) in otherwise identical 

device structures. 
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6. Modelling of Light-Emitting 

Electrochemical Cells 

 

 

 simple drift-diffusion model based on a set of  coupled differential equations 

is used to investigate the dynamics of  light-emitting electrochemical cells 

(LECs).  The aim of  these studies, rather than attempt to model experimental data 

for a specific LEC device, is to reach a basic understanding of  the principles of  

LEC operation.  The principal algorithms are included in a commented form. 
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6.1 Overview of LECs 

An alternative approach to making high efficiency PLEDs was reported by Pei and co-

workers who used, as the active polymer layer, a composite of a conjugated polymer with 

a solid electrolyte.78,151 Thus, they created a ‘mixed conductor’ that could transport both 

electrons and ions in a single film sandwiched between two electrodes.  The coupling 

between the ionic and electronic carriers results in rich physics and offers unique 

potential for device applications.  The dynamic redistribution of ions under an applied bias 

is found to increase the rate of electron and hole injection into the light-emitting host 

polymer.  As a result, this alternative device architecture, known as the polymer light-

emitting electrochemical cell (LEC), can emit light at low voltages irrespective of the work 

function of the metal electrodes. 

 

Recently, there has been renewed interest in LECs as advances in the material systems 

used have improved upon their transient response, efficiencies, and lifetimes.152-155  Thus, 

there is continuing interest in understanding fundamental processes that underpin LEC. 

Two models have been put forward to explain LEC operation, as shown in Fig. 6.1.  One 

model is based on an electrochemical doping mechanism from which the devices get 

their name.78,151  In this electrochemical model, upon application of a voltage higher than 

the band gap energy of the conjugated polymer, the electronic charges start being 

injected into the active layer and counter ions move to preserve the local charge 

neutrality.  Electronic carrier injection results in highly conductive p- and n-doped regions 

adjacent to the anode and cathode, respectively.  These doped layers facilitate the 

injection of further charges, causing the contacts to become highly conductive (‘Ohmic’) 

regardless of the electrode work functions. The p- and n-type regions meet in the bulk of 

the device to form an undoped “in situ” p-n junction in the active layer where the 

electrons and holes recombine radiatively.  Owing to the high conductivity of the doped 

layers, the electric field is small throughout the doped regions and the externally applied 

potential difference is therefore dropped across the central junction, leading to a high 

electric field in the middle of the device. 

 

Another model of device operation proposed by deMello is the electrodynamic 

model,156,157 as shown in Fig. 6.1b.  Here, an applied bias causes the anions and cations 

to drift towards the positive and negative electrodes, respectively.  Due to the high 

density of ions, small movements of ions result in large electric fields at the contacts.  The 

ions continue to redistribute in the bulk until steady-state is reached and the local electric 

field has been cancelled throughout the bulk.  A large electric field can only be sustained 

at the contacts where the motion of the ions is blocked by the electrodes.  The high 
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electric fields at the electrodes facilitate charge injections, thereby removing the 

restrictions on electrode work function that apply to conventional OLEDs.  This later 

model has recently been supported by the experimental data reported by Slinker et al. 

and Ginger and co-workers.158,159  They mapped out the electric potential across the 

device from electrode to electrode using frequency-shift electric force microscopy.  The 

measurements revealed substantially larger electric fields in the vicinity of the two 

electrodes than in the bulk of the device, in direct accordance with the electrodynamic 

model of device operation. 

 

 

Figure 6.1 The two models proposed for LEC operation, with associated spatial distribution of the 
electric field shown underneath. (Adapted with permission from Ref. [160]). (a) The electrochemical 
model, and (b) The electrodynamic model. 
 

 

Critical to the operation of these LECs are the ions, which are mobile in the film at room 

temperature.161  Compared to normal PLEDs, LECs have the great advantages of (i) high 

injection efficiency, which leads to better device efficiency; and (ii) a lower threshold 

voltage for light emission, and is only weakly dependent on the work function of the 

electrodes.  The presence of both ionic and electronic carriers in LECs poses a 

significant challenge in understanding their device physics.  This chapter applies the 

electrodynamic model to investigate the behaviour of devices with different electronic and 

ionic charge densities, various applied biases, and mismatched electronic charge 

densities at the parent electrodes and imbalanced charge mobilities in the bulk. 
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6.2 Numerical Model of LECs 

Optimising device performance depends on varying many parameters such as the 

thickness of individual layers, the charge carrier mobilities, and the densities of each 

charge species.  The code described here was developed in order to explore these 

dependencies.  It gives a detailed picture of the dynamics of charge carriers and also the 

internal electric field distributions in LECs.  The mechanism of electronic charge injection 

from electrodes, their transport across the device, and finally their recombination at the 

emitting zone are considered in the model. 

 

By construction, most organic devices comprise one or more layers of organic material 

sandwiched between two planar, parallel electrodes.  The distance between the two 

electrodes is small compared to the other two dimensions.  Ideally, the system is 

homogeneous in the plane parallel to the electrodes.  Therefore, an effective one-

dimensional representation of the device is applicable, with the model axis lying 

perpendicular to the electrodes.  The one-dimensional representation is advantageous for 

the purpose of exploring various multilayer structures.  However, the reduction of the 

electronic processes to an effective one-dimensional representation involves some 

approximations.162  One major problem is that three-dimensional effects such as the 

image charge effect and edge effects close to the electrodes are not taken into 

account.  The image charge effect can be partially incorporated into a one-dimensional 

model by introducing a field-dependent barrier height as we describe below.  

 

6.2.1 Drift-diffusion model 

It is easier to start by considering a simple LED that does not contain ions.  Charge 

transport in semiconductors – both organic and inorganic – can be described as a drift-

diffusion problem coupled to Poisson’s equation.163  The time-evolution of the charge 

distributions is governed by Poisson’s equation and the transport equations for electrons 

and holes:  

)(),(2 npetxx −−=∂
ε

φ  (6.1)

RGtxJ
e

txn xt −+∂=∂ ),(1),( n  (6.2)

RGtxJ
e

txp xt −+∂−=∂ ),(1),( p  (6.3)

where ),( txφ  is the electric potential, n(x,t) and p(x,t) refer to the electron and hole 

densities, e is the electron charge, ε = ε0 εr is the static dielectric constant, ε0 is the vacuum 
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permittivity and εr is the relative permittivity, R is the rate of electron-hole recombination, 

Jn and Jp are the electron and hole current densities. 

 

The behaviour of LECs can be understood using the drift-diffusion approach described 

above, adding two ionic species – cations (P) and anions (N).  Therefore, Eq. 6.1 is 

replaced by Eq. 6.4.  As there is no charge generation or recombination process for ionic 

charges (we assume the dissolved salt ions are permanently dissociated), no G or R is 

included in Eqs. 6.5 and 6.6. 

Here the ions are assumed to be singly charged. 

 

The current in the bulk of a device can be split into two components: the drift of charge 

carriers due to the local electrical field and their diffusion due to a gradient in the charge 

carrier densities.  In the following treatment we deal mainly with charge carrier fluxes 

rather than the current densities.  The current densities can then be calculated by 

multiplication with the unit elementary charge and the corresponding sign of the charge, 

i.e. +e for holes and cations, and −e for electrons and anions: 

nn ejJ −=  NN ejJ −=  

pp ejJ +=
 

PP ejJ +=
 

(6.7)

where J and j are the current and flux densities respectively, and the subscripts n, p, N, 

and P stand for electron, hole, anion and cation, respectively.  

 

The flux densities can be written as a combination of the drift and diffusion flux 

components:164 

nDnj xx ∂−∂+= nnn φμ  

pDpj xx ∂−∂−= ppp φμ
 

(6.8)

Similarly for cations and anions: 

NDNj xx ∂−∂+= NNN φμ  

PDPj xx ∂−∂−= PPP φμ
 

(6.9)

where μ is the mobility, φ  is the electrostatic potential, D is the diffusion constant, and n, p, 

N, and P are the electron, hole, anion, and cation densities, respectively.  

)(),(2 NPnpetxx −+−−=∂
ε

φ  (6.4)

),(1),( N txJ
e

txN xt ∂=∂  (6.5)

),(1),( P txJ
e

txP xt ∂−=∂  (6.6)
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Using the Einstein relation eTkD Bμ=  (which is valid at low carrier concentrations 165), 

the above equations can thus be rewritten as: 

⎟
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⎞
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e
TkPj xx

B
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(6.10)

 

6.2.2 Initial state and boundary conditions 

Maxwell-Boltzmann statistics applies in this equilibrium situation and hence the carrier 

densities at the injecting electrodes can be related to the electrostatic potential using 

)/exp(~
BBn0cathode Tkenn φ−=  

)/exp(~
BBp0anode Tkepp φ−=  

(6.11)

where kB is the Boltzmann’s constant and T is the absolute temperature in Kelvin, φBn and 

φBp is the energy barrier height to injection at the cathode and anode respectively.  In 

order to enable comparisons to be made with exact analytical solutions, fixed voltage-

independent carrier densities n0 and p0 are assumed at the cathode and anode 

respectively.  Due to the built-in potential, the carrier densities at the opposite electrodes 

are given by: 

]/)(exp[)/exp(~~
BBIBn0BBIcathodeanode TkenTkenn φφφ +−=−=  

]/)(exp[)/exp(~~
BBIBp0BBIanodecathode TkepTkepp φφφ +−=−=  

(6.12)

 

We consider first an LED with no ions.  At zero volts (short-circuit), the device is at 

equilibrium with the negative drift current balanced exactly by the positive diffusion 

current, resulting in a total current of zero.  Applying a bias, reduces the strength of the 

electric field and so reduces the negative drift current, resulting in a total current that is 

positive overall.  For applied biases below the built-in potential the current density is small 

because drift and diffusion act in opposite directions.  Increasing the applied bias above 

the built-in potential changes the orientation of electric field so that drift and diffusion act 

in the same direction in the device and provide a strong driving force for current flow.  
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Significant injection at the electrodes occurs when charge carriers have enough thermal 

energy to surmount the energy barriers provided by Schottky-Mott theory:  

)( anodeHOMOBp φφφ −= ee  (6.13)

)( LUMOcathodeBn φφφ −= ee
 

(6.14)

where Bpφ  ( Bnφ ) is the energy barrier height to hole (electron) injection at the anodic 

(cathodic) contact, anodeφ  ( cathodeφ ) is the work function of the anode (cathode) and HOMOφ  

( LUMOφ ) is the energy level of the HOMO (LUMO) of the organic layer (see Fig. 1.14). 

 

An injected electron, attempting to leave the electrode, experiences a strong force 

attracting it back towards the electrode due to an image charge.  The image carrier force 

has its origin in the electrostatic forces which can, to a first approximation, be described 

by the attraction of a carrier at a distance x from the electrode/polymer interface to its 

electrostatically induced image charge at a distance −x from the interface.  The attractive 

force F is then given by: 

2

2

image )2(4
)(

x
exF

πε
−=  (6.15)

The corresponding potential is given by:166  

x
e

x
dxedxxF

e
dxxEx

xxx
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φ

1616
)(1)()(
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Combining this with the variation of electric potential due to the electric field in the device, 

the potential is given by 

x
eExx
πε

φφ
16

)( B −−=  (6.17)

where Bφ  is the Schottky barrier height, E is the electric field caused by applied and built-

in potentials, ε is the permittivity of the organic material.  As shown in Fig. 6.2, the image 

potential in the absence of an applied electric field is represented by curve (a).  Line (b) is 

the potential due to a uniform applied field (ignoring image charge effects).  When both 

image charge and applied field are combined, one obtains the potential given by the full 

solid curve (c), which represents the overall potential experienced by the charge. 
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Figure 6.2 Electron potential energy vs. position near the interface of a metal (left) and a semiconductor 
(right). φB is the Schottky barrier height.  

 

 

For the injection of electrons at the cathode, the electric field E must be positive (forward 

bias for a typical OLED).  The potential reaches a maximum value φmax when the 

condition 0/ =∂∂ xφ  is reached at a position of xc, given by: 

E
ex
πε16c =  (6.18)

And therefore: 
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The difference between φB and φmax illustrates the reduction in barrier height.  Thus, the 

image charge leads to a lowering of the potential barrier experienced by an electron 

entering the semiconductor by an amount: 

γπε
φ EeE

==Δ
4

 (6.20)

where e/4πεγ = , which is called the thermionic parameter in the model, and E is the 

electric field at the interface. 
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Therefore, adding the image charge effect into the initial state charge densities yields: 

]/)/(exp[ BBp0anode TkEepp γφ −−=  

]/)/(exp[ BBIBp0cathode TkEepp γφφ −+−=
 

]/)/(exp[ BBn0cathode TkEenn γφ −−=
 
]/)/(exp[ BBIBn0anode TkEenn γφφ −+−=
 

(6.21)

However, it is important to point out that the image barrier lowering only occurs when 

there is an injection barrier (φBp > 0, φBn > 0) and only under the positive electric field 

(E > 0). 

 

In the case of ions, the contacts are taken to be ionically blocking – meaning the anion 

and cation fluxes are zero at each electrode.157  

0P
anode =j  0P

cathode =j  

0N
anode =j  0N

cathode =j  
(6.22)

 

In general, the number of boundary conditions required to solve an equation is the order 

of the highest-order derivative times the number of independent variables.167  Poisson’s 

equation is a typical second-order elliptic partial differential equation with four 

independent variables (electron density, hole density, anion density, and cation 

density).  Therefore, eight boundary conditions are needed, two for each charge 

carrier.  The boundary conditions for electron and hole densities are listed in 

Eq. 6.21.  Eq. 6.22 is applied as the boundary conditions for ions in LECs.  Boundary 

conditions must also be specified for the electric potential φ.  Here we present our data in 

terms of the dimensionless potential V = −eφ / kBT. 

 

6.2.3 Simulation algorithm and parameters 

There are a few assumptions in this LEC model.  The model is electrodynamic in nature 

and does not introduce a binding energy between the ions and conjugated polymer.  The 

emissive material is assumed to be trap-free.  The ions, electrons, and holes interact only 

through Coulombic forces, and the transport of charge carriers is due to drift and 

diffusion.  Ion transport across the metal interfaces and charge exchange between the 

ions and the electrodes are not allowed.  In addition, electron-hole recombination is 

assumed to obey the Langevin process.  The Einstein relationship is applied between 

diffusivity and mobility.  It is also assumed that the mobilities of the electronic and ionic 

charges are field independent.   
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The following values are used in this chapter: 

Thickness d = 400 nm 

Temperature  T = 300 K 

Dielectric constant  εr = 3.4 

Electron charge  e = 1.602x10-19 C 

Boltzmann’s constant  kB = 1.381x10-23 m2kgs-2K-1 

Vacuum permittivity  ε0 = 8.85x10-12 Fm-1 

Thermionic parameter γ  = 2.3614x109 

Hole mobility pμ  = 10-4 m2V-1s-1 

Electron mobility 
nμ  = 10-4 m2V-1s-1 

Cation mobility Pμ  = 10-6 m2V-1s-1 

Anion mobility Nμ  = 10-6 m2V-1s-1
 

Built-in potential VBI = 0.8 V  

Applied DC potential VDC = 1.1–1.2 V 
Hole density at the anode p0 = 1022 m-3

 
Electron density at the cathode   nd = 1022 m-3

 
Cation density at the anode P0 = 1024 m-3

 
Anion density at the cathode Nd = 1024 m-3

 
Hole barrier at anode φBp = 0 V 
Electron barrier at cathode φBn = 0 V 

 

The built-in potential is the difference between the work functions of the electrodes.  As 

the combination of ITO (anode) or Au (anode) and Al (cathode) are commonly used in 

LECs,161,168 0.8 V was used as the built-in potential.  400 nm is used as the thickness of 

the LECs, which lies within the typical experimental range of 200–500 nm.151  The applied 

bias of ~1.2 V is lower than the typical potential biases (3–4 V), and the anion and cation 

concentrations are limited to 1024 m-3 to ease numerical convergence which is lower than 

in real LECs (1027 m-3)78. However, the use of these underestimated parameter values 

does not affect the general features or appearance of the solution, and enables the 

simulation to reach steady-state quickly.  The numerical procedure used to solve the 

transport equations is relatively complicated and, to ease comprehension, we describe it 

in a separate appendix to this thesis.  My own work involved a number of refinements to 

the numerical approach: developing more accurate boundary conditions, applying 

differential algebraic equations (DAEs) to replace ordinary differential equations (ODEs), 

vectoring and compressing Jacobian matrix for the ODE15s solver.  These improvements 

led to thirty-fold reduction in the convergences time.  This newly improved model is also 

capable of studying extreme mismatched conditions. 
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6.3 Device Simulation 

6.3.1 Comparison of LEDs, ion-only cells and LECs 

In this section, three kinds of devices – electronic change-only diodes (LEDs), ion-only 

cells, and mixed electron and ion containing cells (LECs) – are examined.  Although they 

have similar device structures, comprising a thin charge transporting layer sandwiched 

between two electrodes, their operating mechanisms are very different due to the 

different charge carrier species they contain.  Here, the same numerical simulator is used 

to study all three types of device by varying the initial charge densities. 

 

 

Figure 6.3 Comparison of operating mechanisms of LECs, ion-only cells, and LEDs.  LECs are mixed 
cells with holes (small open circles), electrons (small solid circles), and ionic charges (circles with sign 
inside), while LEDs only contain electrons and holes.  The green “snowflake” represents a photon. 
 
 
To keep things simple, we first consider a symmetric system with the same mobilities for 

electronic charges and the same mobilities for ionic charges.  Mirror-image initial charge 

densities are assumed for the electrons and holes, and the densities of the electrons and 

holes at the injecting contacts are fixed under different biases.  The anode is at ξ = −0.5, 

and the cathode is located at ξ = +0.5.  Fig. 6.4 shows the results for an LED using our 

model under a bias of 0.3 V above its VBI, where there are high densities of electrons and 

holes inside the active layer but very few ions.  At steady-state, the electron and hole 

densities drop sharply with distance from their parent (injecting) electrodes (where the 

densities have been set to 1022 m-3), falling to zero at the counter electrodes.  The ionic 

charges in this device have been set to a very low value of 1 m-3 (effectively zero), and so 

do not affect the electronic charge distribution or potential distribution.  Interestingly, the 
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(dimensionless) potential V (see Fig. 6.4c) has an oscillatory appearance with a minimum 

near the anode and a maximum near the cathode.  The electric field can be calculated 

using Eq. 6.23 and is plotted in Fig. 6.4e. 
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Figure 6.4 Simulation of electron-, hole-, anion-, cation-, potential-, recombination-, and electric field- 
distributions at steady-state for a single layer PLED, with few ionic carriers (1 m-3) but only electronic 
carriers (1022 m-3). 
 

 

Another simulation carried out with an ionic carrier density of 1015 m-3 yielded essentially 

identical charge distributions (scaled by an amount of 1015 in the case of the ions), 

indicating that even at this higher concentration the effect of the ions is negligible.  The 

maximum and minimum in the potential can be thought of as being the locations of 

two ’virtual’ contacts, i.e. the electric field is zero there, which means that the simulated 

device is operating in the space-charge-limited regime.169  One way to break the space-

charge-limited condition is to decrease the injected charge densities.  When the 

electronic charge carrier at the injecting electrodes was decreased to 1019 m-3, a linear 
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voltage (φ = −e/kT*V) drop from anode to cathode was observed as in the case of a 

simple capacitor. 
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Figure 6.5 Simulation of LEC with almost no electronic carriers (1 m-3) but only ionic carriers (1022 m-3) 
at steady-state: (a) hole and electron distributions; (b) anion and cation distributions; (c) dimensionless 
potential distribution cross the device; (d) recombination profile; and (e) electric field distribution at the 
steady-state.  
 

 

On the other end of the spectrum, Fig. 6.5 shows the simulation of the ion-only (ion-

dominant) device with an average ionic carrier density of 1022 m-3 and electronic carrier 

densities of 1 m-3 at the parent electrodes.  All of the other parameters are the same as 

described in Section 6.2.  Under conditions of constant applied bias, positive ionic space 

charges accumulate close to the cathode, and negative ionic space charges accumulate 

close to the anode, as shown in Fig. 6.5b.  This redistributes the electric field away from 

the bulk of the device towards the interfaces (Fig. 6.5e).  The hole and electron densities 

are negligible compared to the ion densities, implying effectively zero recombination. 

When the electronic densities are increased by a factor of 1015, the ion distributions and 

electric potential (field) profiles remain the same, but their magnitude increase in scale 

resulting in larger recombination rate.  The value of this simulation is to illustrate the field-
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screening effect by ions, which results in a large field localised near the electrodes but a 

negligible (almost zero) field in the bulk. 

 

Fig. 6.6 shows the electronic and ionic charge distributions in a typical LEC device with 

an average ion density of 10 24 m-3 and electron and hole densities of 10 22 m-3 at the 

injecting contacts.  Fig. 6.6a shows the electron and hole distributions.  In the bulk of the 

device, the electron and hole concentrations fall approximately linearly from a maximum 

close to their parent electrode to almost zero at the center (where the charge carriers 

recombine radiatively to produce light), reaching zero at the counter electrode in 

accordance with the boundary conditions.  The linear profiles are a direct consequence of 

diffusive transport as has been discussed extensively in the literature.156,170  The profiles 

of the electronic carriers in the high-field regions, in the immediate vicinity of each 

electrode, increase steeply until reaching a maximum value at the far side of the high-

field layer.  This contrasts with ordinary organic LEDs in which the carrier density is 

greatest at the injecting contact and decreases into the bulk.169 
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Figure 6.6 Simulation of a LEC device at steady-state with ionic carriers of 10 24 m-3 and electronic 
carriers of 1022m-3. Distributions for (a) electrons and holes, (b) anions and cations, (c) potential, (d) 
recombination, and (e) electric field. 
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From Figs. 6.6b, 6.6c and 6.6e, it can be seen that uncompensated ions accumulate at 

the two interfaces and screen the external field effectively, with almost the entire electric 

potential being dropped in two 8 nm layers adjacent to the anode and cathode.  In the 

recombination zone, the ion density remains at roughly the initial charge density of 

1024 m-3.  The high fields increase the rate of charge injection from the electrodes; the 

sheets of ions that accumulate at each interface are therefore fundamental to achieving 

efficient carrier injection in LECs.  As shown in Fig. 6.6d, the recombination is greatest in 

the middle of the device and has a Gaussian-like profile, consistent with the symmetric 

model settings. 

 

The increase in hole density away from the anode (ξ = −0.5) observed in Fig. 6.6a can be 

understood by decomposing the total hole current into a drift component and a diffusive 

component.157  As indicated in Fig. 6.6e, the electric field is very high near the injecting 

contact, thus the drift current will be extremely large.  The bulk semiconductor is unable 

to sustain a current of this size owing to the low mobilities of electrons and 

holes.  Therefore, in order to maintain current conservation throughout the device and 

compensate for the extremely large (forward-moving) drift current near the anode, the 

diffusive current in the high field region must be in the reverse direction and of almost 

identical magnitude: hence the carrier density must increase away from the contact. 

 

The simulation results are consistent with physical expectation.  When applying a voltage, 

the anions move towards the anode where they are blocked, while the cations move 

towards the cathode where they are also blocked.  The ionic charges pile up against the 

electrode in a very thin layer, and are depleted near the counter electrode.  Because the 

density of ionic charges in a typical device is very high (> 1024 m-3), small movements of 

these ions can give rise to very large electric fields.156  The overall effect is the screening 

of the electric field by the ionic charge distribution so that, in the bulk, the field becomes 

cancelled.  The field is thus localised in a thin layer adjacent to the electrodes, which 

greatly facilitates charge injection.  It should also be noted that steric effects, associated 

with ion packing and with injection of electronic carriers across metal-organic 

interfaces,158 are not taken into account.  As a result, the electric fields predicted by the 

simulation are higher than that in real devices in which the density of ions near the 

electrodes will be limited by steric effects. 

 

Fig. 6.7 shows the electronic and ionic distributions in a LEC when the electron and hole 

densities at the parent electrodes are similar (but smaller) to the average ion densities: i.e. 

1022 m-3 versus 5 × 1022 m-3.  At steady-state, the hole and electron densities peak near 

their parent electrodes, and decline constantly to approximately zero near the centre of 
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the device where they flatten out.  The ionic charges accumulate at the counter electrode 

and their densities have a linear profile in the middle of the device.  The dimensionless 

potential (V) drops sharply across the narrow regions next to each electrode (indicating 

high interfacial electric fields), and varies linearly in the bulk, indicating that the density of 

dissolved ions is insufficient to maintain complete ion-electron compensation in the bulk. 

Under these conditions bulk transport of electrons and holes will occur under the 

influence of diffusion and drift – as in conventional PLEDs, albeit at a greatly reduced 

electric field strength of 2.9 × 104 V/m (Fig. 6.7e).  Thus, the field-free regime observed in 

Fig. 6.6 breaks down if the quantity of dissolved ions is insufficient or the applied electric 

field is too high to be fully screened.  The actual bias at which the field-free regime 

breaks down is believed to depend intimately on the behavior of the charge carriers in the 

high-field interfacial regions.157 
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Figure 6.7 Simulation of electron and hole-, anion and cation-, potential-, recombination-, and electric 
field- distributions for a mixed cell at steady-state with comparable ionic carriers (5 × 10 22 m-3) and 
electronic carriers (1 × 1022 m-3). 
 

 

The contacts determine the effective density of carriers supplied by each electrode.  The 

narrowing of the interfacial barriers relies on the presence of uncompensated space 
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charge near the electrodes: cations near to the cathode and anions near to the anode. To 

achieve full electric field screening, the density of ionic carriers must be far higher than 

the density of electronic carriers.  Fig. 6.6 illustrates such a situation, where the electric 

field strengths at the two interfaces are very high and charge can easily be injected from 

the electrodes into the polymer film, although most likely not to the extent that the 

electronic charge densities exceed the ionic charge densities.  If the density of electronic 

charge approaches the density of ions, these regions of uncompensated space charge 

are removed, and the electric field will therefore be redistributed away from the interfacial 

regions, reducing the electric field strength at the electrodes (by a factor of more than 

four in the case of Figs. 6.6 and 6.7) and so reducing the rate of carrier injection.  This 

feedback mechanism between the density of injected charge and the interfacial 

impedances regulates the effective carrier density injected from each electrode.157 
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Figure 6.8 Simulation of a semiconductor device with electron and hole densities of 3 × 1023 m-3 at the 
injecting contacts and average ionic carrier density of 1022 m-3 at steady-state under a forward bias: (a) 
hole and electron distributions; (b) anion and cation distributions; (c) dimensionless potential distribution 
cross the device; (d) recombination profile; and (e) electric field distribution.  
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Fig. 6.8 shows the situation when the density of electrons and holes at the injecting 

contact is higher (30 times) than that of the ionic charges.  At steady-state, the electrons 

and holes mainly accumulate near their parent electrodes, with the densities decreasing 

sharply with distance from the parent electrode until an inflection point, beyond which the 

gradients are much smaller.  The ionic charges accumulate near the counter electrodes, 

and reach their maximum concentrations at the above-said inflection point.  The potential 

has an oscillatory feature with the maximum and minimum emerge at the inflection points. 

Due to the presence of the ions, the recombination zone in this model is relatively narrow. 

The resultant electric field is negative near the contact, and positive in the bulk with small 

values. 

 

It is also of great interest to notice that the ion distribution in this electron-prevailing 

device resembles the distribution of electronic charges with the opposite polarity from 

Fig. 6.6.  This phenomenon can be rationalised by comparing the shape of the electric 

field.  As indicated in Fig. 6.6e, the electric field has large positive features near the 

electrodes and is visually zero in the bulk of the device.  And as described above, the 

electric field distribution of the electron-prevailing device, the electric field is similar to an 

inverted version of Fig. 6.6e. 

 

In this section, five different devices have been studied: device (a) is an electron-only 

device with effectively no ions; device (b) is an ion-only device with effectively no 

electrons; device (c) is a typical LEC device with ionic density 100 times larger than the 

electronic change density; device (d) is a mixed cell with comparable electronic charge 

densities and ionic densities; and device (e) is a mixed cell with electron density 30 times 

larger than the ionic density.  Device (a), which represents a conventional LED, yields a 

device efficiency of 97.8 % when no injection barrier is considered.  As there are no 

electrons and holes in device (b), its efficiency is zero.  While all of the mixed cells, 

devices (c), (d) and (e), representing LECs, have an efficiency of virtually 100 %, with a 

well-defined recombination zone (narrow profile in the centre of the device).  When there 

are more electrons than ions in the device, the resultant electric field is negative near the 

electrodes, as in devices (a) and (e).  If there are more ions than electrons in the device, 

the resultant electric field is positive near the electrodes, facilitating charge injection, as in 

devices (b), (c) and (d). 
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6.3.2 LEC performance at various DC biases 

Fig. 6.9a shows the electron and hole distributions with various external potentials, where 

no hole and electron injection barriers are set.  The hole and electron distributions are 

symmetric and the charge densities increase with the applied bias.  Since the entire 

potential difference is dropped in thin layers adjacent to each electrode, the electric fields 

at the contacts are extremely high.  As the DC bias is increased, the field strength at the 

contacts increases, resulting in higher rates of charge injection.  This, in turn, increases 

the recombination rate, as indicated in Fig. 6.9b. 
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Figure 6.9 (a) Electron and hole spatial distributions with different external biases. Red lines represent 
hole densities (p) and blue lines represent electron densities (n).  (b) Recombination profile inside the 
LEC device with various biases. 
 

Fig. 6.10 plots the maximum recombination rate and the maximum ionic- and electronic- 

charge densities against the applied bias.  The data indicate a super-linear dependence 

of all three quantities between 1.05 and 1.13 V, i.e. just above the built-in potential of 

0.8 V.  In the bulk of the LEC, the electric field is essentially zero due to screening by the 

ions.  Therefore, the electronic current (which eventually contributes to light emission) 

contains only a diffusion component that is described by Fick’s law nDJ xn∂−=diff .  To 

maintain current conservation, nx∂  must be constant in the bulk (where E = 0), so nx∂  is 

proportional to nmax, implying that the bias-dependence of the electronic current, and 

hence the recombination rate, may be found from the bias-dependence of nmax.  
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Figure 6.10 (a) Recombination rates, (b) maximum of ionic charge densities, and c) maximum of 
electronic charge densities with respect to applied DC biases (open circles).  The solid lines represent 
the superlinear fitting of each set of data. 
 

 

6.3.3 Mismatched electronic charge density and mobility studies 

All of the above studies used identical parameters for electrons and holes resulting in 

mirror-image distributions.  In this section, the effects of having different carrier densities 

at the parent electrodes or different mobilities are investigated.  We begin by considering 

the case where the hole mobility is 10 times lower than the electron mobility.  As seen in 

Fig. 6.11a, due to the mismatched mobilities, the holes penetrate less deeply into the bulk 

of the device; while the electrons penetrate much further into the device, shifting the 

recombination zone towards the anode.  The distribution of the ionic charge and the 

resultant potential distribution are quite interesting.  As previously seen in earlier 

simulations, excess anions and cations accumulate near the counter electrodes, resulting 

in large potential drops (electric fields) near the electrodes and an essentially constant 

potential elsewhere.  However, the maximum density of anions at the anode is three 

times larger than the maximum density of cations at the cathode.  Consequently, the 

resulting electric field near the anode is much stronger than that near the cathode, which 

will be discussed in Fig. 6.15a. 
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Figure 6.11 Electron and hole (a), ionic (b) distributions in a mismatched LEC with smaller hole mobility 
of 10-5 m2/Vs and larger electron mobility of 10-4 m2/Vs; (c) the dimensionless potential (V); and (d) the 
recombination profile inside the device.  
 

 

In this case, the hole mobility is much smaller, so a fraction of the fast-moving electrons 

would be wasted (by leakage) without radiative recombination.  The enhancement of the 

electric field near the anode due to the ionic charge redistribution can improve the hole 

injection, resulting in more holes inside the bulk of the device to compensate their small 

mobility.  The larger hole density near the anode and the sharply linear drop with the 

distance from the anode, results in a large hole diffusion current.  As the electric field in 

the bulk is zero, the hole current flux is equal to the diffusion component, i.e. 

jp(linear) = (1.2 ± 0.2) × 1024 m-2s-1.  The electron current flux in the linear region of its 

density profile is (1.45 ± 0.05) × 1023 m-2s-1, nearly eight times smaller.  Thus, the larger 

hole current in the linear region compensates for the lower mobility, allowing more 

balanced electronic charge carrier transport that results in higher recombination rate and 

device efficiency. 

 



Chapter 6  Modelling of light-emitting electrochemical cells 

157 

-0.5 0 0.5
0

1

2

3
x 1022

ξ

p 
&

 n
 (m

-3
)

    (a) h & e distributions

-0.5 0 0.5
0

2

4

x 1024

ξ

P
 &

 N
 (m

-3
)

(b) ion distributions

-0.5 0 0.5
-1

-0.5

0

0.5

1

ξ

V

(c) electric potential

-0.5 0 0.5
0

1

2

x 1030

ξ

R
ec

 (m
-3

s-1
)

  (d) recombination profile

p n
N P

 
Figure 6.12 Electron, hole, ionic distributions in a mismatched LEC with 100 times smaller hole mobility 
than electron mobility, (μp = 10-6 m2/Vs, μn = 10-4 m2/Vs) at steady-state.  Also shown are the 
dimensionless potential (V) and the recombination inside the device. 
 

 

The ability of LECs to “self-adjust” and so compensate for the mismatched mobilities is 

more apparent when we further enlarge the difference between hole mobility and electron 

mobility to a factor of 100 (μh
 / μe = 0.01), as shown in Fig. 6.12.  The holes are severely 

confined to the region adjacent to the anode, with a much narrower width compared to 

Fig. 6.11a.  After peaking near the cathode, the density of electrons decreases linearly 

with distance from the cathode.  Thus, the leakage electron flux is relatively large, i.e. 

jn (anode) = 6.8 ×1022 m-2s-1.  The hole current flux in the linear region near the anode is 

3 ± 0.5 × 1024 m-2s-1, which is twenty times larger than the electron current flux in its 

linear region, i.e. (1.15 ± 0.05) × 1023 m-2s-1.  Thus, in the bulk of the device, the large 

hole current partially compensates for the 100-times-smaller mobility.  The narrow 

recombination zone is very close to the anode.  The maximum density of anions at the 

anode in this case is now five times larger than the maximum density of cations at the 

cathode, resulting in a substantially enhanced electric field (see Fig. 6.15b) that improves 

hole injection.  So in this case, the redistribution of the ions in the LEC provides a large 

electric field near the anode, which facilitates the injection of the ‘slower’ carrier species. 

In this way, LECs can partially compensate for differences in the electron and hole 

mobilities, and ensure high efficiencies of recombination. 
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Figure 6.13 Electron, hole, and ion distributions in a LEC with mismatched hole and electron densities 
at the parent electrodes, i.e. p(0) = 1021 m-3, n(d) = 1022 m-3. Also shown are the dimensionless potential 
and the recombination profile inside the device. 
 

 

Finally, the mobilities of electrons and holes were set equal, but mismatched electron and 

hole densities were assumed at the injecting contacts.  All of the other parameters were 

set to the same values as before.  Fig. 6.13 shows a simulated LEC with p(0) = 1021 m-3 

and n(d) = 1022 m-3.  Both the electronic charge distributions peak near their parent 

electrodes and decrease linearly to approximately zero at the far side of the 

recombination zone.  But the crossing point of the two curves is near the anode.  The 

calculated hole current flux in the linear region near the anode is (1 ± 0.2) × 1023 m-2s-1, 

and the electron current flux in the linear region near the cathode is slightly larger, i.e. 

1.39 × 1023 m-2s-1.  The two currents have very close values, indicating moderate degree 

of offsetting the mismatch.  Due to anti-symmetric densities at the parent electrodes, 

more anions are accumulated near the anode than cations at the cathode, which in turn 

increase the rate of hole injection.  The electric field is thus highest near to the anode, 

where it is needed most. 

 

If the mismatch in the charge densities at the parent electrodes is increased further so 

that p(0) = 1020 m-3, n(d) = 1022 m-3, as shown in Fig. 6.14, the holes have very small 

density and the interfacial field near the anode is significantly larger than that near the 

cathode.  The calculated hole current flux in the linear region near the anode is 
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(1.66 ± 0.03) ×1022 m-2s-1, and the electron current flux in the linear region near the 

cathode is (1.13 ± 0.01) ×1023 m-2s-1.  In this case, the mismatch is too high for the LEC 

to overcome, but the enhanced field at the anode still results in a better balance of hole 

and electron currents than would be obtained in the equivalent LED.  The electron 

density maintains a linear profile up until the anode, implying a very large leakage current 

(9.4 ×1022 m-2s-1).  The recombination zone is ‘pushed’ closer to the anode with smaller 

amplitude because of the mismatch and will limit the EL efficiency.  If the field at the 

anode is sufficiently high, injection is enhanced partially compensating for the mismatch 

in electron and hole mobilities.  Further rearrangement of ions then occurs, until the 

magnitude of the electric field in the bulk of the device is zero again. 
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Figure 6.14 Electron, hole, ionic distributions in a mismatched LEC with the hole density at the anode of 
p(0) = 1020 m-3 and the electron density at the cathode of n(d) = 1022 m-3.  It also shows the 
dimensionless potential and the recombination profile. 
 

 

A key prediction of the model is that the redistribution of the ionic charge will self-

consistently create the highest electric field near the electrode with the lowest injected 

charge densities.  This conclusion is consistent with the experimental data reported by 

Slinker and Malliaras.171 They used electric force microscopy to measure the electric-field 

distribution for Au/[Ru(bpy)3]2+(PF6
-)2/Au devices under 5 V operation.  The measured 

electric field had a large value near the cathode, and a smaller value (but still larger than 

the bulk) near the anode.  The electric field in the bulk of the device was reduced by 
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nearly a factor of 6 compared to that near the cathode.  As the Fermi level of gold (work 

function of 5.1 eV) is closer to the HOMO (5.8 eV) than to the LUMO (3.2 eV) of 

[Ru(bpy)3]2+(PF6
-)2, a smaller electron than hole density is expected at the injecting 

contacts.  As a result, the highest electric field occurs near the cathode, where it is 

needed the most if the device efficiency is to be high. 
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Figure 6.15 Electric field studies for the above mismatched cases: (a) the hole mobility is 1/10 of the 
electron mobility; (b) the hole mobility is 1/100 of the electron mobility; (c) the density of holes at the 
anode is 1/10 of the density of electrons at the cathode; (d) the density of holes at the anode is 1/100 of 
the density of electrons at the cathode. The dotted red line indicates the mismatch in the electric field at 
each electrode. 
 

 

The electric field distributions for the four mismatched cases discussed are compared in 

Fig. 6.15.  The four devices share the same feature with holes as the ‘weaker’ charge 

species. For devices (a) and (b), the holes have a smaller mobility; and for devices (c) 

and (d), the holes have a lower density at the parent electrode.  Therefore, the electric 

field distributions look similar: 1) with large electric fields appearing at both electrodes to 

facilitate charge injection in general; 2) “fully” screened electric field in the bulk; 3) higher 

electric fields near the anode (compared to the cathode) to enhance hole injection, thus 

partially compensating for the “weaker” species.  Comparing the difference between the 

electric field at the anode and the cathode (indicated by the slope of the dotted red lines), 

the distribution of electric field is adjusted in a way to further compensate the mismatch 

caused by the holes from device (a) to (b) and from device (c) to (d). 
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The efficiency of the four devices can be estimated from the electronic charge 

currents.  The efficiency is equal to the ratio of the recombination current (jrec) and the 

injected total current (jtotal), where the recombination current is the total current minus the 

leakage currents (jleakage) at the counter electrodes: 

np

anode
n

cathode
p

total

leakagetotal

total

rec 1
jj
jj

j
jj

j
j

−
−

−=
−

==η  (6.24)

where jp is the hole current, jn is the electron current, jp
cathode is the hole current at the 

cathode, and jn
anode is the electron current at the anode. 

 

Following this definition, under a symmetric condition, the LEC with 1022 m-3 electronic 

charge densities and 1024 m-3 ionic charge densities has an efficiency of 100 %.  The 

efficiencies for devices (a)–(d) are 96.51 %, 41.95 %, 86.73 %, 16.88 %, respectively. 

Due to the redistributed electric field, even when the hole mobility is 10 times smaller 

than the electron mobility (device a) or the injected holes is 10 times less the injected 

electrons (device c), the LECs can still yield high efficiencies of over 85 %.  Even though 

the efficiencies are much lower for devices (b) and (d), the 42 % and 17 % values are 

surprisingly high considering the extreme mismatch in the mobilities and charge densities 

(a factor of 100 in each case). 

 

6.4 Conclusion 

This chapter applied the electrodynamic model to study the charge and potential 

distribution in LECs.  This model studies the effect of charge density, charge mobility and 

electric field in LECs systematically.  The studies indicate that the low threshold for 

charge injection is due to movement of the mobile ions towards the electrodes.  The 

accumulation of uncompensated ions near the electrode-polymer interfaces screens the 

bulk polymer from the external field and increases the field at the parent electrodes, thus 

increasing the rate of carrier injection. The density of the electronic and ionic charges as 

well as the recombination rate increase super-linearly with the external potential when it 

is just above the built-in potential.  Even a small increment of electric field substantially 

boosts the rates of charge injection and radiative recombination.  A key prediction of the 

model is that the redistribution of the ionic charge will self-consistently create the highest 

electric field near the electrode with the lower carrier density or from which the injected 

charges have lower mobility, partially compensating the mismatch and thus enabling 

higher efficiencies to be obtained than would be the case for an equivalent LED. 
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7.1 Conclusions 

In the first part of this thesis, optical (i.e. absorption and PL spectra), electrical (i.e. EL 

spectrum and current-voltage-luminescence), and electroabsorption measurements were 

used to investigate the operating mechanisms of polymer light emitting diodes.  I-V-L 

measurements indicated a significant improvement in efficiency and lifetime when a thin 

hole-transporting interlayer was inserted between the PEDOT:PSS anode and the 

emissive layer.  Two “conventional” polymeric materials (TFB and BFE) and one 

crosslinkable material (XTPD) were investigated as interlayer materials in red, green and 

blue PLEDs.  Electroabsorption spectroscopy was used to gain insight into the electric 

field and charge distributions inside the operating devices.  

 

The spin-coating procedure for multilayer PLED fabrication is quite challenging as it is 

easy to partially dissolve the previous layers when casting another layer on top.  In 

Chapter 3.2 we found that a 10 nm TFB film was almost insoluble when annealed at 

180 °C for 1 hour on PEDOT:PSS-coated substrates.  The TFB interlayer was found to 

greatly increase the efficiency of green devices based on F8T2.  Two different cathodes 

Al and Ca were tested, but the origin of the efficiency improvement was different.  The 

interlayer-free device based on Ca and the interlayer containing device based on Al both 

exhibited anomalous charge-induced features in the electroabsorption spectra and 

revealed pinning at the PEDOT:PSS/polymer interface.  However, the interlayer device 

based on Ca did not show strong charge-induced features.  In the case of the interlayer-

containing Al device, low device efficiencies would ordinarily be expected due to the large 

(0.9 eV) electron injection barrier.  In reality, this device performed remarkably well and 

was more efficient than the interlayer-free Ca device.  This implied that introducing an 

interlayer next to the anode improved the injection of electrons from Al, which then 

recombined with the accumulated holes at the TFB/F8T2 interface.  The addition of a 

TFB interlayer in the Ca device blocked the electrons and caused electron accumulation 

at the TFB/F8T2 interface which facilitated hole injection from PEDOT:PSS to TFB.  Thus, 

the recombination rate in the interlayer-containing Ca device was increased and so was 

the device efficiency. 

 

Adding a thin TFB film between PEDOT:PSS and a blue emitter PFO increased the 

luminous efficiency six-fold but also increased the emission threshold (1 cd/m2) from 4.2 

to 5.4 V, as shown in Chapter 3.3.  The interlayer also limited the formation of keto 

defects which are commonly evident in the emission spectra of PFO-based devices.  The 

electromodulation measurements indicated that the PFO control device was 

contaminated by strong charge induced effects at high forward biases.  The TFB control 
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device exhibited complete internal electric screening under an applied bias greater than 

its built-in potential (2.7 V).  However, the interlayer device containing 10 nm TFB and 

100 nm PFO had typical broad EA features, whose EM signal scaled linearly with the DC 

bias; and no pinning of PEDOT:PSS was observed, explaining the larger EL turn-on 

voltage.  PLEDs based on a polyfluorene-red copolymer were also characterised.  Again, 

incorporating the TFB interlayer increased the luminous efficiency and luminosity.  Under 

DC biases greater than the built-in potential, the conventional device without an interlayer 

exhibited strong charge-induced effect which could be largely suppressed by adding a 

10 nm TFB interlayer between PEDOT:PSS and the emitter.  

 

A comparative study of TFB and BFE as interlayers with blue co-polymeric emitters was 

reported in Chapter 4.1.  Four control devices containing 97–80 % F8 and 3–20 % PD in 

the active layer were compared.  Device SC014 (97/3) with the highest amine content 

had the largest current density as its HOMO level was better matched to that of the hole 

injection layer, hence the lowest EL turn-on voltage and the highest luminance.  But it 

yielded the lowest luminous efficiency due to a relatively small recombination 

rate.  Incorporating interlayers reduced the turn-on voltage by approximately 1 V, and 

boosted the luminance at least tenfold for all the devices.  Most noticeably, devices with 

interlayers had much higher efficiencies that decreased less rapidly with the applied bias 

compared to the interlayer-free equivalents.  The most efficient device was based on 

SC013 (90/10) with a BFE interlayer, reaching 5.1 cd/A at 6.2 V, nearly 3 times larger 

than the most efficient control device.  All of the control devices had the same built-in 

voltage of 2.4 V and exhibited a (nearly) linear dependence on DC bias in accordance 

with the pure Stark effect.  The insertion of the interlayers increased the built-in voltage by 

0.2–0.4 V and also induced abnormal charge effects at high voltages, indicating a large 

number of trapped electrons near the PEDOT:PSS/organic interface.  Comparing these 

two interlayer materials, BFE was found to outperform TFB for these blue copolymers, 

which was attributable to the stronger screening effects evident in the EA 

measurements.  TFB, by contrast, provided a more stable interface next to the emissive 

layer that improved the device lifetime. 

 

XTPD interlayers were demonstrated to improve the device performance for PVK-based 

green phosphorescent PLEDs in Chapter 4.2.  A comparative study of different device 

structures of the same total thickness but with different interlayer thicknesses (5–30 nm) 

was carried out.  The X30G70 device outperformed the others in terms of efficiency, 

yielding a luminous efficiency of 39 cd/A.  The interlayer devices exhibited stronger 

electric field screening effects under high DC biases.  As the XTPD interlayer was 

increased in thickness, the corresponding built-in potential increased, which implied more 
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effective electron blocking by XTPD than PEDOT:PSS.  The electric field in each polymer 

layer were calculated from the spatially-separated EA features and revealed severe 

screening due to the electron accumulations at the XTPD/EML and PEDOT:PSS/XTPD 

interfaces.  These trapped electrons near the anode facilitated hole injection, and 

resulted in the reduction of the EL onset potential and also the enhancement of device 

efficiency. 

 

An OLED device requires at least one transparent electrode and the electrode most often 

encountered is ITO, which has many desirable properties but is inherently brittle.  In 

Chapter 5, an alternative vapour-phase-polymerised version of PEDOT (VPP-PEDOT) 

was studied.  This electrode is not limited by the solution processing, and its thin film 

yields good transmission (> 75 %) and high conductivity (> 1000 S/cm).  The only 

significant drawback is its low work function of 4.6 eV, which can be overcome by adding 

a PEDOT:PSS layer on top.  Four devices were investigated: ITO/LG1300/Ca, VPP-

PEDOT/LG1300/Ca, ITO/PEDOT:PSS/LG1300/Ca, and VPP-PEDOT/PEDOT:PSS/ 

LG1300/Ca.  The two devices with uncoated ITO or VPP-PEDOT exhibited low 

luminosities and luminous efficiencies due to poor hole injection at the anode: 

< 0.12 lm/W, < 0.75 cd/A for ITO and < 0.023 lm/W, < 0.144 cd/A for VPP-PEDOT.  The 

other two devices with PEDOT:PSS-coated anodes exhibited much higher luminosities 

and luminous efficiencies: > 5.5 lm/W, > 8.5 cd/A for ITO/PEDOT:PSS and > 5.6 lm/W, 

> 10.2 cd/A for VPP-PEDOT/PEDOT:PSS.  In both cases, electromodulation 

measurements suggested the improved efficiencies were attributable to the 

poly(styrenesulfonate) component of PEDOT:PSS, which causes electrons to become 

trapped at the PEDOT:PSS/emitter interface and in so doing increases the rate of hole 

injection into the active layer.  Importantly, the above results indicate that VPP-

PEDOT/PEDOT:PSS is a viable alternative to ITO-based anodes, capable of yielding 

superior device efficiencies in otherwise identical organic LEDs. 

 

In the second part of the thesis, a drift-diffusion based device model capable of simulating 

light-emitting electrochemical cells was developed in Chapter 6 and Appendices.  A 

number of numerical improvements were made to the existing code base.  For example, 

by adjusting the Jacobian matrix to a banded matrix for the ODE15s solver and changing 

the formulation of the underlying equations from ODEs to DAEs, the convergence 

process was greatly accelerated, thus the computing efficiency was increased by a 

typical factor of 30 and memory usage was reduced.  Zero flux boundary conditions were 

also successfully developed for the LEC simulation.  The simulations indicated that the 

low threshold for charge injection resulted from the movement of mobile ions towards the 

electrodes.  The accumulation of uncompensated ions near the electrode/polymer 
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interfaces resulted in a large electric field near the contacts and thus increased the rate of 

charge injection at the parent electrodes.  This ionic charge redistribution occurred 

throughout the bulk of the polymer film until the local electric field had been cancelled 

everywhere.  We specifically studied the dependence of device behaviour on electric field, 

injection density and charge mobility.  An important implication of the model was that the 

ionic charge self-consistently redistributed to create the highest electric field near the 

electrode with the initially weaker charge injection or whose associated carrier type had a 

smaller mobility.  This self-adjusting ability of LECs improved the balance of charge 

injection and so increased the recombination efficiency. 

 

7.2 Further work 

7.2.1 Interlayer studies 

The effects of different interlayer materials, both polymeric and crosslinkable, were 

investigated when placed between PEDOT:PSS and various light-emitting polymers.  The 

combination of the interlayer and emissive layer strongly affects the performance of the 

resultant interlayer devices.  It would be of great importance to establish a general 

relationship between the function of the added interlayer and the energy levels of the 

emissive materials.  In addition, there are still some phenomena emerging in the EM 

measurements that can not be fully understood.  Electric field screening was observed in 

the PEDOT:PSS/EML/Ca devices and the PEDOT:PSS/TFB/EML/Al devices. Whether 

the cause of the screening in these two different structured devices is exactly the same 

has not yet been systematically studied. 

 

7.2.2 Alternative electrodes 

ITO is the only brittle device layer in standard OLEDs if active metal cathodes are used. 

VPP-PEDOT appears to be a viable alternative.  As its work function is low, with special 

treatments, VPP-PEDOT can also be used as an alternative cathode, leading to all 

plastic electronic devices.  However for this to become commercially viable, the 

conductivity of such films must be raised to the level of ITO (~4000 S/cm) without 

adversely affecting charge-injection, whilst at the same time maintaining device stability 

and high transparency.  By carefully controlling the film fabrication process, it is hoped 

that film quality can be further improved. 
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7.2.3 Simulation model implement 

So far full colour emission has been realised from LECs made with various conjugated 

polymers.  The electrodynamic model based on drift-diffusion equations is shown here to 

have wide application in studying and understanding LECs.  However, due to the 

limitation of the MATLAB integration solver ODE15s (in particular its double digit 

precision), numerical errors are encountered if the charge density is too high or the 

integration time is too long. Thus, there is a ‘gap’ between the charge densities used in 

this model and the charge densities encountered in real devices.  Further improvements 

to the simulation procedure, e.g. by switching to a higher precision solver and 

programming environment, are needed.  It will be interesting to compare our simulations 

in detail with recently reported experimental data using techniques such as scanning 

atomic force microscopy and scanning Kelvin probe microscopy.158,159 
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Appendices 

Appendix A: Method of lines 

The basic idea in the method of lines (MOL) is to replace the space derivatives with 

algebraic approximations. This in effect leaves only derivatives with respect to time.  Thus, 

the MOL procedure converts the semiconductor equations into a series of coupled 

ordinary differential equations (ODEs) that can be integrated forward in time using an 

appropriate ODE solver.  In this work, the multi-step solver ODE15s is used, which is 

included as part of the Matlab ODE suite and is suitable for stiff ODEs and differential 

algebraic equations (DAEs).  An adaptive mesh that responds to the evolving shape of 

the solution profile is used here to improve spatial resolution.  Firstly, the continuous one 

dimensional variable u is evaluated at N discrete locations x = [x1, x2, … xN], where x1 and 

xN are equal to the boundary coordinates xL and xR respectively and the intermediate 

points satisfy xL < xi < xR.172 This yields a vector u of N discrete function values: 

[ ]TNuuu K,, 21=u  (8.1)

 

In the simplest approach, the spatial derivatives ∂xu, ∂x
2u, … are approximated by finite 

difference equations in which the derivatives at a grid point xi are determined from 

weighted sums of the function values at nearby data points.  In the case of a three-point 

central scheme, for example, the derivatives at an intermediate node xi are determined 

from a weighted sum of ui-1, ui and ui+1.  While the derivatives at the boundary nodes are 

most conveniently determined using u1, u2 and u3 in the case of x1, and uN-2, uN-1 and uN in 

the case of xN.  For many situations a simple, three-point scheme is adequate although, 

for very steep moving fronts, convergence may sometimes be obtained more rapidly 

using higher order schemes.173 In this work, a five-point central difference scheme (5 

stencil) is applied, which has been found to work well for a wide variety of test 

problems.177  Fornberg has reported a fast algorithm for computing these finite difference 

weights.172  The application of the finite difference formulae yields a differentiation matrix 

D1 such that premultiplication of u by D1 returns ∂xu,  

uDu ⋅=∂ 1x  (8.2)

 

In order to facilitate the computational solution, it is convenient to introduce the following 

dimensionless quantities: 

d
x

=ξ  (8.3)
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φ
Tk

eV
B

−=
 

(8.4)

where d is the width of the device, x is the location of grid points, kB is Boltzmann’s 

constant, T is the temperature, φ is the electric potential, and e is elementary charge.  The 

transport equations and Poisson’s equation, expressed in these dimensionless quantities, 

therefore become: 

)(
B

22
2 PNpn

Tk
deVξ −+−=∂

ε
 

( ) ( )( ) ( )[ ] npnVnVn
ed

Tkn ξξξξt eh
22

n2
B κμ −∂+∂∂+∂⎟

⎠
⎞

⎜
⎝
⎛=∂

 

( ) ( )( ) ( )[ ] nppVpVp
ed

Tkp ξξξξt eh
22

p2
B κμ −∂+∂∂−∂−⎟

⎠
⎞

⎜
⎝
⎛=∂

 

(8.5)

( ) ( )( ) ( )[ ]NVNVN
ed

TkN ξξξξt
22

N2
B ∂+∂∂+∂⎟

⎠
⎞

⎜
⎝
⎛=∂ μ

 

( ) ( )( ) ( )[ ]PVPVP
ed

TkP ξξξξt
22

P2
B ∂+∂∂−∂−⎟

⎠
⎞

⎜
⎝
⎛=∂ μ

 

 

Applying the MOL discretisation described above, these equations are immediately 

transformed to the following series of coupled equations: 
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where bA ⋅  represents the premultiplication of vector b by matrix A, and 

[ ]NNbababa ,,, 2211 Ko =ba  denotes the element-by-element multiplication of vectors a and 

b. 

 

Eq. 8.6 can be rewritten in a form of: 
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This form, although unusual in appearance, will later be used to express the equations in 
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the form of a differential algebraic equation (DAE).  All of the other equations (Eq. 8.7-

8.10) are of the form ),,(*1 Ktft cc =∂ , where c represents the charge density.  Finally, in 

order to put the equations into the required explicit form for the ODE solver, i.e. 

),()(t tt uguM =∂⋅ , where M is the mass matrix, the individual column vectors n, p, V, P, 

and N are concatenated into a single column vector u such that: 
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The mass matrix M is a 5N by 5N matrix with only the diagonal having non-zero elements, 

as shown in Eq. 8.13.  For all the diagonal elements, elements with the sequence 

numbers of 1, N, N+1, 2N, and 2N+2 to 3N-1 are equal to zero due to the application of 

DAEs for the corresponding derivatives: 

))]ones(2 1, ),2zeros( 1, 0, ),2ones( 0, 0, ),2(ones 0,([ diag NNNN −−−=M  (8.13)
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(8.14)

 

Eq. 8.14 is in the form of a standard DAE ),()( ttt uguM =∂⋅ , which can be solved by 

numerical solvers such as OED15s.  Before doing so, however, one further change is 

required.  The lines in vector g corresponding to pa, na, Va, Pa, Na and pc, nc, Vc, Pc, Nc must 

be substituted for the new lines that impose the correct boundary conditions. 

 

The electronic carrier densities at the electrodes can be expressed as a function of the 

electric field as shown in Eq. 6.21, which can be rewritten in the DAE form as:  
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anodeBBp0anode ]/)/(exp[0 pTkEeppt −−−=∂⋅ γφ  
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(8.15)

where t is time, t∂  denotes ∂ / t∂ , e is the electron charge, kB is Boltzmann’s constant, T 

is the temperature, and p and n represent hole and electron densities. 

 

For ions, combining Eqs. 6.10 and 6.22, the cation current flux at the anode in the form: 
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Therefore, 
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P
e
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With the definition of MOL, all of the 1st derivatives can be expressed by multiplying D1 

with the variables, and all of the 2nd derivatives can be expressed by multiplying D2.  So 

Eq. 8.17 can be rewritten in the following form: 

( )
anode

1B
anode Eed

TkP PD o
⋅=  (8.18)

In the following treatment, it will be convenient to introduce dimensionless thickness 

ξ = x / d. 

 

Differentiating Eq. 8.16 with respect to space yields, 
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Expressing in the MOL format and substituting Panode in the second term using Eq. 8.18 

gives, 
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So combining with Eq. 6.6 yields 
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Similarly, 
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The anions at the anode are governed by:  
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So, 
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Differentiating Eq. 8.23 and substitute Nanode using Eq. 8.24 yields, 
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From Eq. 6.5 we then obtain, 
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Similarly, 
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Having approximated the spatial derivatives using the algebraic terms, the set of partial 

differential equations (PDEs) has been reduced to a set of ODEs.  We now proceed to 

the second step of the MOL, which involves time integration of the resulting semi-discrete 

(discrete in space, but continuous in time) equations using an appropriate solver.  The 

algorithm is initialised using ‘dummy solutions’ for p, n, V, P, N at short-circuit condition, 

which are given by the input of Boltzmann distributions.  The time integrator is then 

allowed to evolve in time until the steady-state solutions for p, n, V, P, N are found.  There 

are different ways of determining the steady-state; one simple way is to calculate the total 

current inside the device.  In general, the current passing through the LEC is made up of 

two components: an ionic contribution and an electronic contribution.  At steady-state, the 

ionic charges have finished their redistribution, resulting in a ‘zero’ ionic current.  While 

the electronic current reaches a saturated plateau.  Therefore, at the steady-state, the 

total current in the LECs flattens.  The bias is then incremented, and the algorithm is re-

initiated using the previous solutions as the new ‘dummy solutions’.  By repeating this 

process over a range of applied biases, updated solutions for p, n, V, P, N are obtained, 

which can also be used to evaluate current densities. 
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This method is an extension of previous work reported by deMello in 2002.157  This 

approach offers an efficient, robust and versatile means of simulating semiconductor 

devices that allows for simpler coding of the underlying equations than many alternative 

simulation procedures.  It is especially well-suited to the extremely stiff equations that 

arise during the simulation of organic semiconductors.  For most of the studies shown in 

Chapter 6, the steady-states can be reached within 1 μs of integrating time span, which 

takes approximately 30 minutes in a fast dual-core computer.  Using longer integrating 

time span may cause unnecessary numerical warnings as the limitation of the differential 

solver (ODE15s). 

 

The popularity of the MOL stems from its simplicity of implementation and the availability 

of high-quality time integrators for solving a wide range of problems, including ODEs and 

DAEs.  The MOL procedure may be refined by replacing the uniform grid with an adaptive 

mesh that responds to the evolving shape of the solution profile.163  There are two types 

of adaptation algorithm that may be envisaged: dynamic remeshing, in which the grid is 

updated continuously as the solution evolves; and static remeshing, in which the grid is 

updated at discrete time intervals. The static spatial remeshing method is used here, as it 

is independent of the system of equations under study and highly competitive with more 

complex regridding techniques.174  The specific grid refinement is discussed more 

completely in Ref. [173] 
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Appendix B: Jacobian matrix compression and vectorisation 

The Jacobian matrix is the matrix of all first-order partial derivatives of a vector-valued 

function.  Its importance lies in the fact that it represents the best linear approximation to 

a differentiable function near a given point.  Suppose a set of functions is given by m real-

valued component functions, g1(u1,...,un), ..., gm(u1,...,un).  The partial derivatives of all of 

these functions (if they exist) can be organised in an m-by-n matrix, the Jacobian matrix J, 

as follows: 
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The properties of the Jacobian matrix play a crucial role in the selection of a suitable time 

integrator.  In our model, the method-of-lines discretisation of a drift-diffusion equation on 

a 1-D mesh of N points gives a DAE in the standard form ),()(t tt uguM =∂⋅ , with 

length(u) = 5N for five variables, where t is the scalar time, u is the solution vector, and M 

is the mass matrix.  In most of the cases, the 5N × 5N Jacobian matrix must be evaluated 

numerically.  But due to the finite difference approximation employed, many elements in 

the Jacobian are zero: for five elements [p, n, V, P, N] and 5 stencil approximation up to 

the 2nd order, the set of the derivatives can be expressed as:  

),,,,,,,,,,,,,,( 4444444444 +−+−+−+−+−=∂ iiiiiiiiiiit NNPPVVnnppfp KKKKK  

),,,,,,,,,,,,,,( 4444444444 +−+−+−+−+−=∂ iiiiiiiiiiit NNPPVVnnppfn KKKKK  

),,,,,,,,,,,,,,( 4444444444 +−+−+−+−+−=∂ iiiiiiiiiiit NNPPVVnnppgV KKKKK  (8.29)

),,,,,,,,,,,,,,( 4444444444 +−+−+−+−+−=∂ iiiiiiiiiiit NNPPVVnnppfP KKKKK  

),,,,,,,,,,,,,,( 4444444444 +−+−+−+−+−=∂ iiiiiiiiiiit NNPPVVnnppfN KKKKK  

 

It is clear that the derivatives of each variable are only dependent 45 

variables.  Numerically calculating the derivatives of the zero elements is clearly 

unnecessary, wasting memory and computational effect, and thus ultimately slowing 

down the simulation procedure.  Therefore, a sparsity pattern can be defined for the 

Jacobian matrix (using the JPattern function in Matlab) that instructs the ODE solver 

which elements in the Jacobian are non-zero and need to be evaluated numerically. 
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In the initial code the solution variables were arranged in the order: 

[ ]TNiNiNiNiNi NNNPPPVVVnnnppp ......,......,......,......,...... ,,11111=u  (8.30)

This gives rise to a multiple-banded sparsity pattern of the form in Fig. 8.1a, containing 

nine banded structures, each of which having a 9-element width.  A more numerically 

efficient approach is to rearrange the solution variables in the following order: 

[ ]TNNNNNiiiii NPVnpNPVnpNPVnp ,,,,,......,,,,,......,,,, 11111=u  (8.31)

which gives rise to a single band containing 45 elements per row in the sparsity pattern 

(Fig. 8.1b).  This Jacobian matrix can be handled far more efficiently by the ODE solver. 
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Figure 8.1 Comparison of sparsity pattern for (a) original non-banded Jacobian (b) the new banded 
Jacobian.  (a) comprises nine banded structures, each of which has 9 elements per row; (b) comprises 
one diagonal band with 45 elements per row. 

 
 
The compression and vectorisation of the Jacobian matrix as well as the advantages of 

using DAEs are illustrated in Table 8.1.  The original model accomplished the simulation 

in 552 minutes.  Using banded Jacobian significantly shortened the simulation time to 98 

minutes.  Incorporating DAEs, the simulation time was further reduced to 19 minutes, 

only 1/30 of the original time. 

 

Running Time Original Banded Jacobian Banded Jacobian & DAEs 

Seconds 33090 5869.2 1170 

Minutes 552 98 19 

 
Table 8.1 Compares ion of different models.  By using the banded Jacobian matrix, the convergent time 
was reduced to less than 1/5.  Combined with the DAEs substitution, the convergent time was reduced 
to 1/30. 
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