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Clarification

For the seek of simplicity and convenience, some terms used in the discussion of this

thesis might appear to be ambiguous. To make it easier to understand, the terms

which may cause confusion will be clarified here.

(1), without particular statement, field mentioned means magnetic field.

(2), low field means a magnetic field less than 50 mT.

(3), polaron refers to an electron or a hole residing on an organic molecule (polymer

chain). In the thesis, it is equal to charge carrier.

(4), free charge carrier refers to an electron (a hole) that doesn’t bond with a hole (an

electron). Free here doesn’t mean that these electrons and holes are delocalised like

in a inorganic semiconductor.

(5), bipolaron refers to an organic molecule (polymer chain) containing two spin

anti-parallel electrons or holes.

(6), polaron pairs refers to Wannier-Mott excitons.
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Abstract

The research area of magnetic field effects (MFE) on organic systems has been

intensively studied during the last decade. It has been revealed that there are

processes that are subject to low fields (< 50 mT) and processes that are subject to

high fields (> 50 mT). While the low field processes are widely accepted to be a

result of the suppression of the spin mixing caused by random hyperfine fields and

spin-orbit coupling within the devices, the origin of the high field processes is still

not clear. Although several mechanisms, like triplet-charge carrier interaction (TCI)

and triplet-triplet annihilation (TTA), were proposed to explain the high field MFEs,

how these processes are affected by a magnetic field is not well understood. This

thesis presents a study of the role of excitons on MFEs using aluminium

tris(8-hydroxyquinolinate) (Alq3) based diodes, focusing on the behaviour of high

field effects on electroluminescence (MEL).

In order to investigate the role of excitons on high field MEL, devices with different

structures were designed to modify the population of exciton and excess charge

carriers in the devices via controlling the injection of charge carriers. In this way, the

exciton population dependent TTA and TCI processes can be studied further and

even distinguished, since the TTA depends mainly on the population of triplets

while the TCI depends on the exciton to charge carrier ratio. Steady state MFE

measurements were performed, and results show that significant high field MEL

decay can be seen in a device with extremely low triplet concentration. This

indicates that TTA cannot be the underlying mechanism of high field MEL decay.

The gradual trend of high field MEL, changing from a moderate increase to

significant decays upon adjusting the hole and electron injection from balanced to

severely hole dominated, suggests that this high field decay is exciton-hole

interaction dependent.

To decompose the role of singlets and triplets on high MELs, transient MFE

measurements were performed on the Alq3 based standard devices. Since in Alq3

layer singlets feature a lifetime of ∼ ns and triplets feature a lifetime of ∼ µs, the

6



behaviour of MEL at the rising edge and the falling edge of a pulse can provide a

useful tool. Results show that an extra component occurs in the transient MEL at

large current density and high fields. This indicates that the high field MEL is

related to triplet-charge carrier interaction.
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Chapter 1

Introduction

1.1 Introduction to organic semiconductors

Organic semiconductors (OS) refer to semiconductors consisting of mainly carbon

and hydrogen atoms. One key feature of organic semiconductors is that they are

conjugated systems containing alternating carbon single and double bonds.

Therefore organic semiconducting molecules usually contain aromatic benzene

rings or polymer chains with alternating double and single bonds. These systems

contain conjugated π-electrons which give them the semi-conducting nature.

Owing to the ease of structure modification, chemical tunability, mechanical

flexibility, and self-assembly, organic semiconductors have been widely used in

manufacturing promising devices such as organic light emitting diodes (OLEDs)

[1–3] photovoltaic cells [4, 5], and field effect transistors [6, 7].

1.1.1 Origin of conduction

SP2 hybridisation

To understand the semi-conducting nature of an organic molecule, it is important to

explain the sp2 hybridised orbitals. Figure 1.1 shows a diagram of the sp2

hybridisation process. The original electron configuration of a carbon atom is

1s22s22p1
x2p1

y2p0
z . When a carbon atom needs to be attached to three groups, the sp2

hybridisation occurs by promoting one electron from the 2s orbital to the

unoccupied 2pz orbital and mixing the 2s orbital with the two p orbitals (2px and
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2py) to create three sp2 orbitals. After sp2 hybridisation, the electron configuration

of this carbon becomes 1s2(sp2)32p1
z .

Figure 1.1: sp2 hybridising processes for a carbon atom.

π-conjugation

A π conjugated system refers to a system with alternating single and double bonds.

Here I use a benzene molecule to explain the π-conjugation. In a benzene molecule,

there are six carbon atoms, each of them forming sp2 hybridised orbitals. The three

sp2 orbitals of each carbon atom form a plane with a bonding angle of 120 degrees.

Two of the three sp2 orbitals overlap, separately, with one sp2 orbital from its two

adjacent carbon atoms, forming the backbone of the benzene ring. The remaining

sp2 orbital is attached to a hydrogen atom. σ-bonds are formed in each overlapping

area. A simplified diagram is presented in figure 1.2 to show the bonds. Linear

combination of these σ-bonds form a bonding (σ) and an anti-bonding (σ∗) orbitals

in the molecule. The 2pz orbitals are perpendicular to the plane formed by the

σ-bonds. Six 2pz bonds overlap sideways weakly, forming the π-bonds as shown in

figure 1.3. Similar to σ-bonds, the linear combinations (symmetric and

antisymmetric) of these 2pz bonds also form a bonding (π) and an anti-bonding

orbitals (π∗) in the molecule. As compared to the σ-bonds forming the backbone of

the benzene molecule, the π-bonds are significantly weaker. Electrons in π-bonds

are therefore capable of delocalising around the entire ring. The energy levels of the

molecular orbitals are σ∗ > π∗ > π > σ. In molecules, the highest occupied

molecular orbital is called HOMO and the lowest unoccupied molecular orbital is

called LUMO. They correspond to the π and π∗ orbitals, respectively, and are

equivalent to the valence band and conduction band of inorganic semiconductors.
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Likewise, the energy difference of HOMO and LUMO is taken to be the band gap of

a organic semiconductor.

Figure 1.2: The formation of σ-bonds and σ-orbital in a benzene ring.

Figure 1.3: The formation of π-bonds and π-orbital in a benzene ring.

1.1.2 Comparison of organic and inorganic semiconductors

In comparison to its inorganic counterparts, organic semiconductors possess

different optical and charge transport properties. This is directly due to the

different bonding nature between these two types of material. Atoms of inorganic

semiconductors such as Si and GaAs are coupled by strong covalent bonds. This

results in well-defined conduction and valence bands where electrons and holes can

transport freely in inorganic semiconductors, giving high charge mobility typically

> 10 cm2V−1s−1. For organic semiconductors, although atoms within a molecule are

coupled by strong covalent bonds, molecules are coupled by considerably weaker

Van der Waals force. As a result, electrons are allowed to move freely in each

molecule, but the movement between different molecules is limited. This is called
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the weak delocalisation nature of electron wavefunctions in organic semiconductors,

giving very low charge mobility typically < 1 cm2V−1s−1 [8] in organic amorphous

and 1 - 10 cm2V−1s−1 in organic crystals [9]. In addition, owing to the weak

electronic delocalisation, organic semiconductors can generate Frenkel exciton.

Electrons and holes are confined to one single molecule, therefore have a

considerable bonding energy of 0.5 to 1 eV.

1.1.3 Charge carrier transport

There are two extreme types of charge carrier transport in solids, band transport and

hopping transport [10].

In band transport, the carriers move as a highly delocalised plane waves in a broad

carrier band with a mean free path that is much larger than the nearest neighbour

distance. This type of transport occurs mainly in crystals featuring delocalised charge

carriers. In an idea crystal, shown as the straight line of figure 1.4 (a), a charge carrier

is completely delocalised and it moves without scattering. In a real crystal, there

are always lattice vibrations or phonons that disrupt the symmetry of the crystal.

This disruption can be depicted as a energy peak shown in figure 1.4 (a). These

defects scatter the charge carriers and therefore decrease their mobility. Lowering the

temperature can reduce the lattice vibration, which can thereby increase the carrier

mobility. As a characteristic feature, the temperature dependence of band transport

follows a power law behaviour shown in Eq. 1.1.

µ ∝ T−n, n > 1 (1.1)
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Figure 1.4: A simplified diagram showing the processes of band transport and the
hopping transport in solid materials.

In hopping transport, the charge carriers are highly localised and move via hopping

from site to site, being scattered almost at every site shown as in figure 1.4 (b). This

type of transport occurs mainly in materials with high energetic and positional

disorder caused by vacancies, dislocations and grain boundaries. The charge carrier

transport of amorphous organic materials fall into this category. As can be seen in

figure 1.4 (b), the charge carriers are localised on sites or in a potential well caused

by the polarisation of the lattice by the charge carriers. The lattice vibration plays an

important role while the charges are moving from site to site. This process is

thereby an thermally activated process and the mobility increases with increasing

temperature. Eq. 1.2 is an empirical function showing the dependence of mobility

on temperature and electrical field, where µ0 is a hypothetical mobility at infinite

temperature and zero electric field, F is the electrical field, σ is the energetic

disorder parameter, Σ is the positional disorder parameter, C0 is an empirical

constant, and kB is the Boltzmann constant [11].
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µ(F, T) = µ0 e−(
2σ

3kBT )
2
eC0
√

F(σ2−Σ2) (1.2)

1.1.4 Material categories

There are two major groups of organic semiconductors, small molecular weight

materials and polymers. These two types of organic materials differ mainly in their

weight and the method of device production. Small molecules are often insoluble

hence devices are fabricated via thermal evaporation. In contrast, polymers are

usually soluble hence devices can be fabricated using solution via techniques like

spin coating or inkjet printing. In comparison to thermal evaporation, solution

techniques are easier to process and have the potential of producing larger area

devices, which makes polymers a much more promising category in future

application. Another advantage of polymers is that the wavelength of light emitted

from polymers can be tuned by tailoring the conjugation length of the polymers.

Tris(8-hydroxyquinoline)aluminium (Alq3),

N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), N,N’-Di(1-naphthyl)

-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB), Copper phthalocyanine (CuPc)

and Fullerene (C60) etc. are small molecular materials and PPV

(poly-p-phenylenevinylene), poly (3,4-ethylenedioxythiophene)–poly

(styrenesulfonat) (PFO), poly(3-hexylthiophene) (P3HT) and

poly[2-methoxy-5-(2’-ethylhexyl- oxy)-p-phenylenevinylene] (MEH-PPV) etc. are

polymers commonly used in organic electronics. Figure 1.5 shows some structures

of the materials mentioned above.
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Figure 1.5: Chemical structures of some organic semiconductors, of which Alq3, TPD,
NPB and CuPc are small molecules while PFO, P3HT, PPV and MEH-PPV are polymers.

1.2 Introduction to organic light emitting diodes (OLEDs)

An OLED is a device with one or more organic layers sandwiched between two

electrodes. Early works on OLEDs can be dated back to 1963 when a single layer of

anthracene crystal with a thickness of 10-20 µm was used [12]. These devices

featured drive voltages as high as 400 V, which is mainly due to the large thickness

of the active material and partly due to the mismatch of work function of the

organic crystal and the electrodes . The high drive voltage made the power

conversion efficiency of these devices quite low, typically less than 0.1%, which

hindered their development and commercialisation. The development of OLEDs

was considerably advanced after 1987 when Tang et al. designed a double layer

device with diamine as the hole transport layer and Alq3 as the emitting layer [1].

The major breakthrough of devices with this structure was achieving much reduced

operation voltage and much higher light output by assigning different roles to

different materials. The drive voltage was successfully reduced to below 10 V, the

highest brightness was ∼ 1000 cd/m 2, and the efficiency was hence improved to

1%. Since then, OLEDs have received significant research interests and have

successfully been used for commercial applications, such as smart-phones,

television screens and digital cameras etc. In addition, the importance of OLEDs

research is also valued in its possibilities of understanding charge transport and
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photo-physics in organic semiconductors.

1.2.1 Working principles of a modern OLED

A modern OLED consists of at least two organic layers. In this section, a device with

double organic layers is used to explain the working principle of an OLED. Figure 1.6

shows the energy diagram of an OLED with the structure of ITO/TPD (50 nm)/Alq3

(50 nm)/Al (100 nm) under no bias. The Fermi energy (EF) of the ITO and the

Al electrodes are 4.9 eV and 4.3 eV respectively. The lowest unoccupied molecular

orbital (LUMO) and the highest occupied molecular orbital (HOMO) of TPD are 2.55

eV and 5.5 eV. The LUMO and the HOMO of Alq3 are 3.05 eV and 5.8 eV. ITO acts

as anode, Al acts as cathode, TPD acts as hole transport layer, Alq3 acts as electron

transport and light emitting layer.

Figure 1.6: Energy diagram of a device under open circuit condition (no electrical
connections between the electrodes). It shows the Fermi energy of electrodes and the
HOMO and the LUMO energy of organic molecules.

When the ITO and the Al are connected by a positive bias, holes will be injected into

the TPD layer from the positively biased ITO, while electrons will be injected into

the Alq3 layer from the negatively biased Al. Injected holes and electrons therefore

migrate toward each other driven by the electric field and meet at the TPD/Alq3
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interface where excitons are generated and light emission occurs, to be discussed in

section 1.2.2 in detail.

1.2.2 Charge carrier injection

There are two ways for charge carriers to be injected into organic layers from

electrodes, thermal emission and tunnelling. The injection possibility of both

processes depend strongly on the barrier height of each interface. There are four

energetic barriers in the device presented in figure 1.6. Barriers in ITO/TPD

interface and TPD/Alq3 interface hinder holes to be injected into TPD from ITO

and into Alq3 from TPD. Barriers in Al/Alq3 interface and Alq3/TPD interface

hinder electrons to be injected into Alq3 from Al and into TPD from Alq3. The

barrier heights for hole injection are, ideally, the difference of the EF of ITO and the

HOMO of TPD, and the difference of HOMOs of TPD and Alq3. Likewise, the

barrier height for electron injection are the difference of the EF of Al and the LUMO

of Alq3, and the difference of the LUMOs of Alq3 and TPD. As can be seen in figure

1.6, the barriers for hole injection are smaller than that for electrons. At room

temperature, the thermal energy is approximately 0.026 eV, which is small

compared to the barrier height at the interfaces. As a result, charge carriers cannot

achieve enough thermal energy to escape from the electrodes. There is, however, a

finite possibility for charge carriers to tunnel through the energetic barrier. The

possibility of tunnelling can be enhanced by electrical field strength.

Under short circuit condition, the energy levels of the device will realign so that

the Fermi level of ITO and Al equalise. A simplified energy diagram of the device

under short circuit is depicted in figure 1.7(a). This introduces a built-in potential

gradient in the HOMOs and LUMOs of the organic materials. Ideally, the built-in

potential (Vbi) is equal to the difference of the Fermi energy of these two electrodes,

which, in this case, is 0.6 eV. Upon tuning the bias from small positive value to large

positive value, the potential gradient will become increasingly flat, and eventually

invert to the opposite direction, as shown in figure 1.7(b). During this process, a

flat band condition occurs when the applied bias (Vap) is just large enough to cancel
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out the built-in potential (Vap = Vbi). Under flat band condition, there is no electric

field across the organic layers. The energy alignment at the flat band condition is the

same as the alignment when there is no connection between the electrodes (shown

in figure 1.6). When Vap is larger than the Vbi (shown in figure 1.7(b), triangular

energetic barriers occur in each interface. The larger the Vap is, the narrower the

triangular barriers become. The possibility for charge carriers to tunnel into the

other side of the barrier increases as the triangular barrier become narrower. Charge

carriers can, therefore, tunnel through the thin triangular barrier into the organic

layers.

Figure 1.7: Energy level alignment of a device with the structure of ITO/TPD/Alq3/Al
under short circuit condition (a) and under large forward bias (b).

Electrons injected into Alq3 from the Al cathode will hop toward the Alq3/TPD

interface driven by the electric field across the device. Similarly, holes injected into

TPD from the ITO anode will hop toward the TPD/Alq3 interface. Due to the large

difference in the LUMOs of Alq3 and TPD, it is almost impossible for electrons to

be injected into TPD from the Alq3/TPD interface. As a result, some electrons will

accumulate at Alq3 side near the interface. Conversely, owing to the relatively small

difference in the HOMOs of TPD and Alq3, some holes can overcome the interface

barrier and be injected into Alq3 from the TPD/Alq3 interface. Those injected holes

recombine with electrons in the Alq3 layer and emit green light. However, due to
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the existence of the interface barrier and much smaller hole mobility in Alq3 than in

TPD, some holes accumulate at both sides of the TPD/Alq3 interface. The value of

Vap when the current starts to increase rapidly over several order of magnitudes is

defined as the turn on voltage for current.

1.2.3 Exciton formation

An exciton is an excited state consisting of an electron and a hole. Generally, there are

three types of excitons: Frenkel exciton, Wannier-Mott exciton and charge-transfer

exciton. Figure 1.8 shows the structures of the three types of excitons. The electron

and the hole of a Frenkel exciton sit on the same molecule (for small molecular

OS) or on the chain wthin a conjugation length (for polymer OS). The electron and

the hole of a Wannier-Mott exciton sit several molecules apart. A Wannier-Mott

exciton is also considered as a precursor to Frenkel exciton in electroluminescence.

Both of them are believed to play important roles in magnetic field effects (MFE) on

organic semiconducting systems (to be discussed in section 1.3). The electron and

the hole of a charge-transfer exciton sit on the nearest molecules of different type.

The electron and hole of an exciton is bound by the Coulomb force. Due to their

small dielectric constant, organic materials possess predominantly Frenkel excitons.

In comparison, charge-transfer excitons mainly appear in doped organic systems or

at a interface where there is too large a electrostatic barrier to get the electron and

hole onto the same molecule. There are two major methods of generate excitons:

electrical excitation and optical excitation.

30



Figure 1.8: Schematic showing three types of excitons: a.) Frenkel exciton; b.) Wannier-
Mott exciton; c.) Charge-transfer exciton.

Electrical excitation relies on the injection of electrons and holes from the electrodes.

Once electrons and holes meet in the emitting layer, excitons are formed

spontaneously and light emission occurs accordingly. Owing to the random spin

orientations of the injected charges, the formed excitons possess one of the four

possible configurations, shown as in figure 1.9. The net spin for the first

configuration is 0 and the net spin for the remaining three configurations is 1.

Therefore, excitons having the first configuration are called singlets and the other

three are called triplets. Due to the Pauli Exclusion Principle, singlet excitons are

spin favourable states for recombination and are capable of radiative decay to the

ground states in short time scale (nanoseconds) [13]. Light emitted from singlet

excitons is called fluorescence. Triplet excitons are ‘spin forbidden’ states and

usually relax to ground states through a non-radiative pathway in a slower time

scale (microseconds) [14]. Radiative decay can, however, occur in triplet excitons

formed in organic materials containing heavy metals where the spin-orbit coupling

is strong enough to alter an electron spin state so as to overcome the forbidden

nature of the transition. Light emitted from triplet excitons is called

phosphorescence, which is an active research area in phosphorescence OLED [15,

16].
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Figure 1.9: Schematic showing singlet and triplet configurations.

Optical excitation, also known as photoexcitation, is the process of forming excited

states via the absorption of photons. Figure 1.10 demonstrates some of the main

processes occurring in the optical excitation process. Electrons in ground states (S0)

absorb photons from a pumping source, usually a laser, and jump to a higher

energy state (excited state, S1, S2 ...). The excited electron and the hole left behind

forms a Frenkel exciton. Due to the spin conservation rules, defined by the Pauli

Repulsion Principle, excitons formed at this stage are originally of a singlet

configuration. Let’s call it singlet. Singlets then relax to the lowest energy state of S1

via internal conversion and vibrational relaxation. From this stage on, they can

decay to the ground state radiatively, emitting fluorescence, or non-radiatively.

Alternatively, they can transfer to triplets via a process called inter-system crossing.

Similarly, these triplets relax to their lowest excited state (T1) first and then decay

radiatively or non-radiatively. It is worth noting that for the absorption to happen,

the energy of the photons generated by the laser must be higher than the lowest

energy for S1 state. Also, the intersystem crossing rate can be affected by internal

factors like specific material properties, whether or not containing heavy metals, for

instance, or external properties like applied magnetic fields (to be discussed in
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section 1.3). Luminescence achieved via photoexcitation is called

photoluminescence (PL). It provides a useful technique of measuring the lifetime of

singlets in materials.

Figure 1.10: Schematic showing the photoexcitation process.

1.2.4 Processes that could affect the efficiency of an OLED

Efficiency is one of the important characteristics for showing the performance of an

OLED and can be defined in several ways. The quantum efficiency is most generally

used to describe the performance of an OLED. It can be divided into internal

quantum efficiency (ηIQE) and external quantum efficiency (ηEQE). The internal

quantum efficiency is defined as the ratio of the number of exciton radiative

decayed (Nrad) to the total number exciton formed (Ntot), which demonstrates that

not every exciton can generate photon.

ηIQE =
Nrad
Ntot

(1.3)

Likewise, not every photon generated can find its way out of the device, as a result,

the ratio of the number of photon coupled out of the device (Nout) to the total number

of photon generated is called the out-coupling factor (γ).

γ =
Nout

Ntot
(1.4)
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The external quantum efficiency is therefore the product of internal quantum

efficiency and the out-coupling factor, which is essentially the ratio of the number

of photon collected to the total number of exciton formed.

ηEQE = γηIQE (1.5)

There are other efficiencies: the current efficiency (ηcurrent), defined as the ratio of the

brightness in candelas to the current in ampere,

ηcurrent =
brightness

current
(1.6)

the luminous efficiency (ηluminous), defined as the ratio of the brightness in candelas

to the power of light output in watts,

ηluminous =
brightness

output power
(1.7)

and the power efficiency (η), defined as the ratio of the output power in watts to the

input power (product of the current (I) and voltage (V) across the device) in watts.

η =
output power

IV
(1.8)

It is worth noting that the efficiency used in the discussion of the rest of this work

refers to the power efficiency. It quantifies how efficient a device is at utilising the

injected charge carriers.

Many processes could occur in the active layer of an OLED during its performance,

each of them are capable of modulating the number of singlets generated, therefore

changing the efficiency of the OLED. To make it easier to describe these possible

processes, a schematic is presented in figure 1.11. Ideally, electrons and holes injected

from electrodes are well separated in the first place, so they are called free electrons

and holes. Under the driving force of Coulomb attraction, electrons and holes bind

to each other, forming electron-hole pairs (it was called Wannier-Mott exciton in the

last section) with both singlet and triplet configuration at a rate of 1:3 according to

random statistics [17, 18]. Electron-hole pairs at this stage are referred as singlet

polaron pair (1(e+h)) and triplet polaron pair (3(e+h)). These polaron pairs further

form singlet and triplet excitons accordingly via hopping of electron (hole) onto
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Figure 1.11: Diagram showing all possible processes that could occur in a working
OLED.

the same molecule of the hole (electron). Singlet excitons (1S1) can then undergo

a radiative process returning to ground state, and fluorescing. One should note

that not all S1 states recombine radiatively to generate photon except for materials

with 100% internal quantum efficiency. In most materials, excitons can recombine

non-radiatively as shown in figure 1.11. Triplet excitons (3T1) undergo non-radiative

process and return to ground state (S0), giving no light emission. However, in a real

device, aside from forming corresponding excitons, polaron pairs are also subject to a

dissociation process, through which they become free electrons and holes. Similarly,

singlets and triplets can dissociate into corresponding polaron pairs or even into

free electrons and holes. The driving force behind the dissociation processes in each

stage can be an electric field across the device, trapped charges, interfaces and even

excessive free charges. Like triplet excitons, singlet excitons can undergo the non-
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radiative route also. Apart from processes that happen purely in singlet or triplet

branches, possible intersystem crossing is also believed to occur between singlet and

triplet polaron pairs as well as singlet and triplet excitons. The driving force behind

this is thought to be random hyperfine fields [19], but any spin mixing processes, e.g.

spin-orbit coupling, would do the same. Also, it is possible for two triplet excitons to

annihilate with each other to generate a singlet exciton and a ground state [20, 21].

Every process can potentially influence the efficiency of an OLED. The balance of

free electrons and holes directly affects the formation rate (KF) of singlet polaron

pairs, hence the number of singlet excitons and eventually the efficiency. Singlet

exciton formation rate is modified by dissociation processes in each stage,

intersystem crossing processes between pair states and exciton states, and the

triplet-triplet annihilation process. Since many of these processes are believed to be

magnetic field sensitive, the singlet exciton concentration is also sensitive to external

magnetic field. The effect of an external magnetic field on intersystem crossing is to

modify the singlet/triplet ratio, hence the light output. Additionally, the changing

singlet/triplet ratio indirectly affects light output through other processes involving

interactions with singlets and triplets. This provides a useful tool to get insight into

the processes in a working device by monitoring the effect of magnetic field on the

efficiency of the device.

1.3 Magnetic field effects on OLEDs

It has been widely observed that an external magnetic field is capable of perturbing

the current and luminescence of an OLED during its operation [22–27]. Indices such

as current, luminescence, resistance, efficiency and voltage are usually used to

describe the performance of an OLED. As a result, a change in each index (X) with

and without magnetic field is referred as the magnetic field effects (MFE). They can

be calculated using Eq. 1.9. In this section, a brief history of the MFE will be

introduced chronologically by giving some of the main experimental results

observed and experimental techniques used. Proposed models are then discussed in

detail.
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MFE =
X(B)− X(0)

X(0)
× 100% (1.9)

The MFE investigated are most on current, resistance, luminescence and efficiency.

The MFE on current are referred to as magnetoresistance (MR) [28–30], organic

magnetoresistance (OMR) [31–33] and magneto-conductance (MC) [26, 27] by

different research groups. The MFE on resistance are also referred to as

magnetoresistance (MR) [34] and organic magnetoresistance (OMR) [35, 36]. In

order to avoid confusion in the discussion of the current thesis, the MFE on current

will be called MC and the MFE on resistance will be called MR. The MFE on

luminescence is called magneto-luminescence (MEL).

1.3.1 Brief introduction

The history of MEFs on organic semiconducting system can be roughly divided into

two stages. The early stage from 1960s when research of MFEs was focused on

organic crystals, and the modern stage from 2003 where most researches were

focused on modern OLEDs. A chronological introduction of the first stage is given,

focusing on experimental results and theories. Discussion of the modern stage

research will focus on key experimental phenomena and some widely accepted

conclusions from the literature.

In the 1970s, MFEs in crystal anthracene and tetracene systems were intensively

studied by applying the methods of photo excitation and delayed fluorescence. In

1967, Johnson and Merrifield [20] found remarkable effects of magnetic fields on the

intensity of delayed fluorescence in anthracene crystals at room temperature. They

observed that the intensity of delayed fluorescence, resulting from triplet-triplet

annihilation (TTA), increases up to a maximum of 5% at a weak magnetic field of 35

mT and then decreases gradually at higher fields, finally levelling off at 80% of its

original value for B ≥ 500 mT. They also found that the magnitude of the high field

effect was a function of the relative direction between the field and the crystal axes.

After excluding the possibility of magnetic field effects upon the absorption

37



coefficient, the emission from prompt singlet states and the triplet lifetime, a

magnetic field dependent rate of the TTA was suggested to be responsible for the

observed phenomenon.

To explain the magnetic field modification of the TTA rate, a paper by Merrifield

[21] presented a theory involving spin Hamiltonian terms for a triplet exciton. The

general idea of the theory is that, when there is no magnetic field, only three triplet

pairs out of nine possible triplet pairs have singlet component. After the field is

turned on, triplet pairs begin to mix, producing additional triplet pairs possessing

singlet component. As a result, more TTA occurs, which naturally leads to an

increase in delayed fluorescence intensity. However, at the high field region, due to

large Zeeman splitting, spin states are quantised along the field and only two triplet

pair states have singlet component. Thus in the high field limit, there are fewer

singlet states than at zero field, leading to a decrease in the delayed fluorescence

intensity.

MFEs in X-Ray irradiated anthracene system were also investigated by Merrifield in

1968 [37]. It was believed that paramagnetic centres introduced by low dosages of

X-Ray irradiation act as quenchers for triplet excitons. Triplet lifetime in the

irradiated anthracene was measured with and without a magnetic field. Results

showed increased triplet lifetime when the experiment was conducted with a

magnetic field. The authors attributed this phenomenon to a magnetic field

dependence of triplet quenching rate. Their qualitative explanation was similar to

what was discussed in MFEs on triplet-triplet annihilation [21]. They thought that

the interaction between a triplet exciton and a free radical (paramagnetic centre) can

result in two outcomes: scattering which is spin selection independent and

quenching which is spin selection dependent. They suggested that the maximum

quenching rate is at zero field.

MFEs on photo-physics of dye sensitised anthracene were investigated in 1972 by

Groff et al [38]. Like the work carried out by Merrifield in non-sensitised

anthracene, it was found that under an applied magnetic field, the intensity of
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delayed fluorescence firstly increases and then shows a monotonic decay towards

saturation. This phenomenon, observed in dye sensitised anthracene, was obtained

at a much lower magnetic field, the maximum intensity occurred at 0.3 - 0.7 mT

whilst saturation occurred at 20 - 30 mT. Hyperfine field induced singlet and triplet

mixing was claimed to be the reason for the observed phenomenon.

In 1975, the first example of MFEs on delayed fluorescence using electrical

excitation was investigated by M.Wittmer et al. in the University of Basel [39]. They

studied the triplet trapped charge carrier interaction and singlet trapped charge

carrier interaction with and without the presence of a magnetic field. To remove the

effect due to the free charge carriers, a high voltage supply was firstly used (to give

a forward bias and inject charge carriers). Then, the forward bias was substituted

with a reverse high voltage to remove free charge carriers in the bulk of the crystal.

As a result, only bounded excitons and trapped charge carriers remained in the

bulk. It was found that trapped charge carriers could quench triplet excitons

through examining the intensity of delayed fluorescence. This was attributed to the

dissociation of triplet pairs in the presence of charge carriers.

These early works give good examples about how magnetic field could affect exciton

populations and exciton charge carrier interactions within organic materials. It forms

some of the backbone of the theories used in modern research. However, these works

were mostly focused on the delayed fluorescence technique and remained largely

undeveloped.

The next stage of research on MFEs in organic systems started from 2003 when

Kalinowski [19] performed field dependent measurement on modern OLED devices.

He reported an increase in the electroluminescence quantum efficiency up to 3%

and an increase in device current up to 2.5% when an external field of ∼ 500 mT

was applied to an OLED with the structure of ITO/TPD:PC/Alq3/Ca/Ag. His

results started a new era of MFE research. From then on, research groups

worldwide started to investigate MFEs on OLED devices by changing various

aspects: the electrodes [29, 40, 41], the material of active layer [42], the performance
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temperature [43–47], material thicknesses [28, 48], doping the active layer [24,

49–52], modulating the hyperfine and spin-orbital coupling strength of the active

layer [41, 53–55], electrically stressing the device [35, 36], and so on.

Owing to the large number of experiments conducted, various phenomena in MC

and MEL have been found depending on the structure of the device and the

measuring conditions. The MC can be both positive and negative and even transient

from negative to positive [56–59]. The MR should show an opposite feature to that

of MC. The MEL are generally positive, showing rapid increase at low fields and

saturating at higher fields, or keep increasing at higher fields with smaller rates [31,

60]. However, there is a small group of MELs showing rapid increase at low field

regime while starting to decrease at the higher field regime [45, 49, 61, 62]. X-ray

irradiation and electrical conditioning are found to increase the magnitude of MC

[35, 36, 63]. On the contrary, devices with heavy metals show smaller or even

vanishing magnitude of MC [64].

It has been established that there are low field (< 50 mT) components in MFEs which

originate from the random hyperfine fields and spin-orbit coupling effects on the

mixing of singlet and triplet excitons and polaron pairs [22, 23]. Another process

with a higher field (< 50 mT) dependence is also been found in experimental results

[30, 40, 48]. This component is deduced from the fitting of MFEs using Lorentzian

functions [30, 48]. It has a higher saturation field and is thought to be responsible

for the slower increase or decrease of MFEs in the high field regime. There is not

yet direct evidence about the nature of this process, but experimental results suggest

that it is related to triplet excitons in a device [30, 40, 48]. More details about how

magnetic fields influence the mixing process and how this induces MFEs in a device

are discussed in section 1.3.2.

1.3.2 Models used to explain MFEs

to explain MFEs can be categorised into two groups: the excitonic models [19, 28,

31, 34, 64] and the bipolaron model [32, 33]. Excitonic models attribute MFEs to

magnetic field dependent interaction ratios between polaron pairs (electron-hole
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pairs, Wannier-Mott exciton) or excitons. In these models the occurrence of MFEs

requires the presence of both electrons and holes in the device. In comparison, the

bipolaron model attributes MFEs to the perturbation of magnetic fields on

bipolaron formation probability. As a result, as long as there is at least one type of

charge in the device, there could be MFEs. Details and discussions about these two

types of model follow.

Exciton models

The excitonic model is the main stream of model being used to interpret the MFEs

in organic systems. According to the literature, there are four possible processes

that can be directly affected by magnetic fields. They are: (a), intersystem crossing

between singlet and triplet polaron pairs; (b), intersystem crossing between singlet

and triplet excitons; (c), triplet-triplet annihilation, and (d), triplet-charge carrier

interaction. Processes (a) and (b) will be discussed first, and the discussion of (c)

and (d) will then follow.

It is well established that interconversion between singlet and triplet states can

occur, induced by hyperfine interactions between nuclei and the charge carriers [19].

Specifically, it is widely accepted that charge carriers in organic materials undergo

precession about random hyperfine fields (Bh f ) originated from atomic nuclei,

which causes a certain degree of mixing between singlet and triplet pair states as

well as singlet and triplet exciton states. The result of the mixing is that some

transitions between singlets and triplets occur at both pair states and exciton level.

The transition process is called intersystem crossing. Although the intersystem

crossing happens in both directions (singlets -> triplets and triplets -> singlets), the

final result is a increase in the triplet concentration because the energy level of

triplet is lower compared to singlet. After applying an external magnetic field (Bext),

the total field (Btot) experienced by each charge carrier becomes the sum of Bh f and

Bext. As Bext increases, the direction of Btot is dominated by the direction of Bext.

The mixing between singlets and triplets in all levels is, therefore, completely

quenched at large Bext. This quenching process reduces the number of singlets
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converted to triplet states, hence the final result is an increase in the population of

singlet states and a decrease in the population of triplet states.

The increase of singlet population is well supported by widely achieved positive

MEL(∆EL/EL) in experimental results [31, 60]. There are, however, different

arguments in terms of how the change of the population in singlets and triplets

affects the MR ( ∆R/R) or MC (∆I/I). A Nature paper from Bin Hu et al.[34]

suggested that it is the dissociation of singlets that contributes to the negative MR

whilst the interaction of triplet with charge carriers contributes to the positive MR.

Figure 1.12 shows the schematic diagram of their arguments. KISP represents the

intersystem crossing rate between pair states and KISC represents intersystem

crossing in excitonic states. There are two points that should be clarified. First,

negative and positive MR (∆R/R) are equivalent to positive and negative MC

(∆I/I), respectively. Second, it was suggested that only KISP is magnetic field

dependent. This assumption was based on their earlier experimental findings that

showed samples measured under electrical excitation demonstrated significant

MFEs whereas those measured under photo-excitation showed negligible MFEs [65,

66]. There is, however, evidence for field dependent intersystem crossing both in

pair states and excitonic states. Chen et al. [67] found large MEL in charge-transfer

(CT) state devices, where light is emitted through direct recombination of the CT

states. This is direct evidence for the field dependent intersystem crossing in pair

states. Zhang et al. [68] found that the intersystem crossing rate between singlets

and triplets was increased by 10% at 80 K and at 100 mT measured under transient

photo-excition. Among all the possible processes that could occur in a device, Hu et

al. [34] assumed that there are two dominant processes that contribute to the device

current through secondary charge carriers: those generated via singlet dissociation

and those via triplet-charge carrier interaction. Specifically, they assume that the

dissociation rate of singlets is larger than that of triplets; after applying an external

magnetic field, the increase of the population of singlet causes a positive MC in the

device whilst the decrease in triplet population causes a negative MC; the sign of

the total effect is, therefore, a sum of those two effects which could be positive or
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Figure 1.12: Schematic diagram showing the processes that contribute to the MR. This
figure is reproduced from reference [34].

negative depending on which of the two processes dominate. It can be seen that an

MC is purely a side effect of the relative change in the population of singlets and

triplets. Their argument was supported by experimental results where they

successfully adjusted the sign of MC from positive to negative via modifying the

relative population of injected electrons and holes from balanced (singlet

dissociation dominant) to unbalanced (triplet-charge carrier interaction dominant).

There is a puzzle, however, concerning their assumption about the singlet and

triplet dissociation rate where they cite two references [69, 70]. The first reference

[69] assumed that the dissociation rate of singlets is far greater than triplets because

singlets have a stronger ionic character where they cited the second reference [70].

According to reference [70], singlet exciton is ionic in nature whereas triplet exciton

is covalent. In this paper, however, the terms ‘ionic’ and ‘covalent’ refer to an

excited state where electron and hole are located on different sites or on the same
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site on the conjugated backbone, respectively. This doesn’t seem to suggest that

singlet should have a larger dissociation rate.

Desai et al. interpreted the effect of changes in singlet and triplet population on MR

differently. In one of their works [29], they conducted MFE measurements on Alq3

based devices with varied cathode materials. Three types of cathode, Al, LiF:Al,

and Mg:Ag, with different work functions were used. Positive MC was found in

these devices. For each device, there was a perfect correlation between the EL turn

on voltage and the positive MC occurrence voltage. This gave strong evidence of the

excitonic nature of MFE, which was further supported by experimental results

found by Gärditz et al. [71] that no MR was observed in electron only devices.

Desai et al. suggested that triplets play the dominant role in contributing to MC

because there are a lot more triplets in a device due to their long lifetime [14] and 3

times larger formation rate compared to singlets. Inspired by early MFE studies of

charge carrier effect on triplet lifetime conducted on anthracene crystal by Ern and

Merrifield [72], they suggested that triplets can affect device current via blocking

charge carriers. After applying an external magnetic field, the concentration of

triplet decreased, hence the blocking effect is reduced and positive MC occurred.

They stated that the argument that triplets play dominant role in MC was

supported by experiments performed on phosphorescent dyes,

tris(2-phenylpyridine) iridium (Ir(ppy)3 and 2,3,7,8,12,13,17,18-

octaethyl-21H,23H-porphine platinum (PtOEP), doped Alq3 devices [64]. In these

devices, triplets formed in Alq3 were successfully removed by phosphorescence

emission and much smaller MC was observed compared to that of a pure Alq3

device. The problem, however, is that whether the reduced MC is due to reduced

triplet concentration in the devices or a change of the local hyperfine field induced

by the phosphorescent dyes is not clear. It is clear, though, that they didn’t imply

that the blocking process should have any field dependence. The MC observed is,

therefore, a side effect caused by the field dependent triplet concentration.

Desai et al. in a later paper [28] extended the role played by triplets in MC. They
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performed MFE measurements on Alq3 based devices by varying the thickness of

the Alq3 layer. Positive MC was found in thick devices, showing a rapid hyperfine

field increase. They also noted that there is a linear MC increase at higher fields as

the drive voltage was increased, in addition to the hyperfine effect. Negative

hyperfine MC was found in thin devices (115 Å and 150 Å) at low drive voltages,

showing a similar line shape as the positive hyperfine MC in thick devices. As the

voltage was increased, similar positive MC occurred at high fields, which eventually

caused a overall positive MR in these thin devices. Due to the similarity of the field

dependence in the positive MC in thick devices and negative MC in thin devices,

the negative MC was also attributed to the field dependent triplet concentration.

The interpretation was that triplets can both block charge carriers and dissociate

into free charge carriers, charge carrier blocking decreases the mobility of charge

carriers hence reduces the current of the device, whereas triplet dissociation

produces extra charge in the device hence increases the current of the device. After

applying an external field, the concentration of triplets decreases, as a result, the

charge trapping process produces a positive MC whilst the dissociation process

produces a negative MC. The competition of the two decides the sign of the MC at

the hyperfine field regime. Since the triplet dissociation rate is more significant at

energetically favourable interfaces, the triplet dissociation probability is larger in

thin devices, because the probability for triplets to diffuse and dissociate at the

metal cathode is improved in thin devices. As a result, negative MC presented in

the thin devices. As for the subtle linear increase seen in both thin and thick

devices, they proposed a new process, triplet charge carrier interaction, to explain it.

It was assumed that the interaction process is field dependent. To sum up, triplets

can affect the current of a device mainly through three routes: site blocking,

dissociation and triplet-charge carrier interaction. Site blocking refers to the

situation where a charge carrier possesses the same spin orientation as the triplet in

its neighbour molecule, the charge carrier cannot hop to that molecule due to the

Pauli Exclusion Principle. After applying an external magnetic field, the population

of triplets decreases, weakening the site blocking effect, increasing the charge carrier
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mobility, resulting in positive MC. On the other hand, decreasing triplet population

decreases the amount of triplets that could potentially contribute to device current

via dissociation, hence a negative MC may occur. However, little discussion was

made on how the triplet-charge carrier interaction affect the current in a device

except for the result that it contributes to positive MC.

The effect of triplets on charge carrier transport was tested by Song’s work [73, 74].

He conducted mobility measurements in TPD using the dark injection method and

found that hole mobility decreased when there are excitons in the device. More

importantly, he found that hole mobility showed a small increase when measured

under a magnetic field of 500 mT. MFE on charge carrier mobility has also been

tested by Li et al. [75], using the transient EL method. They performed transient EL

measurements with and without exposure to an external magnetic field and found

that the EL arrival time remained the same in both conditions. They reached the

conclusion that magnetic field has no effect on charge carrier mobility. However, it

seems that they overstated their conclusion, because the EL arrival time only

indicates the transit time for the fastest charge carriers which can only represent the

mobility of those fastest charge carriers. The dark injection method measures the

average mobility of the charge carriers. The two results don’t contradict each other

and therefore one cannot prove the other wrong.

Another process that has been widely discussed to be affected by external magnetic

field is triplet-triplet annihilation (TTA). It is the situation when the total energy of

two triplets is larger than the energy of a singlet, the two triplets can then undergo

an annihilation process, producing a singlet and an excited ground state (S∗0) as

shown in Eq. 1.10. MFE on TTA was proposed in 1970s by Merrifield to explain

his finding of MFEs on delayed florescence [20, 21]. The basic idea of how magnetic

fields perturb the TTA process has been explained in 1.3.1. Since then, MELs with a

line-shape increasing up to about 40mT and decreasing at higher fields are attributed

to MFEs on TTA. Further discussion on TTA will be presented in chapter 3.
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T1(| ↑↑>) + T1(| ↓ ↓>) = S1(| ↑↓>) + S∗0(| ↓ ↑>) (1.10)

The last process that has been proposed to be affected by external magnetic fields is

the triplet-charge carrier interaction (TCI). The concept of TCI was used separately

by Hu et al. [34] and Desai et al. [76] in their work to explain MR results. Hu et al.

thought that TCI affect the current through secondary charge carriers generated by

the TCI process. Since a magnetic field decreases the population of triplets, it

weakens secondary charge carriers generated via the TCI channel, producing a

negative MR. Desai et al. thought that TCI affects device current through a mobility

channel because triplets can scatter charge carriers during their transport, hence

reducing charge carrier mobility. An external magnetic field decreases the

population of triplets, thereby increases charge carrier mobility, and generates a

positive MC. In addition, Desai et al. also considered triplet exciton dissociation as

a route to negative MC. It can be seen that in Hu’s work, a magnetic field does not

have a direct influence on TCI. The effect they proposed is purely a side effect of the

magnetic field effect on the population of triplets originating from a magnetic field

sensitive intersystem crossing process. However, experimental results later on

indicate step by step that the TCI itself is a high field process.

In 2005, work led by Mermer etc. investigated MFEs on several semiconducting

systems [31]. They achieved both positive and negative magnetoresistance (which is

the MFEs on device resistance, having opposite sign compare to that of MFEs on

device current). They suggested that MFEs are a universal effect in organic systems.

More importantly, they normalised the magnetoresistance of different materials and

found that there were two types of line-shape. Both of them present a rapid

increase in the low field regime up to ∼ 30 mT, with some tending to saturate at

higher field while others keep increasing with a smaller rate showing no saturation.

They proposed two empirical equations, a Lorentzian function is shown in Eq. 1.11

and a Non-Lorentzian function is shown in Eq. 1.12, to fit those two types of MFEs.

They showed that the ‘saturating’ type of MFEs can be fitted by the Lorentzian
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function while the ‘non-saturating’ types of MFEs can be fitted by the

Non-Lorentzian function. Figure 1.13 shows these two types of line shape generated

from Eq. 1.11 and Eq. 1.12.

∆I
I

= (∆I)max(
B2

B2 + B2
0
) (1.11)

∆I
I

= (∆I)max(
B2

(B + B0)2 ) (1.12)

MR = at(
B2

B2 + B2
t
) + ai(

B2

B2 + B2
i
) (1.13)

Figure 1.13: Saturating (black) and non-saturating (red) line shapes generated from
Eq.1.11 and Eq.1.12 respectively.

In 2010, Gillin et al. extended the use of these two fitting functions [30]. They

fitted the MFEs on the relative change of power efficiency (∆η/η) of an Alq3 based

device using the Lorentzian function, Eq. 1.11, and found that a B0 of ∼ 5-7 mT

48



gives sensible fitting to the ∆η/η. They then used a combination of two Lorentzian

functions, Eq. 1.13, to fit the MC data. They found that by confining the value of Bt

of the equation to between 5 mT and 7 mT, the MC data can be fitted by the double

Lorentzian function, giving the Bi of the second term a value of ∼ 160 mT. The low

field term was attributed to the trapping effect of triplets on charge carriers and the

high field term was attributed to the TCI process accounting for the slower rate of

increase of MC in the high field regime. It should be pointed out that the trapping

of charge carriers on triplets itself is not magnetic field dependent. It is a side effect

caused by the field modification of the concentration of triplet via spin mixing. The

TCI process, however, is expected to be field dependent. Zhang (2014) [40] at QMUL

carried out MC measurements on devices based on Alq3 with different degrees of

balance between electrons and holes through modifying the electrodes of the devices.

They found that the MC of devices with larger electron/hole ratio present larger rate

of increase in the high field regime. Eq. 1.13 was applied to fit the results with the

same confinement as that used by Gillin. Results showed that devices with bigger

electron/hole ratios demonstrate nearly one order of magnitude higher strength in

TCI terms, which suggests that in Alq3 based systems electron trions play a more

important role in TCI than that of hole trions.

Bipolaron Model

The Bipolaron model was firstly proposed by Bobbert et al. in 2007 [32]. Particles

involved in this model are polarons and bipolarons. A polaron refers to a single

charge residing on a site (molecule) whereas a bipolaron refers to a pair of charges

with the same polarity residing on the same site (molecule). The model assumes

that there are some energetically favourable sites that are permanently occupied by

one charge. Those sites have two effects on charge carriers around them. A charge

carrier sitting on a neighbouring site of a permanently occupied site can either hop

onto the occupied site, forming a bipolaron if they have a spin anti-parallel

configuration, or be blocked by this site if they have a spin parallel configuration.

Under the parallel condition, those singly occupied sites can hinder charge

transport in a device. However, due to the presence of random hyperfine field (Bh f )
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originated from nuclei, the direction of Bh f experienced by each charge carrier is

different, which partially lift the blocking effect. The possibility of forming a

bipolaron is actually higher than when there is no hyperfine field. After applying

an external field (Bext), the total field (Btot) experienced by charge carriers become

the sum of Bh f and Bext. At large external fields, the direction of Btot is dominated

by Bext, quenching the lifting effect brought about by Bh f , modifing the bipalaron

formation ratio and consequently the MFEs. Figure 1.14 is a simplified diagram

showing how the magnetic fields act on bipolaron formation. The way magnetic

fields act on the spin mixing of singlets and triplets share a similar idea.

Figure 1.14: Schematic diagram showing the spin lifting (A) by hyperfine field and
quenching of the spin lifting (B) by large external field. The figure is reproduced from
ref [77].

Due to the quenching of the spin lifting effects by Bext, negative MC should

generally occur. However, authors claimed that under this model, MC of both

positive and negative can occur depending on the branch ratio between the

bipolaron formation or dissociation and hopping rate. Numerical Monte Carlo was

employed to simulate MC in a cubic system with 9×103 sites. The bipolaron

formation branch ratio, Random hyperfine field, Gaussian density of states, intrasite

Coulomb repulsion and the Miller-Abrahams form of the hopping rate were

included in the simulation. Both positive and negative MC were achieved by

varying those model parameters.

Another paper released by the same group [33] extended the idea of the bipolaron
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model. The argument was the same except that they narrowed the system to a

two-site scheme. Using Monte Carlo simulation, they also reproduced the main

features of MC, such as the positive to negative sign change and characteristic line

shapes. Based on the same principle, Kersten et al. [78] conducted analytical and

numerical simulations of MFEs on polymers. They found that energetic disorder

plays only a minimal influence on the spin blocking effect, whereas the inter-chain

hoping rate holds a significant role. They then proposed potential conditions for

achieving huge magnetoresistance effects: first, the charges should be localised on

monomers and possess a hopping rate that is slower than the hyperfine precession

rate, second, the conducting system should be essentially one dimensional so as to

avoid inter-chain hopping. A year later, Mahato et al.[77] achieved such a system

experimentally and observed MR as high as 2000% at room temperature, which

confirmed the prediction of Kersten et al. and the suitability of the bipolaron model.

Their system was formed by subliming an organic molecular dye, DXP

(N,N’-bis(2,6-dimethylphenyl)- perylene-3,4,9,10-tetracarboxylic diimide), into the

channels of zeolites. Since there are many thousands of electrically isolated

channels in zeolites, a strict one dimensional system was formed. Figure 1.15 shows

their experimented setup and material structure.

Figure 1.15: Experiment setup and material structure reproduced from ref [77].
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Experimental evidence have been found to support the bipolaron nature and the

excitonic nature of MFEs, and the existence of one does not exclude the other. In

fact, it can be seen from the introduction of the models that the way an external

field quenches the mixing between singlets and triplets is similar to the way it

quenches the spin lifting of bipolaron formation. Both of them could coexist in one

device and each dominates the MC behaviour under different conditions. Gu et al.

[59] investigated the MFEs of a P3HT based device with the structure of

Au/P3HT/Al. Under reverse bias, Au(-) and Al (+), negative MR was found. Since

no excitons were formed or expected to form under this driving condition, the

observed MR was explained using the bipolaron model. Under forward bias, Au (+)

and Al (-), MC was observed to change from negative at low voltages to positive at

high voltages. The sign transition point coincides with the turn on of luminescence.

As a result, the negative MC was attributed to bipolaron formation whereas the

positive MR was attributed the triplet charge carrier interaction. It is worth noting

that the MC observed in this device is low, less than 0.5%. This might be due to the

dimensionality (3D) of the organic material used, where the inter-chain hopping

provides more routes for charge transport, thereby reducing the effect of bipolaron

formation. This suggests that although bipolaron formation is one of the

mechanisms for MC, its contribution to MC in general 3D organic material devices

is small, excitonic mechanism is, therefore, widely used to interpret MFEs in

ambipolar devices.

1.3.3 High field MFEs and their correlation to excitons

Section 1.3.2 has shown that both polaron pairs and excitons play important roles in

MFEs. Polaron pairs account for the low field dependence in MFEs via random

hyperfine mixing caused by atomic nuclei and spin-orbit coupling [55, 79–82].

Excitons appear to be both high field and low field dependent [76, 83]. The

mechanism for low field dependence is the same as that of the polaron pairs, which

have been widely studied and explored [84–86]. In comparison, the high field

dependence was proposed relatively late, and hasn’t been explored thoroughly. In

this section, works that established the existence of the high field component will be
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firstly discussed. Following that, some experimental results that support the high

field component and processes that were suggested to be responsible will be given.

The discovery of the high field process was in fact as early as that of the low field

component [31], but at that time MFE showing the low field process was referred as

a saturated line-shape whereas MFEs showing the high field process was referred as

a non-saturated line-shape (figure 1.13). They were tentatively suggested to be an

intrinsic property of the materials. In the paper published by Desai et al. in 2007 [76]

they found that the MC of a 900 Å Alq3 based device show both the saturated and

unsaturated line-shapes as the drive voltage increases. That is the MC of low voltages

shows a rapid low field increase with field, whilst the MC of higher voltages shows

an extra, approximately linear, increases at high fields. A similar high field increase

in MC was found in devices with various thicknesses although they showed different

low field behaviour. Their results showed that several processes could contribute to

the MC of a device depending on factors like the structure of the device, thickness,

driving conditions etc. As the line-shapes can not be purely related to the property of

the material, a different process mechanism must be dominate the high field MC. At

that stage, they attributed this process to triplet-charge carrier interaction (TCI). The

reason is that this high field increase occurred at high voltage, hence high current,

and large number of triplets were expected to be present. This is due to their 3 times

higher formation rate and ∼ 1000 longer lifetime than singlet, additionally, early

studies on organic crystals found that the quenching rate of triplet excitons by free

radicals [72] and trapped charge carriers [87] are field dependent. In a further paper

published by the same group in 2010 [30], they applied two Lorenztian functions, Eq.

1.13, to fit their experimental data. They found that all data can be fitted properly,

giving a low field component with a characteristic field B1 of about 3-5 mT and a high

field component with a characteristic field B2 of about 160 mT. They attributed the

low field component to the spin mixing process affecting exciton formation whilst

the high field component to the triplet-charge carrier interaction (TCI) process.

Since the population of triplets can be adjusted by driving the current and operation
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temperature, Zhang et al. [48] at Southwest University investigated the TCI process

via performing the MFE of three devices with different structures under different

temperature and drive currents. The three device structures are: ITO / CuPu /

NPB (60 nm) / Alq3 (65 nm) / LiF / Al (device 1), ITO / CuPc / NPB (100 nm)

/ Alq3 (15 nm) / LiF / Al (device 2), and ITO / CuPc / NPB (65 nm) / BCP (65

nm) / LiF / Al (device 3). At room temperature, the MC of these devices showed

different line-shapes: The first device showed the normal positive line-shape at all

currents — a rapid rise at low fields followed by a gradual rise at high fields. The

second device showed a negative line-shape at low currents — a rapid decrease at

low fields followed by a gradual decrease at high fields, this negative line-shape

then transferred gradually to the normal line-shape as the current increased. The

third device showed the normal line-shape at low current, however, as the current

increased, the rapid low field rise remained whilst the subtle high field rise began

to decay gradually. To make the line-shapes described clearer, the MC results of the

three devices are presented in figure 1.16. They fitted the data using Eq. 1.13 used

by Gillin et al. and found that the high field component (TCI strength), indicated

by the pre-factor of A2, increased as the driving current was increased. Also, the

TCI strength increased as the operation temperature was decreased. Since both the

increase of the current and the decrease the temperature result in an increase in the

concentration of triplets, they concluded that the TCI strength is positively correlated

to the population of triplets. However, the TCI contributed positively to MC in the

first and the second device but negatively to the third device. They stated that this

difference might come from the variations in the material thicknesses and/or the

material of the active layer.
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Figure 1.16: MC results with different line-shapes. Reproduced from ref [48].

Similar experiments were conducted by Zhang et al. [40] at QMUL to investigate

the role of electrons and holes in TCI. Unlike what was done by Zhang et al. in

Southwest University where they changed the thickness and the material of the active

layer of the devices, Zhang et al. in QMUL changed only the electrodes of the

devices whilst keeping the thickness and material the same. They controlled the

injection of electrons and holes of the devices by modifying the cathode and anode,

respectively. Three types of device were constructed: a ‘standard’ device which had

decent injection in both electrons and holes with plasma treated ITO as anode and

LiF/Al as cathode, a ‘low hole injection’ device which had a poor hole injection

with untreated ITO as anode and LiF/Al as cathode, and a ‘low electron injection’

device which had poor electron injection with plasma treated ITO as the anode and

Al as the cathode. All three devices showed positive MC, and the high field rise

appeared to be more significant in the ‘low hole injection’ device. The MC was

again fitted by Eq. 1.13 and A2 was presented as a function of current density. They

found that for all three devices, A2 scaled approximately linearly with the current ,

which again confirmed the strong correlation between the strength of TCI and triplet

concentration. Using A2 as a measure of the TCI strength allowed them to concluded

that triplet-electron interaction was stronger than triplet-hole interaction, because A2

(low hole) > A2 (standard) > A2 (low electron).

To sum up, both of the above work showed strong correlation between triplets and

the high field MFE, more specifically, the effect of triplet concentration on high field
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MC. The work of Zhang et al. at South West University demonstrated that depending

on the structure and material of the device, this high field effect can be both positive

and negative. The work of Zhang et al. (QMUL) conjectured that this effect depended

on the concentration as well as the sign of the charge carriers.

Multiple line-shapes and their dependence on triplets were found not only in works

that investigate MC but also works that investigate MEL. Line-shapes found in MEL

are generally categorised into two types: one is the most common positive

line-shape featuring a rapid rise at low fields followed by a subtle increase at high

fields, the other one is usually observed at low temperatures featuring a rapid rise

at low fields (B ≤ 50 mT) followed by a decay at higher fields. Refer to figure 1.16

(a) and (c) for a guide of these two types of line-shape. The magnitude of the high

field decay depends on the measurement conditions of temperature and current

density [43, 44, 62, 88]. MELs of this type was firstly observed by Johnson et al. in

the delayed fluorescence of organic crystal systems in 1970s [20]. It was explained

by a magnetic field dependent triplet-triplet annihilation process (as described in

section 1.3). MELs of modern devices with this line-shape were first observed in

2009 by Liu et al. [44] in an Alq3 based device. They performed temperature

dependent MEL measurements on a device with the structure of

ITO/CuPc/NPB/Alq3/LiF/Al. Results demonstrated that MEL at room

temperature showed the normal positive line-shape, as the temperature decreased, a

gradual decay began to occur in the MEL at high field regime. At the same current

density, the lower the temperature, the larger the decay became. At the same

temperature (≤ 150 K), the larger the current density, the greater the decay became.

Based on the similarity of the line-shape of this work and that of Johnson’s, and the

fact that the magnitude of the decay increased with increasing current and

decreasing temperature, they attributed this high field decay to the TTA process

proposed by Johnson et al..

Since then, MELs featuring the high field decay have been found under a wide

variety of experimental conditions. Most of them were obtained at low temperature
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[43, 44, 62, 88], and have been conveniently attributed to the magnetic field

dependent TTA, because a higher triplet concentration is expected in low

temperature due to the increase in triplet lifetime [89]. In addition, MELs with the

same high field decay have been observed at room temperature [49, 61, 90]. Chen et

al. [49] found similar high field decays in MELs of fluorescent dye DCM doped

Alq3-based devices at room temperature. They compared the MELs from pure

Alq3-based, 1% and 3% DCM doped devices. At room temperature, no high field

decay was observed in the pure Alq3-based device, whilst high field decay occurred

in both 1% and 3% DCM doped Alq3 devices. As the temperature decreased, the

high field decay began to occur in the pure Alq3-based device and the strength of

decay was enhanced at lower temperatures, which is the same as that found by Liu

et al.. The high field decay of the 1% doped device showed similar temperature

dependence, however the magnitude of the decay was not as significant as that in

the pure Alq3 device. Interestingly, the high field decay of the 3% DCM doped

device appeared to be independent of the temperature. The underlying mechanism

of the high field decay of all devices was attributed to the TTA process. In terms of

how TTA can occur in doped devices at room temperature, Chen et al. suggested

that the DCM dopants acted as trapping sites for charge transport, triplets formed

at these sites were therefore less vulnerable to quenching processes, as a result,

large number of triplets were expected to be achieved in doped devices. Therefore

high field decay occurred. However, although the triplets trapped on the DCM

molecules may have a longer lifetime, the low DCM concentration means that the

triplets are widely separated and the possibility of them interacting and undergoing

TTA is reduced.

Peng et al. [90] conducted room temperature transient MEL measurements on

Alq3-based OLED devices and found that when driven at 1 kHz and with a 10 µs

pulse width, the MELs also showed a high field decay, but when measured under

steady state conditions they showed the more common positive effect. Keeping the

frequency of the pulse at 5 kHz and varying the width of the pulse during

measurements, they further found that the magnitude of MEL is a function of duty
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cycle: as the duty cycle increased from ∼ 0 to ∼ 1, the magnitude of MELs at a field

of 150 mT changed from negative to positive. They explained this effect in terms of

a combination of a charge trapping process and the TTA process. They claimed that

the charge trapping to de-trapping ratio increased when the pulse width was

increased at the same frequency. This quenched the triplets through triplet charge

carrier interactions, reducing the TTA process and even eliminating it at long pulse

widths. However, as the pulse width increased, higher triplet concentrations were

achieved owing to their long lifetime. Therefore, the triplet concentration at larger

pulse width is not necessarily lower than that of a small pulse width. Besides, it is

worth noting that the conclusion of Peng et al. is contradictory with that of Chen et

al. [49]. Peng et al. suggested that trapped charges weaken the TTA while Chen et

al. believed that trapped charges enhance TTA.

In addition to the TTA process, spin-orbit coupling effects have also been proposed

to explain the high field decay in MEL. Jia et al. [61] constructed Alq3-based OLEDs

with Au, Al, or Cu cathodes, they found large high field MEL decays in devices

with Au or Cu cathodes and claimed that this is due to spin-orbit coupling

enhancing the singlet to triplet conversion. The basic idea was that polaron pairs at

the organic/metal interface were subject to the spin-orbit coupling generated by the

metal, which enhanced the conversion of triplets to singlets, therefore contributing

to the EL when there is no field. After applying a large magnetic field, the triplet to

singlet conversion caused by spin-orbit coupling was suppressed, therefore less EL

was expected, hence the high field MEL decay. Since the spin-orbit coupling

strength is positively correlated to the atomic number (Z), the high field decay was

present in devices with Cu and Au cathodes. However, this explanation is not

convincing enough, because it has been shown in the literature that devices with

high Z atoms in the emitting layer only show the common positive MEL at high

fields [81]. Besides, MEL measurements have been performed on Gaq3 and Inq3

based OLEDs which again contain large Z atoms , and yet only the common

positive MEL is observed [91]. Given these experiments, there does not appear to be

much evidence that the spin-orbit coupling can account for the high field decay in
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MEL.

In summary, I have shown that except for the common positive line-shape, there is

another line-shape observed in MELs. This line-shape is called the high field decay

in this work and features a rapid rise at low fields (B < 50 mT) followed by a decay at

high fields. The occurrence of this line-shape depends on a variety of factors, like the

measuring temperature, the driving current density, the purity of the active material,

the duty circle of the pulse as well as the structure of the device. Although two

mechanisms, the triplet-triplet annihilation and spin-orbit coupling, have been used

to explain this high field decay, they are not convincing.

1.4 Aims and objectives

In section 1.3.3, I have introduced how the high field component was established

and some of the main evidence that showed how this component is correlated to the

concentration of excitons. Some literature shown the high field MFE suggested that

the high field component is due to triplet-triplet charge carrier interaction and that

holes and electrons may have different effects [40, 48]. Others suggests that triplet-

triplet annihilation is responsible [43, 44, 62, 88]. In my work, the roles of excitons

on high field MFE will be investigated further. It is aimed to study: first, from which

process do excitons contribute to the high field MFE and how it is accomplished;

second, is it true that triplets play a dominant role.
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Chapter 2

Experimental methods

2.1 Material purification

All organic solid materials used in this thesis were purchased from Sigma-Aldrich.

Despite their high purity, they were further purified via train sublimation prior to

device fabrication. In this section the purification process of the Alq3 will be used to

introduce the train sublimation method.

Train sublimation, also known as temperature gradient sublimation, takes

advantage of the differences in sublimation point of the target organic material and

its impurities. Figure 2.1 shows a simple schematic diagram of a train sublimation

system. It consists of three components: a vacuum station, a Carbolite Single Zone

Furnace and Pyrex glassware (an inner tube, an outer tube and a boat as shown in

figure 2.2).

Figure 2.1: Schematic diagram of the setup of the Alq3 purification. The pure Alq3
was deposited on the inner tube near the furnace whilst the impurities were deposited
further away from the furnace.
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Figure 2.2: Glassware used in Alq3 purification. The boat was used to hold raw material,
the inner tube was used to collect sublimated materials and the outer tube was used to
hold the boat and the inner tube.

The train sublimation procedure of Alq3 follows:

Firstly, the two glass tubes and the boat were cleaned by a standard cleaning

procedure (to be explained in detail in section section 2.2.1). Approximately 1 gram

of Alq3 was loaded into the glass boat and covered with glass fabric filter. The

loaded boat was pushed to the closed end of the outer tube and the inner tube was

inserted into the outer tube until it touched the boat. The open end of the outer

tube was then connected to the pump station and the other end was inserted into

the furnace. The system was pumped to a vacuum of the order of 10−7 mbar and

the furnace was set to heat up to ∼ 80 ◦C under a heating rate of 5 ◦C per minute.

Once the temperature reached 80 ◦C, the system was left for 2 ∼ 3 hours to outgas

until the vacuum of the system recovered to a low and stable value (< 10−7 mbar).

Finally, the temperature of the furnace was increased gradually with a step of 20 ◦C.

Each time the system was left until the vacuum recovered before the next action.

When the temperature reached the sublimation point of the Alq3 (∼ 200 ◦C under

vacuum), a thin yellowish film starts to form on the inner tube. The temperature

was increased slightly higher and the system was left until all raw material was

evaporated. The system was then left to cool down to ambient room temperature
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for the purified Alq3 to be collected.

It is worth noting that before the Alq3 sublimation point, the glass tubes were

placed further inside the furnace so that any impurities could be deposited on the

further end of the inner tube. After the temperature reached the Alq3 sublimation

point, the glass tubes were moved out slightly from the furnace so that pure Alq3

could be deposited on the end of inner tube near the furnace. After sublimation, the

previously dark yellow raw Alq3 in the boat became bright yellow purer Alq3,

leaving some brownish fluffy impurity in the boat.

2.2 Device fabrication

In this section, general processes related to a standard device fabrication, including

substrates preparation, plasma treatment and thermal evaporation will be discussed.

In the end of this section, the details of PEDOT:PSS spin casting will be presented as

some of the devices used in this thesis contain a layer of PEDOT:PSS (∼ 70 nm). A

standard device refers to a device with the structure of ITO / TPD (500 Å) / Alq3

(500 Å) / LiF (10 Å) / Al (1000 Å).

2.2.1 Substrate preparation

Raw substrates are 20 mm × 20 mm ITO coated glass. The sheet resistivity of the

ITO is ∼ 13 Ω/square. Raw substrates are prepared to form a certain ITO pattern

using the following steps, as shown in figure 2.3.

1. Standard cleaning

• Rubbing with detergents under running water twice.

• Sonicate with detergents in ultra-pure water in a sonicator for 20 minutes.

• 3× 5 minutes sonication in ultra-pure water.

• 2× 5 minutes sonication in acetone.

• 2× 5 minutes sonication in chloroform.

2. Dry with nitrogen
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3. Spin coat positive photo-resist S1818.

4. Solidify in a preheated (90 ◦C) oven for 15 minutes.

5. UV exposure under the shadow mask for 1 minute.

6. Rinse in prepared developer (a mixture of ultra-pure water and 87% NaOH

solution in a ratio of 3 : 1) for 20 - 30 seconds to remove the UV exposed photo-

resist.

7. Rinse in pre-heated (48 - 50 ◦C) etching solution (a mixture of ultra-pure water,

hydrochloric acid and nitric acid in a ratio of 50% : 48% : 2%) for ∼ 1.5 minutes

to remove the unwanted ITO.

8. Sonicate in acetone to remove the unexposed photo-resist.

9. Standard cleaning.

Figure 2.3: Top view of a substrate after each step and the shadow mask used.

2.2.2 Plasma treatment

It has been experimentally shown that oxygen plasma treatment has improved the

charge carrier injection ability of ITO by increasing the work function of ITO [92]. As
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a result, patterned ITO substrates were plasma treated after the standard cleaning

before being loaded into an evaporation system.

The equipment used is a Diner Electronic Femto plasma system. The cleaned ITO

substrate was loaded into the chamber of the system with the ITO side facing up.

The system was evacuated below 0.1 mbar. A small amount of pure oxygen was

introduced into the chamber until the pressure read between 2.0 ∼ 4.0 mbar. The

system was kept in this condition for 5 minutes. This was to make sure that the

chamber was filled only with oxygen. The pressure was reduced to a lower value

between 0.2 ∼ 0.3 mbar which means that there was just a small amount of oxygen in

the chamber. The system was run at a power level of 28% for 3.5 minutes. The plasma

treated substrate was put onto a sample holder with the ITO side facing down, the

holder was then loaded into the load lock of the thermal evaporation system, ready

for material deposition.

2.2.3 Thermal evaporation

In this section, a brief introduction of the thermal evaporation system will be given.

The deposition of organic materials and electrodes follow.

The Kurt J. Lesker SPECTROS thermal evaporation system:

Kurt J. Lesker SPECTROS thermal evaporation system is a computer controlled

system designed for low sublimation point material deposition. Figure 2.4 shows a

simplified schematic diagram of the system. It contains two steel cylindrical

vacuum chambers, namely the load lock and the process chamber (PC). These two

chambers are isolated by a vacuum gate valve, through which samples are

transferred. The transferring action between the load lock and the PC is handled by

the transfer arm. The thermal deposition process takes place in the PC. At the top

of the PC, there is a four-layered mask cassette which is capable of moving up,

down and also rotating. In the middle of the PC, there is a main shutter. Directly

beneath it there are two quartz crystal monitors. The main shutter is designed to

shield material vapour during pre-heating process and the quartz crystal monitors
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are used to monitor the rate and thickness of material vapour. The material

crucibles are located at the bottom of the PC. Alumina crucibles at the top are used

for organic material deposition. Beneath them are two titanium-diboride crucibles

used for metal deposition. The crucibles are isolated by metal shields. A side view

of the assembly of those crucibles are presented next to the PC in figure 2.4. The

typical vacuum in the load lock is of the order of 10−7 mbar maintained by a

turbo-molecular pump and that in the PC can reach the order of 10−8 mbar

maintained by a cryo pump.

Figure 2.4: Schematic diagram of the Kurl J. Leskerevaperation system.

Organic materials deposition

The plasma treated ITO substrate was immediately loaded onto a substrate holder

with the ITO side facing the open bottom of the holder. The holder was put onto the
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fork from load lock side. The load lock is then pumped down until the vacuum was

less than 5 ×10−5 mbar and the holder was transferred onto the mask designed for

organic material sublimation located in the bottom layer of the cassette. Following

that, the cassette was lowered to the deposition position which is slightly above the

main shutter. From experience, the organic material to be deposited was pre-heated

to ∼ 40 degrees lower than its sublimation point to speed up the whole evaporation

process. The deposition recipe of the corresponding material was performed until the

rate of the vapour reached 0.5 Å per second. The main shutter was then moved away

so that the organic vapour could deposit onto the ITO substrate. At the same time

the system adjusted the sublimation rate gradually to 2 Å per second. To achieve a

uniform thin film, the cassette was rotating at a rate of 10 Hz during the deposition

of each material. For a standard OLED device, the deposition sequence of organic

film was 500 Å TPD followed by 500 Å Alq3.

Electrode sublimation

The cathode of the standard device consists of 10 Å LiF and 1000 Å Al. Unlike organic

materials, LiF and Al do not need to be pre-heated, because they easily sublimate

due to their relatively higher thermal conductivity. The sublimation of LiF took place

immediately after Alq3 because it used the same mask as organic material. The rate

of LiF sublimation was set to 0.2 Å/s. For the sublimation of Al, a different mask was

used. Two deposition rates were used during Al deposition, a smaller rate of 1 Å/s

was used for the first 100 Å deposition to form a uniform interface with Alq3 layer,

a rate of 6 Å/s was used for the remaining 900 Å. Figure 2.5 shows the structure of

a fully processed substrate and when it was under positive bias. Four OLEDs were

formed on the same substrate after the procedures demonstrated above, each with

an area of ∼ 4 mm2. The dashed squares are guides to the rough positions of these

OLEDs.
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Figure 2.5: Top view of OLEDs formed on the same substrate(left) and side view of a
positive biased OLED(right).

2.2.4 PEDOT:PSS spin coating

Some of the devices used in this thesis contain a ∼ 700 Å thick layer of PEDOT:PSS

on top of ITO, a brief description of the spin casting process is giving below.

The PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)) used

was purchased from Sigma-Aldrich. It is a low conductivity grade mixture of 0.14%

PEDOT and 2.6% PSS dispersed in H2O. Prior to spin coating, the PEDOT:PSS was

filtered by a 0.45 µm filter to block larger particles. The cleaned ITO substrate was

placed on top of a spin coater, 5 small drops of filtered PEDOT:PSS were placed on

the substrate (one in the middle, 4 at the edges). The spin coater was then set to

spin at 500 RPM for 9 second and at 4000 RPM for 60 second. The substrate was

then solidified in a pre-heated oven at 130 ◦C for 15 minutes. After that, the

substrate was loaded into the evaporation system for other material deposition. The

thickness of PEDOT:PSS from the above procedure was 700± 50 Å. The amount of

PEDOT:PSS and the spin rates used above were obtained by different trials. Its

thickness was measured using the Dektak Surface Profilometer. According to the

thickness, the amount of PEDOT:PSS and spin rates were adjusted subsequently

until the desire thickness was achieved.
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2.3 Current - Voltage - Luminosity (IVL) measurement

Each fabricated device generally underwent an IVL characterisation. A schematic of

an IVL setup is shown in figure 2.6. A sample holder with vacuum port was used to

provide electrical access via a LEMO connecter. An Agilent 2902A Source Measure

Unit (SMU) was used to provide voltage across the device and measure the current

flow accordingly. A Newport silicon photodetector (S/N 13594) incorporated with

its matching integrating sphere was used to measure the light output. A calibration

module then transferred the signal to Newport 1830-C, giving the power of the light

output (EL) in unit of watts. A turbo molecular pump was used to create a < 10−5

mbar vacuum environment for the sample. The use of an integrating sphere made

the incoming light distribute evenly, hence gave an absolute value of the EL. This

made the comparison of EL or efficiencies of devices with different structures

possible. After setup, the measuring process was controlled by the “IVL” software

from the PC. It created a list of voltages need to be measured. During the sweep of

each voltage, 32 readings of the current was taken and the average value was

calculated as the final current to be recorded. The EL was then measured and only

one reading was taken.

Figure 2.6: Schematic diagram of the IVL measurement setup.

Typical IVL characteristics of a standard OLED are shown in Figure 2.7. It shows
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the characteristics of a light emitting diode with a current turn-on at 2.2±0.1 V and a

EL turn-on at 2.3±0.1 V. Along with the IVL is the power efficiency as a function of

current, peaking at 0.65%. One should bear in mind that improving device efficiency

is not the purpose of this work. The peak efficiency was taken only as a standard of

showing the reproducibility of devices with the same structure.

Figure 2.7: IVL characteristics of a standard OLED (left) and its power efficiency (right).

2.4 Magnetic field effects measurement

The measuring of OLED performance under magnetic fields will be discussed. It

consists of two parts: measurement with a DC voltage, namely the steady state

measurement, and measurement with a pulsed voltage, the transient measurement.

2.4.1 Steady state MFE measurement

The steady state MFE measures the current and the EL of a working OLED in

magnetic fields. The measurement was carried out at room temperature. Figure 2.8

shows a schematic diagram of the setup of the sample at room temperature MFE

measurements. The sample holder was secured between the two magnet pole pieces

in the way that the magnetic field is parallel to the sample surface and

perpendicular to the current flow in the device. As with the IVL characterisation,

the Agilent 2902A SMU provided DC voltage driving for the device via the LEMO
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connector. The silicon photodetector was connected directly to the sample by a light

tight lock to measure the EL intensity. A KEPCO power supply provided current for

the magnets. A model 475 DSP Gaussmeter was used to measure the magnetic field

strength and control the current flow of the KEPCO power supply. The space

between the two pole pieces was set to 8 cm which was wide enough to mount the

sample holder but kept as small as possible to achieve larger fields. The largest

magnetic field strength achieved with this setup was around 850 mT.

Figure 2.8: Schematic diagram of the sample setup of steady state MFE measurements
at room temperature.

The whole MFE measurement procedure was controlled automatically by a

software named ‘magnetoresistance’. It runs from low voltage to high voltage, for

the measurement at each voltage, the field starts from low field to high field. The

system firstly sets a DC voltage to the device, waits for 1 minute, so that the current

flow through the device is stabilised. The B field is adjusted to 0 mT (zero field),

and the current and the EL are subsequently recorded. The field strength is then

moved to the target field, the current and the EL are measured accordingly. The

field strength is then moved back to zero field and the current and EL measured.

The measurement procedure carries on alternatively measuring the current and EL

at target fields and zero fields until the last target field measurement finishes. An

additional measurement at zero field is taken to finish the measurement of a single

voltage. DC voltage is set to zero and turned off afterwards. The field strength

along with the current and the EL data are saved in a text file, forming raw data of
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MFEs at a particular voltage. The software then moves onto the MFEs measurement

of another DC voltage. MEFs measurement was carried out from low voltage to

high voltage to avoid electrical stressing (conditioning). As mentioned in the

introduction chapter, conditioning can enhance MFE effects (see section 3.3.3 for

details). Changing B field strength from low field to high field was just a matter of

personal preferences. Measurements taken from high field to low field have been

carried out and showed no difference to the low to high one. To improve the signal

to noise ratio, the value of a recorded current is the average over hundreds of

readings taken in a very short time during the measurement.

2.4.2 Transient MFE measurement

The transient MFE measurement measures only the EL of a working device as a

function of time under a particular magnetic field strength. This allows us to

investigate how the MEL evolves with time on a scale of nanoseconds to

milliseconds. The experimental setup is shown in figure 2.9. Apparatus used in this

procedure includes a pump station to provide vacuum environment for the sample;

a TGA1241 waveform generator to provide pulse waves to drive the sample device;

a triax 550 Spectrometer coupled with a photo multiplier tube (PMT) to detect the

EL signal; two optical lenses to focus the light on the entrance gate of the

spectrometer; a high definition oscilloscope to store and display the EL signal. The

signal received by the PMT was going through a load resistor R and the voltage

drop across the resistor was stored by the oscilloscope.

Figure 2.9: Schematic diagram showing the setup of the transient MEF measurement.
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The resistance of the resistor can affect the signal received. The larger the resistance

is the stronger the signal will be. However, larger resistance can also cause larger RC

decay, which may hide important information. In order to find out an appropriate

resistance, EL measurement of a standard OLED was conducted with resistors of

different value. Figure 2.10 shows the EL signal measured with 50 Ω, 500 Ω and 1

kΩ resistors. The pulse used is of 1 kHz frequency and 1 µs width. It can be seen that

The EL signal increase proportionally to the resistor and the EL measured with 50 Ω

resistor is of the order of 10−4, which is very small for further MFEs measurement.

Figure 2.10: EL signal measured with different resistor.

In order to check the RC response of instruments of this setup, a laser pulse of

nanosecond width was used to conduct the same measurement. The normalised

signal was presented in figure 2.11(a). The RC time constant increases with resistance.

Exponential decay fitting found out that the RC time constant is 8.33× 10−9 s, 8.37 ×

10−8 s and 1.65 × 10−7 s respectively. Figure 2.11(b) shows the normalised decay of

the ELs of the OLED. The Zero time point was set as the point from which the ELs

began to decrease. The green line is a guide to eyes and was set to have a magnitude

of 0.1. It can be seen that there is a fast and a slow decay in each EL. The fast decays,

dominated by the RC time constant varies with the resistance, however, the slow
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decays don’t vary much, especially for the 50 Ω and 1 kΩ ones. The comparison of

the decays of the signals of the laser and those of the OLED implies that the slow

tails are real signals due to the OLED itself rather than the instruments. Also, the RC

decay does not hide the signals, as a result, the 1 kΩ resistor was used in the rest of

the measurement.

Figure 2.11: (a), instrument response measured with a laser pulse; (b), EL decays of a
standard OLED. Signals were normalised.

The Labview based software ‘MRTS’ was used to conduct the transient MFEs

measurements. The main inputs of the software are a text file containing a list of

target fields, the magnitude of the working pulse and the magnitude of the

background pulse. The outcomes are 2N+1 raw data files where N is the number of

target fields. Before and after each file measured at a target field, there is a file

measured at zero field. The average of these two raw data at zero field is then used

as the zero field signal in the final calculation. Each raw data is the EL signal as a

function of time at a particular B field. A final EL signal is the difference of the EL

signal taken at working pulse and the EL signal taken at background pulse.

Background pulses were set to 1 V at which the EL of the device was not turned on.

73



Chapter 3

The effects of exciton-charge carrier

interaction on MEL

3.1 Introduction

It was demonstrated in 1.3.3 that triplet-charge carrier interaction (TTA) and

triplet-charge carrier interaction (TCI) both show high field dependent. TCI was

proved to exist by Zhang et al. at QMUL and Zhang et al. at South West University

through controlling exciton concentration via varying the structures and the

measuring conditions of the devices. It was claimed to be responsible for the change

of the MC line-shapes at high fields. The results of from QMUL further showed that

the polarity of the charge carriers that interact with triplets may as well play a role.

That is, the triplet-electron interaction is more significant than triplet-hole

interaction. In Alq3 based systems the TTA was widely used to explain the high

field MEL decay. The high field decay obtained at low temperatures, where larger

triplet concentration is expected, was attributed to TTA [43, 44, 62, 88]. The high

field decay obtained in DCM doped devices at room temperature was attributed to

TTA although it is not certain whether high triplet concentration was achieved or

not. The high field decay obtained in transient measurements at room temperature

was also attributed to TTA. The existence of high triplet concentration due to the

charge trapping to de-trapping ratio is not clear since for both TCI and TTA, the

concentration of exciton plays an important role. The current work will investigate
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the role of excitons on MFEs in OLEDs via controlling the structure of the devices.

In the experiment at South West University they changed the thickness of NPB and

Alq3 in the first and the second device. When it came to the third device, the Alq3

layer was substituted by a BCP layer. The change of multiple elements in the

experiment makes the comparison of the behaviour of MFEs among different

devices difficult although the comparison of the behaviour of a particular device

under different measurement conditions is still reliable. As for the experiment at

QMUL, they adjusted only the electrodes of each device whilst keeping the

thickness of TDP and Alq3 layers the same. Anodes are ITO with or without O2

plasma treatment and cathodes are Al with or without LiF between Al and Alq3

interface. This makes the comparison of MFEs among devices possible. In the

current work, Alq3 was used as the active layer where light emission and potential

processes like TCI and TTA occur. To make the comparison among different devices

possible, the thickness of Alq3 layer was kept the same. Like the previous work at

QMUL the concentration of excitons in the current work was adjusted via

controlling the injection of electrons and holes. However, the change of hole and

electron injection were moderate in their work, because the difference of the Fermi

level of ITO and plasma treated ITO is 0.3 eV and that of LiF/Al and Al is 1 eV [42].

3.2 Device structure and experiments

Devices with four structures were used to modify either the hole or electron

injection into Alq3 based devices, so as to modulate the exciton concentration as

well as the charge to exciton ratio in the devices. These were named A, B, C, and D.

Device A is a device with “standard” structure consisting of ITO / TPD (50 nm) /

Alq3 (50 nm) / LiF (1 nm) / Al(100 nm). Device B was designed to include a

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT) hole injection

layer to improve the hole injection and had the structure, ITO / PEDOT (70 nm) /

TPD (50 nm) / Alq3(50 nm) / LiF (1 nm) / Al (100 nm). Device C had the TPD layer

removed to directly inject holes into the Alq3 layer and had the structure, ITO /

PEDOT (70 nm) / Alq3(100 nm) / LiF (1 nm) / Al (100 nm). Finally, device D, with
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the structure ITO / PEDOT (70 nm) / TPD (50 nm) / Alq3 (50 nm) / Au (80 nm),

had its cathode replaced with gold to reduce the electron injection. Device A was

designed to generate moderate charge injection of both electrons and holes,

therefore, a balanced hole to electron ratio was expected. Compared to device A,

device B was expected to achieve a slightly higher hole to electron ratio, because of

the presence of the PEDOT layer which is supposed to enhance the hole injection;

device C was expected to achieve an even higher hole to electron ratio, because of

the absence of the TPD layer; device D was expected to achieve the highest hole to

electron ratio, because of the substitution of the cathode LiF/Al with Au.

IVL measurements were firstly conducted to check the diode characteristic of the

devices, the steady state MEL measurement was then carried out to investigate the

MFEs.

3.3 Results and discussion

3.3.1 Current - voltage and EL - voltage characteristics

Through the IVL measurement, one can obtain the current - voltage characteristics,

the EL - voltage characteristics and the efficiency of a device. The EL intensity allows

one to calculate the approx population of singlet in the devices, and the efficiency

can be used to estimate the electron-hole balance of the devices.

Figure 3.1(a) shows the IVL characteristics of all the devices in a log - linear scale.

It can be seen that all four devices show a clear diode characteristic, the turn on

voltages for device A - D are 2.1 V, 2.2 V, 2.3 V and 1.6 V respectively, within an error

of ± 0.1 V. The turn on voltage is positively correlated to the difference between the

Fermi level of the cathode and the anode in a device. The results presented are agree

qualitatively with what was expected. Compared to device A, the use of a PEDOT

layer in devices B and C is expected to lower the Fermi level compared to the ITO

anode. Considering the ITO/PEDOT as an anode, it has a work function of 5.2 eV

[93], approximately 0.2 eV larger than that of plasma treated ITO, hence a slightly

higher turn on voltage is expected in devices B and C. The turn on voltage, however,
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can also be affected by the interfaces near the electrodes. This might be the reason for

the small variation of the turn on voltage in devices B and C, because device B has

a PEDOT/TPD interface whilst device C has a PEDOT/Alq3 interface. To explain

the extremely small turn on voltage of device D, device B is taken as the reference,

because the only difference between them is the cathode. Device B has LiF/Al as

its cathode and device D has Au as its cathode. The work function of Au is 0.8 eV

larger than that of LiF/Al, which, therefore, explains the much lower turn on voltage

of device D. Another noticeable feature in figure 3.1(a) is the difference of leakage

current in device A compared to devices B - C. The current flow before current

turn on is defined as the leakage current which increases linearly with drive voltage,

following the Ohm’s law. The leakage current in devices B - C is approximately one

order of magnitude higher than that of device A. This is probably due the conduction

between the ITO and the cathode pads via the PEDOT layer. The PEDOT used in

the devices were purchased from Sigma - Aldrich, featuring a resistivity of ∼ 103Ω

m. Since the thickness of the PEDOT layer is ∼ 700 Å, a simple calculation shows

that the sheet resistance is of the order of 109 Ω/square, which is correspond to the

resistance needed for the leakage current.

77



Figure 3.1: (a), Current density - voltage characteristic and (b), EL density - voltage
characteristic of devices A - D. Device structures are: A, ITO/TPD/Alq3/LiFAl;
B, ITO/PEDOT/TPD/Alq3/LiF/Al; C, ITO/PEDOT/Alq3/LiF/Al; D,
ITO/PEDOT/TPD/Alq3/Au.

Figure 3.1(b) shows the EL intensity - voltage characteristics of devices A - D. Similar

turn-on behaviour is presented, the EL turn on of devices A and B occurs at 2.2 V,

and that of devices C and D occur at 2.4 V and 5.6 V. The real turn on might be lower

than shown, because it can be shadowed by the sensitivity of the photo detector and

the noise level. However, this is not of an issue in the current work, because only the

relative relations of these devices matter. The EL intensity is taken to give a guidance

to the exciton concentration in those devices and the turn on points give an idea of

the polarity of the current before EL occurrence. For example, the current of device

D turns on at 1.6 V whilst the measurable EL occurs at 5.6 V, which indicates that

the current flow of device D before 5.6 V can be taken as predominantly ‘hole only’

because Au is a poor electron injector. On the contrary, both electrons and holes

contribute the current in devices A - C soon after the current turn on.

It can also be seen from figure 3.1(a) that devices A and B show a sharper rise of

current after turn on than devices C and D. Knowing that the current flow in device

D before 5.6 V is predominantly ‘hole only’ and giving the similarity of the shapes
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of current rise after turn on in devices C and D, it is reasonable to assume that

the current in device C is hole dominated. Since the hole mobility in Alq3 is much

smaller than that of the electron [94], the rise of current in devices C and D is less

steep, which also corresponds to the EL turn on shapes in figure 3.1(b). Devices

A and B both show a rapid rise in current and EL, which indicates a much more

balanced electron and hole injection. Compared to device A, lower current and EL

are present in device B. Since the only difference between device A and B is the

improved ability of hole injection in device B, the lower current and EL might be a

result of excessive holes in the device.

3.3.2 Comparison of efficiency

Figure 3.2 shows the power efficiency of devices A - D as a function of current density,

the magnitude of the efficiency of device D was magnified 20000 times. Over the

Figure 3.2: Power efficiency as a function of current density: black square, device A; red
dot, device B; blue up triangle, device C; pink down triangle, device D. The magnitude
of device D was 20000 times magnified.

whole current range, efficiency decreases from device A to device D. Devices A - C
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show an initial rise in the efficiency as the current increases, the efficiencies then

reach a peak value, followed by a decline as the current increases further. These

are the common efficiency features in many organic diodes. Unlike the other three

devices, device D is a very inefficient device. It can be seen from figure 3.2 that light

emission from device D only occurs at a current density > 22 A/m2, which is nearly

4 orders of magnitude higher than the other devices. Also, unlike the trend in the

other devices, the efficiency in device D keeps increasing with the current. Giving the

huge injection barrier for electrons in device D, this extremely low efficiency is not

surprising. It has been discussed that before EL turn on, device D is ‘hole only’, as EL

occurs, electrons begin to be injected and the number of electron injected increases

with the drive voltage, therefore the EL increases, hence the efficiency increases.

As has been discussed in section 1.2.4, there are many processes present in the

active layer of a device during operation and each of them is capable of modulating

the efficiency. After electrons and holes meet in the active layer, they form polaron

pairs in singlet and triplet configuration with a ratio of 1:3 spontaneously. These

polaron pairs then form singlets and triplets accordingly, and the radiative decay of

singlet gives the light emission. Apart from the radiative decay, singlets are also

subject to the non-radiative decay which can be enhanced by exciton charge carrier

interaction as well as the electric field assisted dissociation. These can qualitatively

explain the initial rise then roll off of the efficiency as a function of current density.

At low current density, the concentration of the charge carriers is small, as is the

electric field. The increase of electric field enhances the injection of charge carriers,

and, as the concentration of charge carrier increases the possibility of elections and

holes meeting increases. Hence the formation rate of excitons increases, therefore

the efficiency increases. As the electric field increases further, although the exciton

formation rate may still increase, there is increasing possibility of excitons meeting

and interacting with excessive charge carriers. This quenches the excitons, causing

the efficiency roll off at large current density. Another possible reason for the

efficiency roll off at large current density might be that a large number of triplets

reducing the number of molecules in ground state. this would reduce the molecules
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that are available for forming singlets, hence reduce the efficiency.

3.3.3 Comparison of magnetic field effects

Following IVL characterisation, each device was subjected to the steady state MFE

measurement. Raw data from each measurement contains current and EL. It is

important to look at the raw data because we must ensure that the data to be

discussed is at the regime where all the devices behave normally .

Figure 3.3 shows two sets of raw data from the MFE measurement of device A at

different voltages. Figure 3.3(a) shows the raw data at low current density which

corresponds to low drive voltage. The red dots present the current measured with

the magnetic field on and the black squares at zero field. The whole measurement

Figure 3.3: Examples of MFE raw data. Current density with and without field of
device A measured at 5 V (a) and 9 V (b).

sequence of a set of raw data begins and ends with a measurement at zero field, in

between them are alternating measurements at non-zero and zero fields, the

magnetic field increases as the measurement continues. From the black squared line

it can be seen that there is a small current drift at zero fields as the measurement
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carries on. This drift can be in an increasing trend, like the one in figure 3.3(a), or in

a decreasing trend. Usually, the drift at low drive voltages shows the increasing

trend and the drift at high drive voltages decreases. The increasing trend is most

likely due to the thermal effect on the charge carrier mobility. As organic devices

feature high resistance, significant heating can occur upon continuous current flow

through the device. The mobility of charge carriers in organic systems is very

sensitive to temperature. Eq. 3.1 shows the dependence of mobility on temperature

deduced from Eq. 1.2 [11], where µ is the mobility, µ0 is a hypothetical mobility at

infinite temperature and zero electric field, T the temperature, kB the Boltzmann

constant and σ the energy disorder parameter which has an experimental value in

the range of 50 meV - 150 meV [95].

µ ∝ µ0 e−(
2

3kBT σ)2
(3.1)

As joule heating raises up the temperature of the device, charge carrier mobility

increases, and so does the current density. Assuming that µ1 is the mobility at T1,

µ2 is the mobility at T2 and T1 is 293 K. One can calculate from Eq. 3.2 that the

temperature needed for a 10% increase in the mobility is just 295 K.

T2 =
2 σ√

4σ2 − 9(kBT1)2 ln µ2
µ1

T1 (3.2)

The decreasing trend is due to the device degradation. The reason of the degradation

can be oxygen, moisture and large joule heating [96, 97]. As long as the drifts in the

devices are approximately linear, the problem can be solved by taking the average

of the two zero field measurements before and behind the field measurement as the

zero value to compensate the drift. Severe break downs can, however, occur at high

voltages, causing large jumps in the raw data, as shown in figure 3.3(b). In this case,

devices lose their diode characteristics and the MFE calculated from the raw data

will be noisy, misshapen and meaningless. All data that is going to be presented and

discussed in the current work is taken at the regime where diode characteristics are

reserved.
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The effect of electrical conditioning on MFEs

Electrical conditioning has been found to enhance the MFEs in polymer based

OLED systems significantly [35, 36]. Niedermeier et al. [35] conducted electrical

conditioned MFE measurements on poly(paraphenylene vinylene) (PPV) based

devices. They found that for the enhancement to occur, the conditioning current

density has to be larger than the operational current density, the larger the

conditioning current is the more significant the MR enhancement will be. The result

of MFE as a function of stressing duration up to 10 hours showed that the longer

the duration the large the enhancement. The conditioning process can easily cause

an improvement of the MR (∆R / R) from 1% to 15%. However, they found that

applying a reverse bias does not cause any MR enhancement. They suggested that

the degradation of the bulk material during conditioning process is responsible for

the MR enhancement. Among all the possible degradation mechanisms, the thermal

degradation of the active material and the dark spot formation were excluded

because the temperature of the devices was much smaller than the glass transition

temperature of PPV and no dark spots were found in these devices. They then

concluded that this conditioning effect is caused by defects, like traps or

non-radiative recombination centres, generated due to the energy released from

non-radiative processes. In a later paper, Bagnich et al. [36] found that by shining

an infrared light on the preconditioned device the enhanced MFE can be reduced,

after removing the infrared source, the enhanced MFE is restored. They also found

that annealing the preconditioned device at high temperature can eliminate the

enhanced MFE and in order to restore the enhanced MEF, the device needs to be

conditioned again. They suggested that the electrical conditioning process is

accompanied by the formation of energetic traps and/of the transformation of the

polymer morphology.

Although the electrical conditioning works shown in the above paragraph were

conducted on polymer based devices, it is very likely that similar effects are

expected in the Alq3 based devices. Therefore, in my work, which focuses on the

interaction of excitons and charge carriers, it is important to avoid the electrical
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conditioning phenomena. As a result, attempted conditioning measurements were

conducted on standard OELDs to study how it affects the MFEs and what is the

best way to carry out the main experiments.

Two OLEDs grown on the same substrate were used to do the electrical conditioning

MFE measurement, one was measured from low voltage to high voltage and the other

one measured from high voltage to low voltage. Figure 3.4 shows the MC (∆I/I) and

MEL (∆EL/EL) of these two devices. Significant enhancements in both the MC and

Figure 3.4: MC and MEL measured from low voltage to high voltage (top) and measured
from high voltage to low voltage (bottom). The experiments were conducted on two
fresh standard OLEDs.

MEL can be seen when measured from high voltage to low voltage. This means that

like the polymer systems studied by Niedermeier et al., electrical conditioning effects

also occurs in the Alq3 small molecular system. Compared to the low voltage to high

voltage measurement results, the highest MC from the high voltage to low voltage
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measurement has more than tripled and the highest MEL doubled. Figure 3.5 shows

the MC and MEL measured at 800 mT as function of drive voltage.

Figure 3.5: MC (left) and MEL (right) as function drive voltage. Low - High means
that the measurement sequence is from low voltage to high voltage, High - Low means
the opposite. The magnetic strength is 800 mT and two identical standard devices were
used.

It can be seen that the conditioning effects are more prominent in low voltage

regimes, as the MR and MEL measured from those two different cases begin to

overlap at high voltages. This seems to suggest that stressing the device at low

voltage has no effect on the MFE measured at high voltage whereas stressing the

device at high voltage has a large effect on the MFE measured at low voltages. This

is in agreement with the findings of Niedermeier et al. [35].

In order to have a deeper understanding of the conditioning effect, MFEs of a fresh

standard OLED were measured at 3 V before and after different electrical stressing.

The bias of the device followed the sequence: 3 V, 4 V, 3 V, 5 V, 3 V, 6 V, 3 V, 7 V,

3 V. The 3 V biases were applied for MFE measurements and the other biases were

applied for stressing. The duration of each bias was approximately 37 minutes. A

final MFE measurement was then taken at 3 V 16 hours after the above measurements

to check if the conditioning effect reduces after the device was relaxed. The MC and

MEL data obtained is shown in figure 3.6. As can be seen, the MC and MEL increases

steadily as the stressing voltage is increased from 4 V to 7 V. The highest MC after 7
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V stressing is approximately 5 times larger than that measured before any stressing

and almost tripled in the case of the MEL. The enhancement remains even after 16

hours relaxation.

Figure 3.6: MC and MEL of a standard OLED measured at 3 V before any electrical
stressing (black square); after 37 minutes stressing at 4 V (red dot), 5 V (blue up triangle),
6 V (pink down triangle) and 7 V (green diamond); and after 16 hours relaxation (navy
left triangle).

Figure 3.7 shows the MC and MEL at 3 V bias, measured at 40 mT and 800 mT, as a

function of the corresponding device current. It shows that the current decreases

Figure 3.7: MC and MEL measured at 3 V as a function of device current. Only the
data at magnetic fields of 40 mT and 800 mT is shown.

steadily after each stressing, and the corresponding MC and MEL increases. Since
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the MC and MEL are the percentage changes with and without applying a magnetic

field, the increase of MC and MEL could just be a result of the decreasing

denominators (current and EL). It should be noted that the numerators (∆I and

∆EL) are not expected to remain the same. If both numerator and denominator

decrease equally, the MC and MEL would remain unchanged. To achieve increased

MC and MEL, a reasonable guess would be that the denominators decrease at a

larger rate.

Figure 3.8 shows the ∆I and ∆EL as function of magnetic field. It is interesting to find

that the ∆I measured after 4 V, 5 V and 6 V stressing is actually larger than the one

measured without any stressing. The ∆I keeps increasing up until 5 V, the one after

6 V begins to decreases but is still about 18% larger than the no stress case. A large

Figure 3.8: ∆I and ∆EL under different electrical stressing conditions are presented as a
function of magnetic field. All measurements were taken at 3 V bias. The labels (No - 7
V) indicate the applied stressing bias before each MFE measurement taken at 3 V.

drop is shown after the stressing at 7 V. It is surprising that the current drops ∼ 36%

whereas the ∆I increases ∼ 46% after the stressing at 5 V. No matter what defects

the stressing process causes in the device, they decrease the current of the device

but make the device more magnetic field dependent. In comparison, no increase is

shown in ∆EL. However, it is also surprising that the EL intensity drops 23% after

the stressing at 4 V whereas the ∆EL remains approximately the same. ∆EL keeps

decreasing steadily from 5 V stress to higher voltages at a larger rate.
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Although Niedermeier et al. [35] has suggested that for enhancement of MFEs to

occur, the stressing current needs to be larger than the operating current, it is worth

checking if there is any change in the MFEs when stressing the device at the same

voltage for a longer time. To achieve that, a fresh standard OLED was used to

conduct MFE measurements at 3 V 15 times. The duration of each measurement

was 37 minutes, so the whole duration was ∼ 9.5 hours. Figure 3.9 shows the MC

and MEL measured in sequence. It can be seen that both the MC and MEL increase

gradually over the 9.5 hours duration although this increase is less significant than

that found after stressing at higher voltages. The enhancement effect in MEL is

smaller than in MC. For both the MC and the MEL, the difference between two

consecutive measurements becomes smaller and smaller as the measurement

proceeds. This seems to suggest that the stressing process can bring about defects in

the device, at every voltage level, it simply takes longer for lower voltages to

generate defects and the number of defects that can be generated at a particular

voltage level is limited. Thus, the conditioning effects (MFE enhancements) at 3 V

saturate in both MC and MEL as the measurement proceeds.

Figure 3.9: MC and MEL at 3 V measured in sequences. The numbers indicate the
order and the device used is a standard OLED.

Comparison is made between the high voltage-stressed (H-stressed) device and the

self-stressed (S-stressed) device. The data shown in figure 3.10 is extracted from that
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of figure 3.6 and 3.9. The first measured MC and MEL, labelled as No (black square)

and 1 (blue triangle), from the H-stressed and the S-stressed, respectively, almost

overlap each other with the S-stressed being slightly larger, which indicates that

there is a good repeatability in MFE measurements on different devices. The second

measurement of the S-stressed device, labelled as 2, shows only a small increase in

both the MC and MEL. In comparison, the one measured after 4 V stressing in the

H-stressed device (red dot), is comparably larger than the fifteenth measured one in

the S-stressed device (green diamond). This means that fewer defects are generated

by 9.5 hours of self-stress compared to 37 minutes stressing at 4 V. Thus, measuring

the MFEs from low voltage to high voltage should not lead to significant stress,

which should still be valid for studying the drive voltage dependent behaviour in

our devices. As a result, all the MFEs to be discussed in the rest of this thesis were

measured from low voltage to high voltage.

Figure 3.10: MC and MEL comparison between the H-stressed device and the S-stressed
device. Data labelled as No and 4 V are taken from the H-stressed device, referring to
measurement without stressing and after 4 V stressing, separately. Data labelled as 1, 2,
and 15 are taken from the S-stressed device, referring to the first, the second and the
fifteenth measurement accordingly.

Magnetic field effects on device A

Figure 3.11 shows the MEL as a function of drive voltage in device A. Figure 3.11(a)

presents the MEL at lower voltages and figure 3.11(b) presents the MEL at higher

voltages. Measurable MEL occurs from 2.3 V. Although noisy, it clearly features a
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rapid rise up to approximately 10% at low fields, which then levels off at high fields.

This is comparable to the results found in a standard device in the literature [76] and

has been attributed to the quenching of spin mixing between singlets and triplets

by the magnetic field. The MELs at 2.3 V and 2.5 V are noisy, which is caused by

the sensitivity limit of the photo detector used as the absolute value of EL at those

voltages is small, of the order of 10−11 to 10−10 W. As the drive voltage increases,

the MELs become smoother and the trend of the line-shape becomes clearer: a rapid

rise at low fields followed by a small increase at high field. The same line-shape

applies to higher voltages as shown in figure 3.11(b). From 3 V to 7 V, as the voltage

increases, the overall magnitude of MEL decreases and the rate of decrease becomes

smaller. It is worth noting that an additional feature occurs at the high field area: the

rate of gradual rise at high fields (B > 50 mT) increases slightly at higher voltages,

which, although subtle, can be seen by comparing the MELs at 3V and 4V.

Figure 3.11: MEL of device A as a function of drive voltage: (a), low voltages; (b), high
voltages. Device A has the structure of ITO/TPD/Alq3/LiF/Al (standard device).

In order to investigate the change of the increasing rate at high fields, normalised

MELs are presented in figure 3.12. Data from 2.3 V and 2.5 V are not presented

because the noise may overshadow the information from other voltages. As has been

discussed in the introduction section of this chapter, there are at least two processes
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Figure 3.12: Normalised MEL of device A as a function of drive voltage. Device A has
the structure of ITO/TPD/Alq3/LiF/Al (standard device).

accounting for the MFE: one accounts for the low field rapid change, which has been

attributed to the spin mixing process; and the other one accounts for the high field

change, which is believed to be due to triplet exciton related processes. It can be seen

clearly from the normalised MELs that as the voltage increases, the contribution of

the second process to the overall magnitude of the MEL at 800 mT becomes larger.

This trend is much clearer from 2.7 V to 5 V as the line-shapes at high field regime

become steeper. Although the line-shapes from 5 V to 7 V still follow this trend, the

change is negligible.

Magnetic field effects on device B

Figure 3.13 shows the MEL of device B as function of drive voltage. Measurable

MEL did occur from 2.4 V but is not presented because of its noise. MELs of device

B from 2.7 V to 4 V are presented in figure 3.13(a). Similar to device A, these MELs

consist of a rapid low field rise up to ∼ 50 mT and a gradual rise at the remaining

high fields. The overall magnitude of the MEL decreases steadily from 7.6% at 2.7

V to 5.7% at 4 V. What is worth noting is that the MELs at higher voltages, shown

in figure 3.13(b), feature multiple line-shapes at high field regimes. At 4 V, 5 V and
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6 V, the MELs have a similar line-shape to that seen in device A. As the voltage

increases, in contrast to device A the high field effect in device B reduces, leading to

a flat MEL at 8 V and then to a subtle decay as the voltage is increased further. This

suggests that several processes are affected by the magnetic field at high field regimes

during device operation. At low voltages, a positive process dominates the feature

of high field MEL, whereas a negative process dominates as the voltage increases. At

intermediate voltages, the two processes appear to cancel each other out.

Figure 3.13: MEL of device B as a function of drive voltage. Device B has the structure
of ITO/PEDOT/TPD/Alq3/LiF/Al.

Figure 3.14 illustrates the normalised MELs of device B, corresponding to the MELs

in figure 3.13. From figure 3.13(a) one can see the dependence of magnitude on drive

voltage clearly, however, it is hard to tell the subtle difference in the line-shapes. After

normalisation, shown in figure 3.14(a), it can be seen that the high field component

increases slightly from 2.7 V to 4 V. Figure 3.14(b) shows the normalised MELs from 4

V to 10 V, the black horizontal line is a guide to the eyes. It can be seen that the MELs

demonstrate the same trend as that shown in figure 3.13(b); as the voltage increases,

the line-shapes at high fields change from small positive rise to subtle decay, which

indicates the transition from a dominant positive process to a negative process.
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Figure 3.14: Normalised MEL of device B as a function of drive voltages. Device B has
the structure of ITO/PEDOT/TPD/Alq3/LiF/Al.

The literature discussed in the introduction section of this chapter has suggested

that the high field MEL decay is widely attributed to the triplet-triplet annihilation

process which occurs when large triplet density is achieved. The subtle negative

component observed in device B might share the same mechanism, because larger

triplet concentration can be achieved in device B as opposed to device A due to the

presence of the PEDOT layer in device B. The presence of PEDOT layer improves

the hole injection ability whilst the electron injection remains as good as that of the

device A, which may improve the exciton formation rate, and the triplet

concentration. As a result, TTA may exist in device B and the magnetic field effect

on TTA produces the negative MEL process. Zhang et al. [40] showed the effect of

triplet-charge carrier interaction effect on the line-shapes of MC, and it has been

shown in the discussion of efficiency that at large current density, there exists

significant exciton charge carrier interaction that accounts for the efficiency roll off.

It is likely that the high field decay in MEL is a result of magnetic field effects on

exciton charge carrier interaction. Since the efficiency roll off in device B at large

current density is comparable to that of device A, it is confusing why the high field

MEL decay occurs in device B but not in device A. Compared to device A, a larger

hole injection is expected to be introduced into the active layer by the presence of

PEDOT, if the high field decay is due to exciton charge carrier interaction, it has to
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be exciton hole interaction. At this stage, it is not conclusive which process is the

reason for the high field MEL decay.

Magnetic field effects on device C

Figure 3.15 shows the MELs of device C as a function of drive voltage. It consists of

data showing the overall features of device C in a reasonable scale. It can be seen

that the overall magnitude decreases as the voltage increases from 4 V to 11 V; the

line-shapes at high fields change from a saturated trend at 4 V to a subtle decay at 7

V, which is similar to the transition of MEL from 8 V to 10 V in device B, shown in

figure 3.13(b). As the voltage increases further, the high field decay becomes more

Figure 3.15: MELs of device C as a function of drive voltage. Device C has the structure
of ITO/PEDOT/Alq3/LiF/Al.

and more significant, with the MEL reaching a negative value at 11 V and 800 mT.

Data at lower voltages that are not shown in figure 3.15 have the same line-shape as

that at 4 V, but with a larger overall magnitude. Noticeable MEL was achieved from

3 V, showing an overall positive trend with the noise decreasing as voltage increases.
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Device C shows no high field increase in MEL at all bias.

The astonishing high field MEL decays at high voltages in device C look extremely

similar to those found by Liu et al. [44] at low temperature and high current density.

However, can this high field decay in device C be attributed to triplet-triplet

annihilation? Compared to device B, device C had the TPD layer removed so that

the holes can be injected directly into the Alq3 active layer. This means that more

holes are present in the active layer of device C, which may again increase the

probability of electrons meeting with holes, hence leading to a higher formation rate

of excitons. As a result, large triplet concentration could be obtained in the device,

much more significant triplet-triplet annihilation therefore, occurs and causes the

astonishing high field MEL decay. This seems, however, unlikely, because if the

increased number of holes in the active layer enhance the exciton formation rate,

then the absolute efficiency should not be approximately 60% lower than that of a

standard device (device A). One possible explanation is that there is a probability

that the low efficiency could be due to the exceptionally high triplet concentration

which reduces the number of molecules in the ground state and hence the number

of singlets. Whilst this is unlikely, it cannot be ruled out.

Magnetic field effects on device D

Figure 3.16 shows the MEL of device D as a function of drive voltage. It consists

of two parts: low voltages in figure 3.16(a) and high voltages in figure 3.16(b). It

can be seen that MELs at low voltages show the same line-shape as that of device

A, featuring a rapid low field rise and a gradual high field increase. Unlike the

other devices in which the highest MEL magnitude reaches 9% and the magnitude

of the MEL at low voltages decreases steadily as the voltage increases, the highest

magnitude in device D is less than 2% and there is no clear trend of the change of

the magnitude as the voltage increases from 12 V to 20 V. At higher voltage regimes,

high field MEL decays occur. The line-shapes are similar to those observed in device

C. Although the overall data is noisy due to the small EL intensity, the magnitude of

the decays increase with voltage, reaching approximately -0.7% at 30 V, 800 mT.
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The structure of device D is identical to that of device B apart from the difference in

the cathode: device D has a high Fermi level metal, Au, as its cathode, which gives

poor electron injection whilst device B has LiF/Al which features decent electron

injection as can be seen from the high efficiency of the device. From the absolute

efficiency shown in figure 3.2, one can see that the peak efficiency of device D is

about 2.4× 10−6% and that of device B is about 0.9%. This means that the number

of electrons injected into device D is at least 10000 times lower than that of device B.

Therefore, in device D, the triplet concentration will be much reduced compared to

devices A, B and C, and hence triplet-triplet annihilation cannot occur in this device.

The observation of large MEL decay at high fields cannot be simply attributed to

TTA on the basis of the similarity of the line-shape to that observed by Johnson et al.

[20]. The fact that this high field MEL decay is seen to increase as the relative hole

concentration in the Alq3 layer is increased seems to suggest that the mechanism is

related to exciton hole interaction. This may well be the reason of the lower efficiency

of devices B and C compared to device A.

Figure 3.16: MELs of device D as a function of drive voltage. Device D has the structure
of ITO/PEDOT/TPD/Alq3/Au.
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3.3.4 Fitting of magnetic field effects on efficiency

A function with the form of Eq. 1.11 (chapter 1) is called the Lorentzian function. It

was first proposed in the literature [31], derived by considering the magnetic field

dependence of the hyperfine interaction and spin-orbit coupling. A single

Lorentzian function is often not sufficient to fit the MFEs as there may be more than

one spin interaction process occurring. Functions with multiple Lorentzian

components are, however, widely used in the literature to investigate the number of

processes occurring in a device, the relative saturation fields of each process, as well

as the strength of each spin process [30, 40, 48, 83]. Gillin et al. [30] used the double

Lorentzian (Eq. 1.13) to fit their data, obtaining a low field component with a

saturation field of 5 - 7 mT, and a high field component with a saturation field of

∼160 mT. Whereas Rolfe et al. [83] used a triple Lorentzian function to fit their data

where they obtained two low field components and a high field component. The

first low field component had a saturation field of 2.7 mT, and was attributed to the

spin mixing between polaron pairs with singlet and triplet configurations. The

second component had a saturation field of 11 mT, and was tentatively attributed to

the spin mixing between singlets and triplets. The third component had the

saturation field of 130 mT and was attributed to the triplet polaron interaction. In

this section, Lorentzian functions are introduced to fit the relative efficiency data of

devices A - D and extract the strength of the high field component. In order to keep

the function as simple as possible, a double Lorentzian function is applied first. The

function used is of the form of Eq. 3.3, where a1 and a2 are pre-factors, B1 and B2

are the saturation fields for different processes, and B is the magnetic field.

MFE = a1(
B2

B2 + B2
1
) + a2(

B2

B2 + B2
2
) (3.3)

Figure 3.17 shows an example of the free double Lorentzian fitting of the relative

change of efficiency (∆η/η%) in device A at two biases with two different types of

line-shape. It can be seen that the double Lorentzian function gives a reasonable

fitting to the data at 2.7 V where the high field component is negligible. However,

the data at 5 V which shows a clear high field rise is a poor fit. The saturating fields
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are B1 = 3.9 mT and B2 = 35 mT at 2.7 V and B1 = 4.6 mT and B2 = 98 mT at 5 V. The

fact that the double Lorentzian function gives good fitting to all data in the work of

Gillin et al. [30] might be a result of the range of fields measured: the highest field

in that work is ∼ 300 mT whereas it is 800 mT in the current work. Alternatively, it

may be due to the quality of the data: if the data at 5 V is noisy, the small variation

of the fitting can easily be overshadowed by the noise and produce a "reasonable" fit.

Figure 3.17: Free double Lorentzian fitting of the relative change of efficiency in device
A measured at 2.7 V and 5 V.

As there are more than two processes occurring, it is reasonable to use a triple

Lorentzian function, shown as in Eq. 3.4, to fit the data. Similar to Eq. 3.3, a1, a2,

and a3 are pre-factors whilst B1, B2 and B3 are saturation fields.

MFE = a1(
B2

B2 + B2
1
) + a2(

B2

B2 + B2
2
) + a3(

B2

B2 + B2
3
) (3.4)

Figure 3.18 shows the free triple Lorentzian fitting of the relative change of efficiency

of device A. It can be seen that both the saturation line-shape at 2.7 V and the high

field rising line-shape at 5 V are well fitted. The saturation fields are B1 = 3.6 mT,

B2 = 16 mT and B3 = 106 mT for the data at 2.7 V and B1 = 3.8 mT, B2 = 21mT and
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Figure 3.18: Free triple Lorentzian fitting of the related change of efficiency in device A
measured at 2.7 V and 5 V.

B3 = 231 mT for the data at 5 V. Similar to the work of Rolfe et al., there are two

low field components and a high field component. The value of B1 is well defined

whilst there is a small variation in B2 and a large variation in B3. As a result, a

constrained triple Lorentzian function is used to fit all efficiency data in device A.

The constraints are: 3 mT < B1 < 5mT, 10 mT < B2 < 30mT, and B3 > 100 mT. Since

the variations in B1and B2 are small, the fitting is performed by setting B1 and B2 as

shared parameters. That is, data from different voltages is fitted simultaneously with

the same B1 and B2. Results show that all data can be fitted by the triple Lorentzian

function. Figure 3.19 shows some of the representative fitting results of device A. The

fitting parameters are summarised in table 3.1. A term called the high field strength

(a3%) is defined as the percentage ratio of a3 to the sum of the absolute values of a1,

a2 and a3, shown as in Eq 3.5

a3% =
a3

|a1|+ |a2|+ |a3|
(3.5)

By looking at the magnitude of this term, one can have a rough idea of the

contribution of the high field process to the overall MEL. Figure 3.20 shows the high

field strength of device A as a function of drive voltage. The high field strength

increases with the drive voltage, which indicates that the contribution to the overall
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MEL from this positive process increases with current density.

Figure 3.19: Constrained triple Lorentzian fitting results of device A at representative
voltages.

Voltage (V) a1 a2 a3 B1 (mT) B2 (mT) B3 (mT)
2.5 4.67±0.12 2.18±0.12 0.43±0.10 3.5±0.08 19±1.5 230±157
2.7 4.11±0.11 1.61±0.13 0.39±0.08 3.5±0.08 19±1.5 217±65
3 3.43±0.09 1.29±0.13 0.43±0.08 3.5±0.08 19±1.5 250±54
4 2.30±0.07 1.00±0.10 0.53±0.07 3.5±0.08 19±1.5 206±65
5 1.74±0.07 0.96±0.13 0.80±0.07 3.5±0.08 19±1.5 231±50
6 1.42±0.07 0.98±0.09 0.93±0.08 3.5±0.08 19±1.5 229±42
7 1.03±0.07 1.24±0.09 0.90±0.08 3.5±0.08 19±1.5 270±58

Table 3.1: Fitting parameters of device A obtained from constrained triplet Lorentzian
fitting
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Figure 3.20: High field strength of device A as a function of drive voltage.

Triple Lorentzian fitting was applied to device B similarly. It was first fitted by free

parameters. As there are multiple line-shapes in the relative change of efficiency,

data featuring different line-shapes are initially freely fitted to find out the final

parameters for the constrained fitting. Figure 3.21 shows the free triple Lorentzian

fitting of the relative change of efficiency of device B. Data at 3.7 V and 7 V represent

line-shapes with different level of high field rises whilst data at 9 V represents line-

shapes with subtle decay. They are well fitted. The saturation fields are B1 = 3.4 mT,

B2 = 20 mT and B3 = 163 mT at 3.7 V, B1 = 3.7 mT, B2 = 20 mT and B3 = 140 mT at 7 V,

and B1 = 4.2 mT, B2 = 23 mT and B3 = 800 mT at 9 V. As in the case of device A, B1 and

B2 are well defined whilst B3 has a big variation. Ideally, two high field components

should be included in the function to fit the data as it is very clear that there are

positive and negative high field components present this device. However, when

using a function with four components to fit the data, as there are 8 free parameters

in the function, reliable fitting is difficult due to mutual dependence occurred among

the parameters. In order to extract and compare the high field strength among the

devices, a triple Lorentzian function was still applied to fit device B. The constraints
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Figure 3.21: Free triple Lorentzian fitting of the related change of efficiency in device B
measured at 3.7 V, 7 V and 9 V.

on the parameters were set as: 3 mT < B1 < 5 mT, 10 mT < B2 < 30 mT, and B3

> 100 mT, same as device A. B1 and B2 are also set as shared parameters (MEL

at all voltages use the same B1 and B2). The fitting results at some representative

voltages are shown in figure 3.22. Reasonably good fits are obtained and the fitting

parameters are summarised in table 3.2. The high field component, a3, changes from

positive value to negative. The high field strength (a3%) as a function of drive voltage

is shown in figure 3.23. It firstly increases with voltage, reaching a peak of 28% at 6 V,

it then starts to decrease as the voltage increases further and becomes negative from 8

V onwards. The increase of the strength from 3 V to 6 V indicates the increase of the

dominating positive component at low voltages; from 6V on, a competing negative

component occurs, weakening the strength of the positive high field process; from 8

102



V onwards, the negative high field component begins to dominate and the strength

begins to increase in a negative direction. This in agreement with the line-shapes of

the normalised MELs of this device, shown in figure 3.14.

Figure 3.22: Constrained triple Lorentzian fitting results of device B at representative
voltages.

Voltage (V) a1 a2 a3 B1 (mT) B2 (mT) B3 (mT)
3 3.51±0.02 1.10±0.04 0.49±0.03 3.4±0.02 16±0.33 115±9.3

3.5 2.83±0.02 0.94±0.03 0.49±0.02 3.4±0.02 16±0.33 135±12
4 2.47±0.02 0.89±0.03 0.55±0.02 3.4±0.02 16±0.33 136±10
5 2.15±0.02 0.92±0.03 0.64±0.02 3.4±0.02 16±0.33 184±11
6 1.79±0.02 0.87±0.03 0.68±0.02 3.4±0.02 16±0.33 195±12
7 1.44±0.02 0.96±0.03 0.55±0.02 3.4±0.02 16±0.33 135±13
8 1.48±0.02 1.23±0.04 -0.20±0.02 3.4±0.02 16±0.33 103±20
9 1.48±0.02 1.42±0.02 -0.49±0.03 3.4±0.02 16±0.33 800±1E6
10 1.49±0.02 1.40±0.02 -0.60±0.14 3.4±0.02 16±0.33 716±159

Table 3.2: Fitting parameters of device B obtained from constrained triplet Lorentzian
fitting
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Figure 3.23: High field strength of device B as a function of drive voltage.

For the fitting of devices C and D, the same constraints used. Since larger variations

are found in the B1 and B2 of the later two devices, they are not set as shared

parameters, which mean the data at different voltage can use different value. Some

representative fitting results are presented in figure 3.24. Figure 3.24(a) shows the

fitting of device C at 5 V, 8 V and 11 V which feature different levels of decay.

Figure 3.24(b) shows the fitting of device D at 18 V, 24 V and 30 V which feature a

transition from positive rise to moderate decay, then significant decay. Fitting

parameters are summarised in table 3.3 for device C and table 3.4 for device D.

Figure 3.25 shows the high field strength of devices C and D obtained from constraint

triple Lorentzian fitting. The value of a3 in device C are all negative, which indicates

that the negative process dominates the high field effect at all measurable voltages.

As the voltage increases from 5 V to 11 V, the magnitude of the high field strength

increases from -9.5% to -77.8%. For device D, the dominant process before 20 V is

positive, and the competitive positive and negative processes cancel out at 20 V. As

the voltage increases further, the negative process dominates and the magnitude of

104



the strength increases with voltage up to -63.4% at 30 V.

Figure 3.24: Triple Lorentzian fitting of the relative change of efficiency: (a), fitting of
device C measured at 5 V, 8 V and 11 V; (b), fitting of device D at 18 V, 24 V and 30 V.

Voltage (V) a1 a2 a3 B1 (mT) B2 (mT) B3 (mT)
5 1.75±0.04 0.63±0.04 -0.25±0.21 3.6±0.09 23±2.3 800±600
6 1.50±0.03 0.64±0.03 -0.33±0.10 3.4±0.06 23±1.0 800±228
7 1.31±0.03 0.59±0.02 -0.54±0.02 3.3±0.05 19±0.8 380±28
8 1.13±0.04 0.43±0.03 -0.94±0.01 3.4±0.09 17±1.6 318±10
9 0.84±0.07 0.31±0.07 -1.49±0.01 3.2±0.05 16±2.4 271±6.3
10 0.60±0.17 0.26±0.16 -2.0±0.03 3.0±0.54 12±5.0 258±7.8
11 0.52±0.23 0.15±0.22 -2.36±0.03 3.1±0.83 15±11 248±8.3

Table 3.3: Fitting parameters of device C obtained from constrained triplet Lorentzian
fitting.
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Voltage (V) a1 a2 a3 B1 (mT) B2 (mT) B3 (mT)
16 0.64±0.66 0.48±0.64 0.70±0.12 3.3±2.1 15±9.7 350±118
18 1.09±0.11 0.13±1.0 0.39±1.01 3.5±0.5 27±19 319±129
20 1.08±0.09 0.47±0.12 0±0.17 4.1±0.5 20±19 250±0
22 0.85±0.09 0.52±0.08 -0.33±0.38 3.2±0.4 19±4.6 320±850
24 0.53±0.26 0.67±0.25 -0.79±0.06 3.3±1.1 14±3.2 348±49
26 0.71±0.17 0.57±0.16 -1.32±0.04 3.7±0.8 16±5.1 270±21
28 0.90±0.13 0.47±0.11 -1.67±0.04 3.8±0.5 19±6.1 297±18
30 1.05±0.23 0.41±0.21 -0.52±0.04 4.2±0.7 16±7.4 292±10

Table 3.4: Fitting parameters of device D obtained from constrained triplet Lorentzian
fitting.

Figure 3.25: The High field strength as a function of drive voltage in device C and device
D.

It can be seen that there is a beautiful transition in the high field strength versus

drive voltage behaviour of devices A - C. As the voltage increases, the high field

strength of device A increases all the way in the positive direction, that of device

B increases first in the positive direction then starts to decrease towards negative

direction, and that of device C increases all the way in the negative direction. This

106



pattern is completely consistent with that of the hole to electron ratio in these devices.

The cathodes of devices A - C were kept the same whilst their anodes were adjusted

to enhance hole injection. As a result the hole to electron ratio increases, which on

one hand can potentially increase the exciton formation rate, and on the other hand

increase the hole exciton interaction rate which may contribute the negative high

field component.

The average value of the saturation fields for devices A - D are summarised in table

3.1. The error values are calculated standard deviations. It should be pointed out

that when calculate the average B3 of device C, the very large value at 5 V and 6 V

(800 mT) are not included in. It can be seen that B1 is well defined in all devices.

B2 is less confined, but still in qualitative agreement with each other. B3 shows

considerably larger variation both within devices themselves and among devices.

This is not surprising because a function with three components is used to fit MELs

with four components. For MELs with a large increase or decay at high fields, the use

of triple Lorentzian function is valid because their competitive high field processes

are negligible. For MELs with a subtle increase or decay at high fields, the effect of

their competitive processes cannot be ignored. The triple Lorentzian function used

thus produces very large B3 value.

Device A B C D
B1 (mT) 3.5 3.4 3.3 ± 0.2 3.6 ± 0.4
B2 (mT) 19 16 18 ± 4 18 ± 4
B3 (mT) 233 ± 20 143 ± 30 295 ± 50 306 ± 33

Table 3.5: Averaged characteristic fields for devices A - D extracted from triple
Lorentzian fitting

3.4 Conclusion of this chapter

There exist multiple magnetic field dependent processes in a working diode, in

particular, at least two the high field dependent processes. Literature points to

possible processes that may be subject to high field dependence. These include the

triplet-charge carrier interaction (TCI) and the triplet-triplet annihilation (TTA). The

TCI process is widely used to explain the high field MC which may possess both a
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positive rise and a negative decay at high fields depending on the structure of the

device and the measuring conditions. The TTA process is widely used to explain

the high field MEL decays in systems where possible high triplet concentration can

occur. Since both processes involve the concentration of excitons, which achievable

via varying the structure of a device, the idea of investigating the exciton charge

carrier interaction using Alq3 based organic systems is motivated.

In all, four devices were designed and built. The thickness of organic layer was kept

the same for all the devices, making the horizontal comparison among devices

possible. IVL data demonstrated that device A, featuring comparable charge carrier

injection from both the anode and the cathode, is the most efficient device of all.

The MEL of this device all feature a positive rise at high fields, and the rate of the

high rise seems to increase with drive voltage. Device B, featuring improved hole

injection, shows multiple line-shapes in its MELs at high fields. A small high field

rise occurs at low voltages which then transforms gradually to a subtle high field

decay as voltage increases. The occurrence of the multiple line-shapes indicates that

more than one high field dependent processes is present in a working device. A

positive process dominates the rise at low voltages and a negative process

dominates the decay at high voltages. Device C, featuring further improved hole

injection, shows of no high field rise even at low voltages; the MELs at low voltages

show of a saturated high field line-shape. As the voltage increases the high field

MEL begins to decay and the magnitude of the decay is enhanced at larger voltages.

The decay ends up with a negative value at 11 V, which shows a similar line-shape

as that found in low temperature high current density Alq3 devices. Although the

possibility of the existence of TTA is reduced by comparing the absolute efficiencies

of device C and device A, the probability cannot be completely ruled out. However,

the occurrence of significant high field decays in device D makes it certain that the

high field decay in the devices cannot the be due to TTA. Because of ∼ 10000 times

lower electron injection in device D suggests that there cannot be a high enough

triplet concentration for TTA to occur. The fact that the high field MEL decay is seen

to increase as the relative hole concentration in the Alq3 layer is increased suggests
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that it is associated with exciton - hole interaction. The positive high field

component is then tentatively attributed to exciton - electron interactions.

Lorentzian functions were used to fit the magnetic field effects on efficiency. A

double Lorentzian function was used first to fit the data of device A. Free fitting of

devices at their representative line-shapes were performed before the constrained

fitting. The range of the saturation values at the chosen voltages were then used as

the constraints for their fitting. Results show that a well defined saturation field, B1,

and a less constraint saturation field, B2, were found for all devices. The range is 3

mT < B1 < 4mT and 10 mT < B2 < 30 mT. Large variation is present in the high field

component, which could be due to the fact that a function with three components

was used to fit MELs which had four components. Pre-factors obtained from the

constrained fitting were interpreted in the form of the percentage ratio of a3 to the

sum of the absolute values of a1, a2 and a3, they are called the high field strength.

The high field strengths in device A are all positive and increase with voltage, and

for device C, they are all negative and their magnitude increase with voltage. MEL

is dominated by the positive process in device A by the negative process in device C.

In comparison, the high field strengths of devices B and D both demonstrate a

transition from positive to negative, and the positive process and the negative

process dominate at different voltage regimes in device B and device D.
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Chapter 4

Time resolved MFEs in standard Alq3

based devices — evidence of magnetic field

effects on triplet-charge carrier interaction

4.1 Introduction

In chapter 3, it has been shown that in Alq3 based devices, the exciton-charge carrier

interaction is responsible for the behaviour of the line-shapes of MEL at high fields.

Specifically, the exciton-hole interaction is proved to be responsible for the high field

MEL decay whilst the exciton-electron interaction is suggested to be responsible for

the high field MEL rise. Although the triplet-charge carrier interaction was believed

to dominate, there is no direct evidence to support it. In this chapter, magnetic field

effects on transient EL are presented in order to provide more information about the

exciton-charge carrier interaction.

Studies on exciton-charge carrier interaction were mainly carried out by investigating

the effect of charge carriers on the magnitude and/or lifetime of photoluminescence

(PL) or delayed PL [87, 98]. Results of prompt PL revealed the existence of singlet

exciton–charge carrier interaction while that of delayed PL revealed the existence of

triplet exciton–charge carrier interaction. It is well known that excitons can interact

with charge carriers via three routes: scattering, quenching and dissociation [21, 99].

110



The fingerprints of the latter two processes are decreased magnitude and lifetime of

PL (or delayed PL).

4.2 Experiment

Research has shown that in Alq3 the average lifetime of singlets and triplets are 10

ns [13, 100, 101] and 25 µs [14], respectively. The idea of this experiment is to

take advantage of the long lifetime of triplets as opposed to that of singlets. This

means that at an applied voltage pulse, it takes triplets approximately three orders

of magnitude longer to reach their equilibrium state at the ring edge, additionally,

triplets live longer at the falling edge. Thus the time dependence of the MFEs can be

used to investigate the role of triplets.

Devices used in this chapter are standard Alq3 based diodes with the structure of ITO

/ TPD (50 nm) / Alq3 (50 nm) / LiF (1 nm) / Al (100 nm). The devices were measured

via the transient magnetic field electroluminescence using the apparatus described in

section 2.4.2. To avoid possible electrical conditioning effects, the measurement was

arranged to start from low voltages to high voltages. At each voltage, transient EL

was measured from low magnetic fields to high magnetic fields (the order of fields

does not affect the results). To improve the quality of the EL, each EL was acquired

through averaging data achieved from 1000 pulses. To ensure a moderate measuring

speed, all driving pulses were set to a frequency of 1 kHz. The measurements were

conducted using pulse widths of 10µs, 20µs and 50µs. Only results measured using

50 µs pulses were presented in this chapter, as it was found that the behaviour of

MEL is independent of the pulse width.

4.3 Results and discussion

4.3.1 Transient EL

Figure 4.1 shows the transient EL measured at pulses from 5 V to 10 V. It can be seen

that the EL intensity increases rapidly as the amplitude of the pulse increases. This

is due, directly, to the number of charges injected from the electrodes increasing with
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voltage as the energetic injection barriers are reduced at larger bias. Detail of the EL

at the rising edge is shown in the inset. It can be seen that as the voltage increases,

Figure 4.1: Transient EL measured from 5 V to 10 V. The inset shows the section
defined by the green rectangular under magnification. It shows the EL rising edge where
the intersection of the green line and data defines the charge transit time.

the rising edge becomes steeper, and the onset time of the EL decreases as the transit

time of charges through the device is reduced. The reason for the steeper edge at

higher voltages is same as that of the increasing EL intensity at higher voltages. That

is, the highly voltage dependent charge carrier injection from the electrodes. The

reason for the faster arrival is due to the increased electrical field, coupled with fact

that the charge carrier mobility is strongly dependent on the electric field across the

device [94, 102–104]. The arrival time is defined as the time of the point at which the

EL intensity starts to increase rapidly. As the steepest rising edge occurs at 10 V, the

arrival time of 10 V is well defined (110 ns). The EL intensity at the turn on point of

10 V is chosen as a standard of measuring the arrival time at other voltages. The EL
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intensity was found to be 5.3× 10−5 A.U. and a horizontal green line was drawn at

this intensity. This line crosses the EL curves of the other voltages and the time of

these intersect defines the onset time for each voltage. The onset times represent the

time at which the electrons and holes first meet in the device. It is also called charge

transit time. The charge transit time at each voltage is shown in table 4.1.

Voltage(V) 5 6 7 8 9 10
Time(s) 1.34× 10−6 5.44× 10−7 4.28× 10−7 3.1× 10−7 2.45× 10−7 1.1× 10−7

Table 4.1: Charge transit time at different voltages.

Many works have used the transient EL method to estimate the mobility of charge

carriers [105–111]. In the current device, it is commonly believed that the light

emitting zone is near the TPD/Alq3 interface [112–114]. Since hole mobility in TDP

is approximately 2 orders of magnitude higher than electron mobility in Alq3 [105,

115], the charge transport time is determined by the time that electrons take to

transport from the cathode to the TPD/Alq3 interface. Knowing the thickness of the

Alq3 layer and the built in potential (Vbi) of the device, one can calculate the

electron mobility in Alq3 using Eq. 4.1, where µ represents mobility, d the thickness

of the Alq3 layer, τ the EL arrival time, E the electric field across the device, V the

applied voltage and Vbi the built in potential of the device.

µ =
d

τ × E
=

d2

τ × (V −Vbi)
(4.1)

The Vbi used in this section was a literature value of 2.2 V [42]. Figure 4.2 shows

a Poole-Frenkel plot of electron mobility in Alq3 calculated using the transient time

shown in table 4.1. It can be seen that the electron mobility is of the order of 10−5

cm/Vs and strongly dependent on the electric field. This result is comparable to that

measured by Zhang et al. using the time of flight method [94].
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Figure 4.2: Pool - Frenkel plot of electron mobility in Alq3 calculated from equation 4.1.

It can be seen from figure 4.1 that there are short time small spikes or overshoots

appearing in the ELs from 8 V to 10 V. It seems that upon the turn on of the pulses,

the EL intensity increases spontaneously to a peak, it then decreases slightly and

starts to approach the steady state value slowly. Many works have found large spikes

in the transient ELs of OLEDs, some are at the rising edge [116, 117] and some are at

the falling edge [117–121]. The interpretation of the overshoots at the rising edge was

attributed to the recombination of one type of charge carrier injected with another

type of charge carrier remaining, somehow, in the device [116]. As for the overshoots

at the falling edge, they were commonly attributed to the recombination of electrons

and holes trapped at the interfaces or in the bulk [118–121]. Taking Ref [116] as an

example, they found a clear overshoot in DCM doped Alq3 device EL, as opposed

to a pure Alq3 device where the overshoot was absent. By measuring the EL at

different wavelengths, they further confirmed that the overshoot is associated with
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the emission from the DCM molecules and double pulses showed that the overshoot

does not exist in the second pulse as long as the gap between the two pulses is

smaller than 1 µs. They suggested that this overshoot is due to the electrons trapped

on DCM molecules. To be specific, as the hole mobility in the hole transport layer is

much higher than that of electrons in the Alq3, after injection, holes will arrive at the

organic interface near the Alq3 layer. Those holes then recombine with the electrons

trapped on the DCM molecules and emit light instantaneously. As the electrons

trapped near the interface run out, the light intensity starts to drop, forming the

overshoot. In the case of the small overshoot in figure 4.1, a similar mechanism can

be applied. Since the holes injected are faster, they will arrive at the interface earlier,

some then enter the Alq3 layer. However, due to their poor mobility in the Alq3, they

will build up near the interface and there will be a distribution of holes near the

interface which tails off within the Alq3. When electrons move towards the interface,

they recombine first with the tail and then reach the higher concentration at the

interface, therefore a small increase in the EL is expected. Since the accumulated

holes can weaken further injection of holes, a peak is expected during this period.

4.3.2 MFE on transient EL

Figure 4.3 shows one set of raw data taken at 10 V under magnetic fields of 0 mT

and 400 mT. Each set of data contains three EL measurements: the EL measured at

the target field, 400 mT, in this case; and the EL measured at 0 mT before and after

the measurement at 400 mT. These are shown as 0 mT (B) and 0 mT (A) in the

figure where B and A denote before and after, respectively. The average of the two

ELs measured at 0 mT was taken as the final EL measured at 0 mT. This is to

compensate for possible device drift during the measuring process, similar to the

study of steady state MFE discussed in chapter 3. It can be seen, however, that the

two EL results measured at 0 mT overlap each other completely, which indicates

that unlike the steady state MFE measurement, the drift in the transient MFE

measurement is negligible. Comparison of the red and blue lines shows that a clear

increase was obtained in the EL intensity on applying the 400 mT magnetic field.
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Figure 4.3: One set of raw data measured at 10 V under fields of 0 mT and 400 mT
where B and A denote zero field measurements before and after, respectively.

Figure 4.4: Calculated ∆EL (blue line) at 10 V bias. It is the difference between the EL
measured at 400 mT (red line) and the average zero field result (black line).
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Figure 4.4 shows how the data was used to calculate the MEL at 10 V bias and 400

mT magnetic field. The red line is the EL measured at 400 mT which is the same as

the one in figure 4.3, the black line is the averaged EL at 0 mT, and the blue line is

the ∆EL, that is, the difference of the two (having been magnified by a factor of 10).

The MEL (∆EL/EL) is calculated using Eq. 4.2.

MEL =
∆EL

EL (0 mT)
× 100% (4.2)

Figure 4.5(a) illustrates an overview of the MEL calculated from the data in figure 4.4.

It can be seen that the MEL at the time regimes before the EL turn on and ∼ 15 µs

after the EL turn off is very noisy. It can also be seen that a negative offset is present

Figure 4.5: (a), an overview of the MEL calculated using data in figure 4.4; (b), ∆EL
and EL at the time regime of -10 to 0 µs and 55 to 90 µs.

in the regime before the EL turn on and a positive to negative "spike" is present at

∼ 73 µs. The largest noise level is as high as 1.5× 103%. This is simply because that

there is no EL signal before the pulse and the signal is very small after the pulse
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which can be seen directly in figure 4.5(b), in raw data of those two regimes. Both EL

and ∆EL at those regimes are around zero, resulting in a large percentage difference.

It can also be seen that at the regime before the pulse, there is a small negative offset

present in the EL data, which accounts for the negative offset of MEL in figure 4.5(a).

In the regime after the pulse was turned off, figure 4.5(b) shows that as the EL signal

is slowly decaying away it crosses the ∆EL at around 73 µs, therefore a largest noise

is expected to occur at this regime. Since the EL is positive before the intersection

and negative after, positive and negative "spike" like noise is present in figure 4.5(a).

Figure 4.6 shows the MEL in the regime of 0 µs to 70 µs. The 0 µs is defined as the

EL turn on point. The inset is an enlarged view of the MEL during the first 20 µs. It

can be seen from the inset that as the pulse is turned on, a prompt MEL of 1.2% was

obtained almost instantaneously. The MEL then increases slowly for ∼ 5 µs, levelling

off at approximately 3.3%. After that, the MEL remains approximately constant until

the pulse was turned off. After the pulse was turned off, the MEL starts to increase

rapidly in an approximately "linear" way for ∼ 3 µs before being lost in the noise.

The discrete appearance of the scattered noise is a result of digitisation due to the

limited resolution of the oscilloscope as the signal in this regime is approaching zero.

Figure 4.6: The active regime of the MEL at 10 V bias under a field of 400 mT. The
inset is a magnification of the 20 µs of data.
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In order to understand the behaviour of the MEL, the discussion will be divided into

three parts: the gradual increase at the beginning of the pulse, the flat part of the

pulse and the rapid increase part after the pulse was turned off. They are called

"MEL at the rising edge", "MEL at the ’steady’ state" and "MEL at the falling edge",

respectively, and will be discussed in the following sections accordingly.

4.3.3 MEL at the rising edge

In this section, the dependence of the MEL at the rising edge on magnetic field and

drive voltage is discussed.

Figure 4.7: The MEL of a 10 V bias at the rising edge under different magnetic fields.

Figure 4.7 shows the MELs of a 10 V pulse at the rising edge under different fields.

It can be seen that there is no field dependence at 0 mT, which indicates that the
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results are reliable. As the field increases to 5 mT, subtle prompt MEL occurs

instantaneously and no observable rising feature is found at the beginning of the

pulse. The gradual rise occurs from 20 mT onwards and it becomes more significant

at higher fields.

Figure 4.8 shows the first 20 µs of the MEL under different drive voltages. Since the

gradual rise is more significant at higher fields, only the data measured at 400 mT is

presented. The vertical scale of 5 V and 6 V is larger than the other higher voltages.

Figure 4.8: The MEL at the rising edge under different drive voltage. The magnetic
field is 400 mT.

It can be seen that the noise level decreases as the voltage increases. This is due to

the fact that the EL intensity increases dramatically with drive voltage, as shown in

figure 4.1, hence the signal to noise ratio is improved. There are well defined gradual
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increases present at 9 V and 10 V. Following the trend, subtle rises can also be seen

at 7 V and 8 V. Instead of showing the rise feature, the 5 V data shows a decay like

feature at the beginning. No visible decay or rise is present at 6 V. As discussed

in the last section, the MELs calculated before 0 µs are just scattered noise (refer to

figure 4.5(a)). If the offset of the noise is a large positive value, it will relax slowly

to approach the real MEL value once the EL is turned on. This might be the reason

for the small decay in the 5 V MEL data. If we expand the beginning of the data of

7 V and 8 V, this small decay is also present. Because the EL intensity at 5 V is very

small, the decay effect is clearer and lasts longer. We can therefore conclude that the

gradual rise of the time over 5 µs is positively correlated to the drive voltage.

The fact that this gradual rise has a high field dependence indicates that it is related

to exciton-charge carrier interaction; and the fact that it takes time of the order of

microseconds to reach the “steady” state suggests that it is associated with triplets,

because it takes triplets approximately the same scale of time to build up their

population. We, hence, tentatively attribute this small rise to the triplet-charge

carrier interaction, and how it is affecting the EL intensity is to be discussed in

section 4.3.6.

4.3.4 MEL at the steady state

To study the MFE in the "steady" state, MELs at a particular voltage were averaged

over the time range of 10 µs - 50 µs and taken as a function of magnetic field over the

range of 0 mT - 400 mT. Figure 4.9 (a) shows the averaged MEL at different applied

voltages. It can be seen that the overall magnitude decreases slightly as the voltage

increases, which is of the same trend as that obtained from the steady state MFE

method, discussed in chapter 3. A comparison of the MELs obtained at those two

methods at the same range of voltages are shown in figure 4.9 (b). Although the data

obtained from the transient method (solid) is not as smooth as that obtained from

the steady state method (open), they share exactly the same line-shape, featuring a

rapid low field rise and a gradual high field increase. It, therefore, suggests that

they also share the same mechanism. That is, the quenching of the hyperfine field
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mixing between singlet and triplet contributes to the rapid low field rise and the

exciton-charge carrier interaction contributes to the gradual high field increase.

Figure 4.9: (a), The averaged MEL from transient measurements as a function of drive
voltage; (b), comparison of MEL obtained from the transient method (solid symbols)
and steady state method (open symbols).

4.3.5 MEL at the falling edge

This section discusses the large linear like post-pulse MEL pointed out in figure 4.6.

Figure 4.10 shows the post-pulse MELs at 400 mT under different applied bias. The

red lines were set to 50 µs where the EL intensity started to decrease, which also

indicates the time when the pulses were turned off. Although noisy at low voltages,

these post-pulse effect are clearly present at all voltages. The rise in MEL becomes

clearer and more significant as the voltage increases. The magnitude of MEL at 52.5

µs is ∼ 20% at 9 V and ∼ 30% at 10 V. The blank areas of the 7 V data at around 55 µs

and of the 8 V data at around 53 µs are because that the MEL values are outside the

displayed range. Data at these blank areas is not real. They are positive and negative

spikes caused by the transition of EL intensity from positive to negative. For more

detail, see section 4.3.2, discussion of figure 4.5 (a).
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Figure 4.10: The post-pulse MELs under various applied pulses. The magnetic field
applied is 400 mT and the red line indicates the off point of the pulse.

To see how the post-pulse MEL changes with the magnetic field, the post-pulse MELs

measured at 10 V as and at several fields are presented in figure 4.11. The red lines

indicate the time when the pulses were turned off and are set to 50 µs where the EL

intensity started to decrease. Compared to the MELs before 50 µs, it can be clearly

seen that the MELs after 50 µs start to increase rapidly over a time of ∼ 2 µs at

fields around 100 mT. A further observation shows that this increase feature occurs

from 20 mT and it becomes clearer and stronger as the fields increase. The MELs

at lower fields maintain the value for approximately half a microsecond and then

approach the noise level. It can be concluded from figure 4.11 that the post-pulse
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MEL has a high field dependence (with a ∼ 100 mT characteristic field). A close

view of the evolution of the post-pulse MEL is shown in figure 4.12. The black line

is the EL measured at 0 mT. Right after the pulse is turned off, the MEL increases

quasi-linearly with time, over a period of ∼ 3 µs, it then reaches a peak at ∼ 4 µs ,

followed by a noisy decline after that.

Figure 4.11: The MEL at the falling edge under different magnetic fields. The pulse
applied is 10 V and the red lines indicate the time when the pulse turns off.
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Figure 4.12: The EL at 10 V measured at 0 mT (black line) and the MEL (∆EL/EL) at
10 V measured at 400 mT (blue line) as a function of time.

Figure 4.13: EL and ∆EL at 10 V measured at 400 mT. The ∆EL is 10 times magnified.
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To understand why the MELs at large voltages show an increasing trend, the EL

(black line) and ∆EL (blue line) at 10 V measured at 400 mT is presented in figure

4.13. It is worth noting that the ∆EL is magnified by a factor of 10. It can be seen that

after the pulse is turned off, both of the EL and ∆EL start to decrease exponentially.

The decrease of the EL, however, is much faster than that of the ∆EL, which explains

why the post-pulse MEL keeps increasing even though the pulse was turned off, and

a peak value can be obtained as the EL approaches zero. After that, there is not much

change in the EL whereas the ∆EL keeps decaying, therefore the MEL will start to

decay. This is in qualitative agreement with the 400 mT MEL shown in figure 4.12.

In order to investigate the magnetic field dependence of the post-pulse MELs

quantitatively, the MEL during the first 3 µs after the turn off point were divided

into 3 domains: 50 - 51 µs, 51 - 52 µs and 52 - 53 µs. The MELs of each domain are

Figure 4.14: The averaged MEL of each domain as a function of magnetic field.

then averaged so as to represent the MFEs over this time period. As a result, MELs

of each domain can be determined as a function of magnetic field. Figure 4.14

shows the averaged MEL of the three domains as a function of magnetic field.
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Unlike the averaged MEL calculated in the steady state, the post-pulse MEL shows

of a very large high field component and the longer the pulse is turned off the more

significant the high field component becomes.

The triple Lorenztain function, Eq. 3.4, was used to fit the averaged MEL of the

three domains. The same constraints as those used in chapter 3 are applied. The

fitting results are illustrated in figure 4.14. It can be seen that the triple Lorenztain

function gives reasonably good fit to all the MELs. The fitting parameters are

presented in table 4.2 where a3% is the percentage ratio of a3 to the sum of a1, a2,

and a3, representing the contribution of high field component. All three

components increase at larger times after the pulse, and the contribution of the high

field component is ∼58% in domain 50 - 51 µs, ∼ 77% in 51 - 52 µs and ∼ 80% in 52

- 53 µs.

Figure 4.15: Post-pulse MEL in each time domain fitted by the triple Lorentzian function.

Domain a1 a2 a3 a3% B1 (mT) B2 (mT) B3 (mT)
50 - 51 µs 1.71±0.98 2.2±1.13 5.7±1.37 58.8% 4.4±3.04 30±13 252±41
51 - 52 µs 1.86±1.25 5.06±1.19 23.75±2.15 77.4% 4.4±3.04 30±13 252±41
52 - 53 µs 2.5±1.55 6.4±1.40 35.9±2.96 80.1% 4.4±3.04 30±13 252±41

Table 4.2: Triple Lorentzian fitting parameters of each domain

To investigate the underlying mechanism of the post-pulse MEL, possible spin

carrying species and magnetic field dependent processes in the Alq3 layer are

discussed. At the point where the pulse was turned off, charge carrier injection

stopped. In the device there would be: polaron pairs, singlets, triplets, free electrons
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near the cathode, accumulated holes in the TPD/Alq3 interface, and possible

trapped charge carriers in the bulk or near the interfaces. Processes that could

potentially be perturbed by a magnetic field include spin mixing between singlets

and triplets, spin mixing between polaron pairs featuring singlet and triplet

configurations and exciton-charge carrier interactions. Since it is singlets that emit

light in Alq3, there must be singlets throughout the time period discussed (50 – 53

µs). Let’s consider the singlets and polaron pairs featuring singlet configuration that

exist at 50 µs as the ‘primary singlets’. Since the lifetime of singlet is of the order of

∼10 ns, we know that the EL measured in the time scale of microseconds must

come from ‘secondary singlets’. These ‘secondary singlets’ can be formed by

recombination of charges present in the bulk, charges accumulated at the interfaces,

de-trapped charges and charges formed via the dissociation of excitons. It can

therefore be seen that the high magnetic field effect is affecting the processes

involving the formation of the ‘secondary singlets’. Among those processes, the

recombination of charge carriers displays a low field dependence, which indicates

that the high field dependence comes from processes that generates mobile charge

carriers. These point to de-trapping of trapped charge carriers and/or triplet-charge

carrier interaction.

Ding et al. [60] investigated the behaviour of singlets and triplets under magnetic

fields using fluorescence and phosphorescence doped Alq3 systems. They

constructed two devices with the stricture of ITO / NPB / Alq3 : PtOEP / Alq3 /

LiF / Al (device A) and ITO / NPB / Alq3 : C540 / Alq3 / Alq3 : PtOEP / Alq3 /

LiF / Al (device B). Alq3 acted as the host material, PtOEP acted as the

phosphorescence material, emitting red light with a peak at 650 nm, and C540 acted

as fluorescence material, emitting green light with a peak at 510 nm. The idea of the

experiment was that since device A contained only PtOEP, both singlets and triplets

in the host Alq3 transferred their energy to triplets in the guest PtOEP. The MEL of

device A measured at a wavelength of 650 nm contained, therefore, information

about field dependent processes involving singlet and triplet. In comparison, device

B contained both C540 and PtOEP. In this device, most singlets are filtered out by
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the C540 doped layer via red light emission before they reach the PtOEP doped

layer. As a result, only triplets contributed to the emission in PtOEP. The MELs

measured at wavelengths of 510 nm and 650 nm were, therefore, the fingerprints of

the behaviour of singlets and triplets under magnetic field, respectively. Their

results showed that the MEL of device A measured at 650 nm features a typical

line-shape as the ones in figure 4.9: a rapid low field rise followed by a gradual high

field increase. Comparison to device A, the MEL of device B measured at 510 nm

shows only the low field process which saturates perfectly at fields greater than 40

mT, whilst the MEL measured at 650 nm shows a quasi-linear line-shape. The

quasi-linear line-shape in their result is similar to the line-shape of the post-pulse

MEL showed in figure 4.15. The similarity of the line-shape suggests that the large

MEL obtained after the pulse was turned off is due to triplet-charge carrier

interaction.

One may wonder why the magnitude of the post-pulse MELs (4.14) is almost 10

times larger than that of the “steady” state MELs (figure 4.9). To answer this

question, the EL is decomposed into two parts: prompt EL (ELP), that is, EL from

the recombination of injected charge carriers, and secondary EL (ELS), that is, EL

from the recombination of charge carriers generated via triplet-charge carrier

interaction. The total EL is the sum of the two. It is obvious that ELP and ELS are

expected to be field dependent and to occur in both the on-pulse and the post-pulse

stages. Let ∆ELP and ∆ELS denote the magnetic field induced changes in ELP and

ELS, respectively. Assuming that the field induced change is proportional to the

corresponding EL intensity, the MEL can be written as in Eq. 4.3 where KP and KS

are pre-factors denoting the field dependent mixing rate for the emission process of

ELP and interaction rate for the emission process of ELS, respectively.

MEL =
(∆ELP + ∆ELS)

(ELP + ELS)
=

(KP × ELP + KS × ELS)

(ELP + ELS)
(4.3)

At the on-pulse stage ("steady" state), both the ELP and the ELS contribute to the

total EL and the ELP plays a dominant role. Therefore, the contribution of the high

field triplet-charge carrier interaction to the MEL is modified by a large
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denominator, dominated by ELP, resulting in a smaller value of the "steady" state

MEL. In comparison, the post-pulse EL comes mainly from ELS. Assuming that the

number of the secondary charge carriers generated by triplet-charge carrier

interaction is highly field dependent, the post-pulse MEL can be very large, because

the denominator is dominated by ELS which is small. This interpretation is

qualitatively in agreement with the fitting results in table 4.2. That is, the longer the

pulse was turned off, the larger the high field strength became, because the role of

ELP became weaker and weaker as time proceeded. This does not mean that the

large post-pulse MEL is a result of the small denominator, because the numerator is

assumed to be proportional to the denominator.

What if the assumption that the triplet-charge carrier interaction rate KS is highly

field dependent is wrong? In this case, the large post-pulse MEL can not the deduced

from Eq. 4.3. There is an alternative possibility. Chen et al. [122] found large MEL

in a m-MTDATA:Alq3 based charge-transfer system. The light emission mechanism

of this system is via the direct recombination of holes on m-MTDATA and electrons

on Alq3 (charge-transfer states). It was found that the MEL of the device is larger

than that of a pure Alq3 device by a factor of 3. They suggested that since the

electron and hole forming a charge-transfer state are sitting on different molecules,

the spin exchange energy between singlets and triplets is much smaller, which results

in a more efficient intersystem conversion between singlets and triplets. The MEL

is, therefore, larger in the charge-transfer device. It is already known that the spin

mixing process happens in both electron-hole pairs and excitons. Like the charge-

transfer state case, the spin exchange energy between electron-hole pairs is expected

to be smaller than that of the exciton. Consequently, the spin mixing rate in electron-

hole pairs is expected to be larger than that of the excitons. In this thesis, after

the pulse was turned off, the EL intensity decreased rapidly, which indicates that

the charge carrier concentration was also very small; accordingly, the number of

electron-hole pairs must be larger than the number of excitons; hence the MEL was

dominated by the electron-hole pairs, producing a larger MEL. This assumption is

valid. When the charge carrier concentration is small, the MEL is dominated by
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the mixing process occurring in electron-hole pairs, therefore, even if the rate of

the triplet-charge carrier interaction is only slightly dependant on the high magnetic

field, it can still produce the larger MEL.

To examine the real reason for the large post-pulse MEL, a set of raw data of the

rising edge and falling edge is shown in figure 4.16. It can be seen from the figure

Figure 4.16: A set of raw data of the rising edge and falling edge at the same EL
intensity.

that at the rising edge, it takes ∼ 0.1 µs for the EL to increase increase from ∼

0 to 0.05 A.U., while at the falling edge, it takes ∼ 3 µs for the EL to decrease

from 0.05 A.U. to ∼ 0. This is in agreement with the conclusion that the EL at the

rising edge is mainly from the recombination of primary charge carriers and that

at the falling edge is mainly from the recombination of secondary charge carriers.

Irrespective of forming by primary or secondary charge carriers, it is expected that

at the same EL intensity, the electron-hole pair concentration in the two cases (the

rising and the falling edges) will be approximately the same. If the ’electron-hole

pair dominating’ argument is correct, we would see the same level of change in the

EL after applying the 400 mT magnetic field. It is, however, seen from figure 4.16

that the field induced change of EL is much more significant at the falling edge

than it is at the rising edge. It is, therefore, concluded that the ’electron-hole pair

dominating’ argument may be right for the voltage dependent decrease in steady
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state MEL, but it is not the underlying mechanism for the large post-pulse MEL. The

reason for the large post-pulse MEL results is that the EL at this regime is mainly

due to secondary charge carriers. Since the secondary charge carriers are generated

via the high field dependent triplet-charge carrier interaction, it is also concluded

that the triplet-charge carrier interaction rate is highly dependent on the magnetic

field and its field dependence is much larger than that of the spin mixing processes.

The results here also show that although we cannot rule out the magnetic field effect

on singlet-charge carrier interaction, the MFE on triplet-charge carrier interaction is

certainly far stronger than on singlet-charge carrier interaction.

4.3.6 Triplet-charge carrier interaction

Early studies on the lifetime of delayed fluorescence have shown that charge carriers,

both mobile and trapped, can quench triplets [39, 98]. Helfrich et al [98] measured

the triplet lifetime under different electron injection densities, they found that the

triplet lifetime was greatly decreased at larger electron injection density. Wittmer et

al. [39] found that trapped charge carriers can quench excited states at the same rate

as that of mobile charge carrier. Kalinowski et al. [99] investigated the quenching

mechanisms of excitons on charge carriers. They found that both dissociation and

annihilation occurred in their phosphorescence system, depending on the strength of

electric field and the electrodes of the devices. They also revealed that holes quench

excitons via the annihilation route.

To fully understand how the triplet-charge carrier interaction contributes to the

large post-pulse MEL, the results of the interaction on the intensity of charge

carriers need to be discussed. There are three possible routes through which charge

carriers interact with triplets: scattering, dissociation and annihilation. It is obvious

that the scattering process makes no change to both the charge carrier and the

triplet concentration, and this process is not magnetic field dependent [20],

therefore, the scattering process makes no change to the MEL. The dissociation

process breaks down the triplets and generates a pair of mobile charge carriers as

well as the original carrier, which increases the number of secondary charge carriers,
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therefore, contributing to the positive MEL. The annihilation process quenches the

triplets without generating charge carrier pairs and leaves the original charge

carrier, which decreases the number of triplets, therefore contributes to the negative

MEL indirectly via weakening of the dissociation channel.

The results of chapter 3 have suggested that triplet-hole interaction is responsible

for the negative high field MELs found in those hole dominated devices, and

triplet-electron interaction is tentatively responsible for the positive high field MELs

in the standard device. The electron-triplet interaction must be via the dissociation

route and the triplet-hole interaction must be via the annihilation route. To be more

specific, annihilation and dissociation processes coexist in the device both with and

without magnetic field. The dissociation process increases the EL intensity by

generating secondary charge carriers, and the annihilation process decreases the EL

intensity by weakening the dissociation channel. When applying a magnetic field,

especially at high fields, both the dissociation rate and the annihilation rate increase.

As a result, in triplet-hole interaction dominated devices the secondary EL channel

is weakened, causing a negative high field MEL decay as discussed in chapter 3. On

the contrary, in triplet-electron dominated devices the secondary EL channel is

enhanced, generating the positive high field MEL. In other words, the triplet-charge

carrier interaction which contributes to the EL after the pulse was turned off is

through the dissociation of triplets by electrons. It also suggests that the small MEL

rise over a time range of ∼ 5 µs at the rising edge is due to the triplet-electron

interaction.

4.4 Conclusion of this chapter

In this chapter, the transient MFE on standard devices were investigated. It has

found that there are three types of behaviour present in the MEL depending on the

time regimes and the measurement conditions. A small increase process is found in

the beginning of the pulse over a time range of ∼ 5 µs under fields higher than 20

mT and voltages larger than 6 V. Its high field and larger voltage dependence along

with the time period it lasts, indicate that it is due to triplet-charge carrier
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interaction. At this stage, it is not clear what type of charge carrier is involved and

which interaction route is occurring. A "steady" state MEL is found at the body of

the pulse. The comparison of its averaged value as a function of magnetic field and

the steady state MEL obtained from the standard device studied in chapter 3 shows

that the MEL of this regime shares the same line-shape and mechanisms as those

measured by steady state MFE measurements. A large MEL rise is found at the

falling edge of the pulse and it is named as post-pulse MEL. The investigation of

the origin of EL at this regime reveals that it is dominated by ’secondary singlets’

that formed by charge carriers generated by triplet-charge carrier interaction. The

discussion of possible ways that could lead to large MEL indicates that

triplet-charge carrier interaction rate is the only mechanism which is suitable for the

large post-pulse MEL. The comparison of ELs with and without magnetic field at

the rising edge and the falling edge shows a much stronger effect at the falling edge.

Although we cannot rule out the existence singlet-charge carrier interaction, its field

dependence certainly is much weaker than that of triplet-charge carrier interaction.

Additionally, the dependence of triplet-charge carrier interaction on magnetic field

must be stronger than that of the spin mixing between singlets and triplets. From

the discussion of the results of possible triplet-charge carrier interactions, it is

suggested that the triplet-hole interaction contributes to the negative high field MEL

via the annihilation route whereas the triplet-electron interaction contributes to the

positive high field MEL via the dissociation route. The slow rise in MEL at high

fields at the beginning of the pulse and the subtle high field component in the

"steady" state MEL can now be explained by the magnetic field enhanced triplet

dissociation rate via interacting with electrons.

134



Chapter 5

Conclusion

This thesis has presented the results of two major studies on the MFEs in Alq3 based

OLEDS, focusing on the high field regime. In the first study, OLEDs with different

structures were constructed to vary the hole/electron balance, so as to investigate the

effect of excitons on high field MFE. It is found that the hole-exciton interaction could

lead to a high field decay in MEL, even that room temperature. The second study

was then designed to distinguish the roles played by singlet and triplet excitons.

By varying the hole/electron injection balance, it is observed that a negative high

field component emerges gradually as the hole to electron ratio increases, which

suggests that there are at least two high field processes present, contributing to

positive and negative MEL, separately. The fact that significant high field MEL

decay is obtained at room temperature in an extremely inefficient and severely hole

dominated device points to two conclusions: first, the high field decay of the MEL

cannot be due to the widely used triplet-triplet annihilation, at least not in Alq3

based devices, second, this high field decay must be related to holes. This points to

a possible process for explaining the high field MFE being the triplet-charge carrier

interaction. It can then be concluded that hole-triplet interaction is responsible for

the high field MEL decay. More generally, a hole-exciton interaction is responsible

for the high field MEL decay since there is no direct evidence to exclude the

hole-singlet interaction. A positive high field MEL can be tentatively attributed to

electron-exciton interaction.
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Although triplet-charge carrier interaction is widely used to explain MFE in the

scientific community, because triplet concentration is expected to be thousands

times larger than singlet concentration, there is no direct evidence for excluding the

role of singlets. Transient MEL can be conducted to distinguish the role of the two

and obtain insight into the interaction process. Additional MEL features are found

both at the rising edge and falling edge of a pulse. Small MEL increases are found

at the rising edge over a time scale of ∼ 5 µs and larger MEL increases are observed

at the falling edge over a scale of ∼ 6 µs. Both of them show high field dependence

and are seen to be stronger at large drive voltage, which suggests that they are due

to triplet related processes. This points to the triplet-charge carrier interaction

because the triplet-triplet annihilation has been excluded in chapter 3. It also

suggests that the dependence of triplet-charge carrier interaction rate on magnetic

fields is much stronger compared to that of the spin mixing rate. This conclusion is

again confirmed by the comparison of EL with and without magnetic field at the

rising edge and the falling edge. At the rising edge it is the spin mixing process

dominates and no visible EL increase occurs whereas at the falling edge it is the

triplet-charge carrier interaction process dominates and the EL shows a clear

increase. The discussion of the results from the three possible triplet-charge carrier

interaction routes suggested that triplet-hole interaction contributes to the negative

high field MEL via the annihilation route whereas the triplet-electron interaction

contributes to the positive high field MEL via the dissociation route.

136



Chapter 6

Future work

In chapter 3, negative MEL is found to originate from hole-exciton interaction. The

transient MEL study in chapter 4 suggests that hole-exciton interaction contributes

to negative MEL via quenching the triplets. It would be useful to conduct transient

MEL on some hole dominated devices to check if negative MEL occurs at the rising

edge and falling edge. The challenges here are that moderately hole dominated

devices may generate small signals which are likely to be overshadowed by noise,

while significantly hole dominating devices show extremely small EL signals which

are hard to detect.

The effect of electrical conditioning on MFE have been briefly studied in chapter

3. As found in the literature, electrical conditioning causes significant enhancement

in MFE. It was suggested that the stressing process is likely to generate defects in

devices, which decrease the current and EL but increase the magnetic field effects.

It seems to imply that defects, such as structural disorder, material degradation or

traps play important roles in generating large MFE response. Systematical study of

the morphology and mobility of stressed devices may help reveal the mystery of the

MFE.
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