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Abstract

The organic magnetoresistance effect has been observed to alter the current and

efficiency of organic light emitting diodes where no magnetic materials are present.

As yet, no consensus has been reached in the literature regarding the origin of the

magnetic field effect, though several models have been proposed that feature dif-

ferent charge species playing the key role, including polaron pairs, triplet excitons,

and bipolarons. Each model relies on some mechanism of spin mixing, commonly

presumed to be hyperfine interactions between polarons and hydrogen nuclei in the

active layer. Through measurements of the relative change in current and efficiency

with magnetic field, this thesis utilises slight alterations to the device properties,

namely deuteration of the active layer, and the addition of a doped sensing layer,

to address the assumption about the importance of the hyperfine interaction and to

attempt to differentiate between the different models for organic magnetoresistance.

It is found that the hyperfine interaction is not the only spin mixing mechanism

occurring in the active layer, and that triplets play a pivotal role in the organic

magnetoresistance effect, potentially defining the profile of the organic magnetore-

sistance response in doped devices through their population profile.
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layer is a 50 Å thick layer which has been doped with 1% Ir(PiQ)3. . 170

5.13 Comparison of characteristics of layered devices with 50 Å doped
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Variables, constants, and parame-

ters

B Magnetic field in milliTesla (mT)

L Luminance in Watts (W)

I Current in Amperes (A)

Current Density The current through a device divided by

the surface area of the device (A/m2)

V Voltage in Volts (V)

EL Electroluminescence

PL Photoluminescence

η Power conversion efficiency
∆I
I

Relative change in current with magnetic field (%)
∆η
η

Relative change in efficiency with magnetic field (%)
∆EL
EL

Relative change in electroluminescence intensity with

magnetic field, usually at a particular wavelength (λ) (%)
∆L
L

Relative change in luminance with magnetic field (%)

an Magnitude of nth spin interaction process (%)

Bn Saturation field of nth spin interaction process (mT)
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Chapter 1

Introduction

This thesis begins with an introduction to the physics of organic materials, then

extends those principles to explain the operation of organic light emitting diodes

(OLEDs). The purpose of an OLED is ultimately to create singlet excitons and

emit light, and so the processes occurring in an active OLED that are responsible

for the device characteristics are described in detail. Early work to create OLEDs

is then described with focus on the changing features of the devices that increased

their efficiency to meet today’s standards.
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1.1 Motivation

Technological interest has grown in developing devices made of organic semicon-

ducting materials i.e. those based on carbon and hydrogen, because of their lumi-

nescence in the visible range, ease of processing and manufacture, their tunability,

flexibility, and relatively low cost. Organic devices such as organic light emitting

diodes (OLEDs) already have technological applications in television screens, media

players, digital cameras, smartphones, and the materials have potential for further

device applications in the new field of spintronics.

While the behaviour of traditional semiconductors is well characterised and they

have a long history of use in technology, many of the processes occurring in organic

electronics are still the subject of debate in the literature as materials physics acts

in addition to device physics.

Organic semiconducting materials commonly fall into two categories; small molecules

and polymers. While all organic materials rely on the same material properties for

charge transport, they can vary enormously in their molecular weights and struc-

tures. When used as the active material in an organic electronic device, i.e. the

emissive part of the OLED, their current, voltage, electroluminescent, and pho-

toluminescent properties can be even more diverse and exciting, complicated by

responses to temperature, prolonged electric fields, and magnetic fields.

Of great interest at present is the response of organic light emitting diodes to a

magnetic field, known as the organic magnetoresistance effect. This effect alters

the current characteristics and efficiency of a device, despite there being no ferro-

magnetic materials present. Understanding of this effect has potential to improve

the efficiency of organic photovoltaics by application of a simple magnet. As such,

several different groups from universities and research laboratories around the world

are working on this problem including the University of Technology at Eindhoven

in the Netherlands in collaboration with The University of Iowa, The University of

Utah, the University of Tennessee, several universities in China as well as the group

at Queen Mary, University of London. The various working groups have approached

the effect through a variety of experimental and theoretical techniques. Accordingly,

several models for organic magnetoresistance have been proposed in the literature,

each of which rely on one or many of a limited number of underlying mechanisms,

however the true origin or origins prove difficult to probe. The inconsistency in the

way findings are presented, the variety of materials being used (both organic and

inorganic), and the many processes occurring in organic electronic devices compli-

cate the data, rendering incomprehensible or contradictory findings, and making

comparison difficult.

This thesis aims to elucidate the underlying mechanisms of the magnetoresistance

effect.
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1.2 Organic semiconductors and their electrons

The physics of these devices stems from the organic chemistry of the materials.

Organic semiconducting materials are based on carbon and hydrogen, though are

not limited to these two elements. The simplest organic molecules and polymers

feature carbon and hydrogen in rings or chains, though structures can become much

more exotic.

The movement of electrons within organic materials is dependent upon the delo-

calised nature of the electrons in rings of carbon atoms, and alternating double or

triple bonds along the backbone of carbon chains. The electronic configuration of

carbon is simply 1s2 2s2 2p2, though becomes complicated in larger organic systems.

Hybridisation theory is applied to explain the behaviour of many organic systems

and dictates that some of the filled s orbitals of carbon hybridise with the unfilled

p orbitals.

(a) sp2 Hybridised or-
bitals of carbon

(b) Hybridised orbitals
of carbon in a benzene
ring

(c) π orbitals of benzene

Figure 1.1: Hybridisation of orbitals in organics.

The number of p orbitals that the s orbitals hybridise with is dependent upon the

geometry of the organic molecule. In the case of benzene, where the carbon bonding

is trigonal planar, the s orbital mixes with two of the three available p orbitals,

and thus sp2 hybridisation occurs, see figure 1.1a. The sp2 hybridised electronic

configuration of carbon is 1s2 2sp2 2sp2 2sp2 2p1. Each carbon atom in a benzene

ring forms three strong hybridised σ bonds; one with each of the two neighbouring

carbon atoms, and one with the singular hydrogen atom that sits in the plane of

the molecule. The remaining unhybridised p electron orbital forms the familiar

dumbbell shape perpendicular to the plane of the molecule, see figure 1.1b. The

individual p orbitals overlap, allowing the electrons to delocalise amongst them,

forming a circular π bond above and below the ring, see figure 1.1c.

The π orbitals are considered as molecular rather than atomic orbitals. Bonding

of the π electrons to the electrically screened carbon nuclei is weak. Although the

wavefunctions of these molecular orbitals can extend over many molecules in the case

of small molecules, or many repeating units in the case of polymers, they are still
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discrete and so the energy levels of the ground (π) and molecular excited states (π*)

cannot be considered to form the band-like structure as in metallic systems. How-

ever, the ground state (that which is populated by electrons), or Highest Occupied

Molecular Orbital (HOMO), and the excited state, which is unpopulated at room

temperature, or Lowest Unoccupied Molecular Orbital (LUMO), are analogous to

the valence and conduction bands, respectively.

Similarly, both electrons and holes exist as charge carriers in these materials. Or-

ganic materials are semiconducting because the HOMO – LUMO gap (band gap) is

small, typically 1.5 – 3.5 eV, and relatively easy to overcome. Transition of excited

electrons from the LUMO to the HOMO thus renders luminescence in the visible

range of light. The excitation energy of the σ bonds is considerably higher, typically

8 eV, therefore σ* states are generally not occupied.

1.3 The workings of OLEDs

An OLED is a device that comprises one or more organic layers; at least one of

which is emissive, in contact with two electrodes. Early work to create light from

an organic semiconductor used crystals of anthracene in 1962 [1]. These electrolu-

minescent devices featured thick (10 – 20 µm) crystals of anthracene or anthracene

doped with tetracene sandwiched between identical silver paste or solution elec-

trodes, however very high voltages were required for turn-on, greater than 400 V,

and electroluminescence was only observed when the voltage was varying in the de-

vices with electrolyte electrodes. It was postulated that charge carrier injection did

not occur from the electrodes, but that carriers were field-generated and accelerated

to energies required for optical excitation. Simultaneous injection of electrons and

holes into crystalline anthracene was not achieved until the use of two different elec-

trolyte electrodes [2] in 1965, whereupon radiation from recombination was observed

at voltages less than 100 V.

The band structure of a single layer OLED is depicted in figure 1.2. This figure

shows the energy levels of the organic material and differing electrodes, before the

contacts have been applied to the organic. φ designates the work function of the

material, i.e. the energetic difference between the vacuum level and the Fermi level.

The energetic difference between the Fermi levels of the electrodes gives rise to the

built-in potential of the device. Of course this is an idealised version, the HOMO

and LUMO of the organic layer are not continuous, and their energy relative to

the vacuum level may change at different points in the organic layer depending on

local conditions. In fact, the distribution of the HOMO and LUMO levels of the

molecules can be well described by a Gaussian density of states. There may also be

a spatial distribution of energy levels due to the amorphous nature of the organic
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Figure 1.2: Simple energy level diagram of the constituents of a single layer OLED,
before the contacts have been applied to the organic material.

layer. Figure 1.2 does, however, depict an energetic difference between the Fermi

levels of the electrodes, and the HOMO and LUMO, a common situation which

constitutes a barrier for the injection of charge from the electrodes into the organic

material.

When the electrodes are connected as part of a circuit, the Fermi levels of the

electrodes will adjust, relative to the vacuum level. At the short circuit current,

0 V, the Fermi levels of the electrodes will equalise. This will introduce a negative

potential gradient in both the HOMO and LUMO levels across the organic layer,

depicted in figure 1.3.

Figure 1.3: Simple energy level diagram of a single layer OLED at 0 V bias.

Again, this version is idealised. In reality, the electrode surface topography will not

be perfect; clustering can occur, as well as oxidation, diffusion of the electrode into

the organic layer [3], band bending, [4] and dipole interactions [5], all of which con-

tribute to discontinuity of the vacuum level over the interface between the electrode

and the organic material [4].
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Initially the potential gradient is large and negative, but decreases with increasing

voltage until the forward bias applied is equivalent to the built-in potential of the

device, at which point the HOMO and LUMO reach the ‘flat band’ condition, where

the potential gradient is zero, depicted in figure 1.4.

Figure 1.4: Simple energy level diagram of a single layer OLED under bias, where
Vapplied = Vbuilt-in.

As the voltage applied increases beyond the built-in potential of the device, the

potential gradient in the organic material changes sign, depicted in figure 1.5.

Figure 1.5: Simple energy level diagram of a single layer OLED under bias, where
Vapplied>Vbuilt-in.

Once the applied voltage exceeds the built-in potential of the device, the low work

function cathode may inject electrons into the LUMO and the high work function

anode may inject holes into the HOMO. Charge diffuses along the potential gradient

towards the opposite electrode. If it is possible to overcome the injection barrier

thermionically, i.e. the injection barrier is low, the injection is said to be Ohmic.

Under Ohmic conditions, current injection is linear with voltage. Charge transport

through the material, and hence charge density, is only limited by the properties of

the bulk material. If, however, the injection barrier is high, it will not be possible

to inject charges thermionically. Charge may only be injected through tunelling.
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Tunelling will only occur when the potential gradient is high enough such that the

‘width’ of the injection barrier is reduced sufficiently to allow the wavefunctions of

charge carriers in the electrodes to spread through the barrier and onto the molecular

orbitals of the organic material. This is known as Fowler – Nordheim tunnelling.

The voltage at which charge is injected into the device is defined as the turn-on

voltage. Charge transport and density in the organic material is said to be injection

limited, but may also be limited by the presence of space charge at the interface,

where a build-up of charge inhibits further injection. While injection barriers may

apply to the injection of both electrons and holes, it is unlikely that both types of

charge carrier will be subject to injection barriers of the same magnitude, as such,

the ratio of charge carriers injected is likely to be unequal.

In the organic layer, the electrons and holes have different effective masses, but both

couple strongly to the lattice i.e. there is a considerable adjustment to the configu-

ration coordinate of a molecule when an electron or hole is added to it. This creates

new molecular energy levels just inside the HOMO – LUMO gap which the charges

occupy, though, thanks to their strong coupling, the charges are now designated as

polarons. For simplicity, polarons can be considered to travel along the HOMOs and

LUMOs of molecules. Figure 1.6 illustrates the spin configurations of an electron

on the LUMO of a molecule and a hole on the HOMO of a molecule.

(a) Electron polaron (b) Hole polaron (c) Key to fig-
ures a and b

Figure 1.6: Depiction of the energy levels and spin configurations of a molecule with
either an electron or hole polaron present.

The method of processing an organic material when making a device is dependent

upon its classification as a small molecule or polymer. Small molecules are generally

thermally evaporated under a vacuum, while polymers are commonly spin coated

from solution, though both methods of processing can be used on both types of

material. In traditional LEDs it is necessary for the inorganic materials to form

large crystals for good charge carrier transport; however, the state of an organic

material in an OLED can vary enormously, from being amorphous, to crystalline,

to liquid crystalline. Some states may also change with temperature. The generally

disordered (both energetically and spatially) nature of processed organic materials

means that charge carriers are scattered at each site, thus transport through the

bulk is modelled as a series of random hops [6–8]. The mobility of charge in organic
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semiconductors is generally reduced by several orders of magnitude, compared to

charge mobility in traditional semiconductors [9].

Spatial and energetic impurities inherent in different materials may form traps closer

to the HOMO or LUMO depending on the impurity and the material, and so, com-

bined with the difficulties in matching the HOMO or LUMO of an organic material

to the Fermi level of an electrode, most organic materials are commonly considered

as specifically either hole or electron transporters, although both charge carriers

will be transported when the driving voltage is high enough. Nevertheless, the mo-

bility of electrons and holes differ in most materials. Different materials can also

display what is deemed as non-dispersive or dispersive behaviour, where charge car-

riers transiting the material will either all demonstrate the same mobility, or the

charge carrier mobilities will be dispersed as they transit the material, thus demon-

strating no clear arrival time in a Time-of-Flight experiment. In AlQ3 (aluminium

tris(8-hydroxyquinoline), a very common electron transporting and emissive organic

material, drift mobility of charge carriers is dispersive, but the electron mobility is

approximately one hundred times that of the hole mobility. Kepler et al. found the

electron and hole mobilities in an electric field of 4 × 105 V cm-1 to be 1.4 × 10-6

and 2 × 10-8 V-1 s-1, respectively [10].

1.3.1 Pair states and excitons

An excited electron in the LUMO and a hole in the HOMO can form a bound pair

state when the binding energy of the coulomb attraction between the negatively

charged electron and positively charged hole exceeds the thermal energy of the pair.

This process is often referred to as ‘recombination’ in the literature, though re-

combination is sometimes also used to refer to the process where the electron in

the LUMO relaxes into the hole in the HOMO and a photon is emitted. As the

coulomb attraction is dependent upon distance, recombination occurs when the the

constituents of a polaron pair fall within a certain physical distance of each other,

the coulomb radius. This radius can be larger than the molecule. The polaron pair

state, though bound, is usually intermolecular. Because pair states are formed of

one electron and one hole, they have no net charge. The probability of forming any

pair state is dependent upon the ratio of electrons to holes in the material, and the

relative ratio of mobilities [3].

Once in a pair state, the constituent electron and hole can dissociate to become

free carriers again, or, if the radius between them decreases such that their wave-

functions overlap, i.e. they occupy the same molecule, they fall energetically into a

tightly bound state called an exciton. These are specified as Frenkel excitons. These

have a typical binding energy of the order of hundreds of meV. If the electric field
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screening is large, the electron and hole that form an exciton are less tightly bound

and can be spatially separated by several molecules. These are called Wannier –

Mott excitons. These are generally found in inorganic semiconductors, though they

can predominate or coexist with Frenkel excitons in some organic systems. They

have a much lower binding energy, of the order of tens of meV.

All bound electron hole states, including excitons, fall into two types depending on

the combination of electron and hole spins; singlet and triplet states. Figure 1.7

loosely illustrates the combinations of electron and hole spins on a molecule that

constitute either a singlet or triplet exciton.

(a) Singlet exciton (b) Triplet exciton (c) Key to fig-
ures a and b

Figure 1.7: Depiction of the energy levels of a molecule with either a singlet or triplet
exciton present, formed of an electron polaron on the LUMO and a hole polaron on
the HOMO.

In figure 1.7 it can be seen that the electron and hole that comprise a singlet exciton

have anti-parallel spin. The electron and hole that comprise the triplet exciton in

this figure have parallel spin.

Although excitons have no net charge, they can have net spin depending on the com-

bination of spin states of the constituent charges. Singlets have an anti-symmetric

net spin S = 0, and triplets have a symmetric net spin S = 1 [11]. Figure 1.7b illus-

trated one example of a triplet exciton spin configuration, in reality there are three

possible spin configurations that may be designated a triplet exciton. Although spin

is a quantum mechanical property, all the possible combinations of the electron and

hole spins that may form an exciton can be imagined more accurately as in figure 1.8.

The electron and hole have a spin quantum number of one half, and those spins

precess around a magnetic field. While the net spin state of the exciton, in terms of

the projection of the spin vector on to the axis of magnetic field, is determined by the

constituent spin direction; the phase of the spins relative to each other determines

if the state is singlet or triplet.
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Figure 1.8: Graphical representation of the possible spin configurations of the elec-
tron and hole in a bound excitonic state.

On the left in figure 1.8 is the spin singlet configuration. In the spin singlet state,

the electron and hole spins point in opposite directions and are also completely out

of phase with each other. Thus, they cancel to give a spin state of ms = 0.

On the right in figure 1.8 is the triplet manifold, which comprises three different spin

configurations. The first and third spin configurations in the triplet manifold have

spins which point in the same direction, but are out of phase with each other. The

spins combine constructively to give ms = ±1. The second spin configuration in the

triplet manifold is a quantum mechanical linear combination of the other two triplet

states where the resultant spins point in opposite directions such that ms = 0, but

they precess in phase. Triplets are more tightly bound than singlets as an energy

difference arises from their symmetry, in quantum mechanical terms. The energy

separation between the two is twice the exchange interaction.

As the spins injected by non-magnetic electrodes are randomly oriented, the orien-

tation of the spins of the electron and hole are random when they meet and the

creation of any of the four excitonic states is equally likely. Thus, the creation ratio

of singlets to triplets in a biased nonmagnetic device is 1:3. This was experimentally

verified by Baldo et al. in AlQ3 [12].

Other, more exotic states of bound electrons and holes can exist in organic semicon-

ductors, for example charge transfer states, where charge is donated from one area to

another, not necessarily on different molecules; or excimers, where bound electrons

and holes actually occupy different materials. Some of these states can emit light

directly, though the magnitude of emission from these states is dependent upon the

strength of coupling to the ground state, this is generally weak in fluorescent organic

materials.
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1.3.2 Exciton evolution and spin mixing

For the singlet exciton, the radiative transition of the excited electron in the LUMO

to the hole in the HOMO is allowed and thus proceeds rather quickly; the short

lifetime of this state is of the order of nanoseconds. In AlQ3 the singlet lifetime

in a thin film was measured to be 16 ns [13]. Realistically, this is the only path of

evolution for the singlet exciton in these systems. The photons emitted by the singlet

exciton decay process comprise the fluorescence and will have a specific wavelength,

however some broadening can be expected due to vibrational coupling with the

lattice [3].

Radiative decay from the triplet excitonic state is not permitted by the Pauli exclu-

sion principle and spin conservation rules, as the ground state will usually possess

an anti-symmetric spin state. As such, the lifetime of the triplet state is longer,

of the order of tens of microseconds. Baldo and Forrest were able to experimen-

tally measure the triplet lifetime in AlQ3, finding it to be 25±15 µs [14]. This long

lifetime permits other possibilities for the evolution of the triplet exciton, some of

which are emissive. Triplets may dissociate into free charge carriers at some sites

where this is energetically favourable, or they may be quenched by reaction with

a charge carrier, usually with some loss of energy through phonons, they may also

be quenched by other processes such as triplet triplet annihilation, which results in

delayed fluorescence. Alternatively, stronger spin – orbit coupling in some materials

can perturb the symmetry of the triplet exciton and allow a finite probability for

radiative decay from the triplet state [11]. The photons emitted by this process,

known as phosphorescence, will be red-shifted compared to the fluorescence [11].

Intersystem crossing (ISC) refers to the process whereby excitons convert between

singlet and triplet states. In order for a pair state to transition from one type to

another i.e. between triplet and singlet states, there must be a spin flip of one

polaron by some mechanism, or the wavefunctions of the initial and final states

must be allowed to overlap. This may occur through the hyperfine interaction,

a process known to occur in organic semiconductors whereby the spins of charge

carriers interact with the unpaired spins of nuclei in the organic material, most

likely hydrogen. The combination of nuclear spins forms a local ‘hyperfine field’

analogous to a local magnetic field which the constituent spins of a paired state may

mutually interact with, and this may result in a change of the spin state of a pair

over time [15].

As the triplet exciton is more tightly bound than the singlet exciton, a small energy

barrier exists for a triplet converting to a singlet state, though this barrier may

be avoided if the triplet to singlet conversion proceeds through the mechanism of

excited state absorption (ESA), summarised in figure 1.9, adapted from [16], which
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describes the process occurring in a photoluminescence experiment. Following op-

tical excitation of electrons in the ground state S0 to the first singlet excited state

S1 at rate a, the singlet state may decay radiatively at rate kS or intersystem cross

into the first excited triplet state T1 at rate kISC . The triplet state may decay

non-radiatively at rate kT , or may absorb a photon to reach a higher triplet ex-

cited state, here designated T2. This is excited state absorption. The energy of

this state is above that of the singlet excited state and thus the conversion of T2

exciton to S1 exciton is an energetically favourable process. The energy required for

ESA is provided by the photon emitted during the decay of the singlet excited state.

Figure 1.9: Energy level diagram of the excitonic states in an organic semiconduc-
tor, and the process of triplet→singlet intersystem crossing through excited state
absorption.

Polaron pairs can also undergo intersystem crossing between singlet and triplet

states. The energetic difference between the states is also governed by the exchange

interaction, however the vast distance between the constituent charges of a polaron

pair state will cause the energetic difference to be small, or indeed negligible [17].

1.3.3 Spin interactions with triplets

Due to their higher formation probability and longer lifetime, working devices will

quickly develop a dense population of triplet excitons. The presence of a triplet

exciton on a site can cause considerable problems for charge transport. Indeed,

Agranovich et al. have shown theoretically that excitons may act as traps for charge

carriers [18]. In the hopping regime of charge transport, charges will preferentially

hop to sites nearby, with near or equal energy. If one of those sites is already occupied

by a triplet, and the charge carrier is prevented from occupying the same site by

the Pauli exclusion principle, that site is deemed to be ‘blocked’. This situation is

depicted in figure 1.10a.
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If the exclusion principle does not prevent the charge from hopping on to the same

site as the triplet (if the two electrons on the LUMO have anti-parallel spin direc-

tions), that action will form a charged exciton analogous to a ‘trion’ in inorganic

semiconductors. Following this, the charge carrier can react with the triplet, re-

sulting in scattering of the charge carrier and potentially a change of spin state or

quenching of the triplet [19, 20]. This situation is depicted in figure 1.10b. Fig-

ure 1.10 is adapted from [21]. These interactions could naturally also occur between

a triplet and a hole polaron.

(a) Site blocking — polaron prevented from occupying the
same site as the triplet exciton and is forced to hop to
another site.

(b) Triplet polaron interaction — polaron is allowed to occupy the same site as the triplet exciton
and interaction occurs, several outcomes are possible, three are shown here.

Figure 1.10: Diagrammatic representation of initial spin configurations of a polaron
and triplet exciton for both site blocking and for interaction events, with spin con-
figurations and a description of event outcomes.
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The initial reactants (electron polaron and triplet) are on the left, and reaction prod-

ucts are on the right in figure 1.10. The first interaction to be considered is simple

site blocking, where the no actual reaction occurs. The charge carrier is merely

forced to find another site to hop to. It is a scattering mechanism. The second

interaction, where the triplet and polaron may occupy the same molecule for a short

period of time, results in either another scattering event; a simple exchange of spin

for the initial reaction products which changes the spin state of the triplet exciton;

or quenches the triplet. The energy of the triplet is dissipated as phonons, with no

emission of light. Each of the scenarios where a reaction occurs is again dependent

on a spin mixing mechanism. The spin states of the initial states and each of the

possible final states must be allowed to overlap in order to allow the reaction to occur.

There is much evidence for this type of interaction between triplets and charge

carriers, with the majority of the work carried out in the sixties where studies were

completed on crystals of anthracene. Helfrich demonstrated that charges injected

into anthracene reduced the lifetime of triplet excitons by promoting intersystem

crossing [19]. Wittmer and Zschokke-Gränacher demonstrated interactions between

triplets and charge carriers in crystals of anthracene in 1975 [20]. They believed the

rate constant for triplet electron interactions to be ten times greater than triplet

hole interactions, and the specific interaction resulted in the detrapping of charge

carriers. Baldo and Forrest demonstrated in 2000 that modelling of triplet polaron

quenching with reasonable assumptions could indeed fit experimental results of the

decrease in quantum efficiency with increasing current density in a doped OLED,

known as efficiency roll-off [22]. Reineke et al. also showed experimentally that the

process of triplet polaron quenching is of great importance in OLEDs by studying

its effect on efficiency roll-off in doped OLEDs [23].

Of course, the interactions outlined in figure 1.10 could also occur between a po-

laron and a singlet, but the singlet state is far too short lived to participate in such

interactions for a considerable time. Wittmer and Zschokke-Gränacher believed

that singlet excitons were actually more efficient detrapping agents in anthracene,

however were not able to demonstrate this in their particular experimental set-up.

Wittmer and Zschokke-Gränacher did, however, demonstrate that interactions be-

tween charge carriers can also occur in pair states, not just excitonic states.
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1.3.4 Defining OLED efficiency

The purpose of an OLED is to ultimately create singlet excitons and emit light but

there are several steps to that process and several factors which will play a role,

including the spin interaction processes described above. The ability of an OLED

to emit light can be defined in several ways:

• The external quantum efficiency is defined as the number of photons emitted

divided by the number of electrons injected.

• The current efficiency is defined as the luminance in candelas divided by the

current.

• The luminous efficiency is defined as the luminance in lumens divided by the

input power.

• The injection efficiency is defined as the light output power divided by the

current.

• The power conversion efficiency is defined as the luminance in watts divided

by the power input.

The power conversion efficiency, η, is the most relevant to the studies presented

here. This dimensionless efficiency essentially defines the ability of a device to create

singlet excitons and emit photons from the power that is input. In this respect, it is

not dependent upon internal influences such as current density, unlike the luminance

of the device. It is calculated through equation 1.1, where L is the luminance in

Watts, I is the current in Amperes, and V is the voltage in Volts.

η =
L

IV
(1.1)

1.3.5 The origins of efficient OLEDs

The earliest example of a high efficiency double layer OLED was that of Tang and

VanSlyke in 1987 [24]. This OLED utilised two organic layers, an electron trans-

porting layer of AlQ3 and a hole transporting layer of diamine. Though the authors

suggested that the dual layers improved efficiency by preventing the overlapping of

pinholes, the use of dual layers in a device also allowed for better control over the

balance of electrons and holes by controlling the rates of injection. Positioning a

hole transporting layer against an electron transporting layer also provided a barrier

to transport of the opposing charge carrier type, ensuring that there was a build-up

of opposing charge carriers in close proximity to each other.
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These layers were sandwiched between a transparent indium tin oxide (ITO) anode

and a magnesium/silver alloy cathode on a glass substrate. They were able to create

thin films of the order of hundreds of Ångstroms thick through evaporation growth

of the device, but most importantly they were able to achieve an external quan-

tum efficiency of 1%, and a power conversion efficiency of 0.46%. Light emission

was seen at voltages as low as 2.5 V, and was proportional to the magnitude of

current through the device. The use of a low work function cathode also improved

the electron injection, and the alloy improved sticking to the organic layer in the

evaporation growth of the OLED. It was noted that emission from the device was

solely from the AlQ3 layer and it was demonstrated that emission was specifically

from the first 300Å of AlQ3 in contact with the diamine layer. It was transport

of holes across the interface between the two organic materials that controlled the

recombination. The current–voltage characteristics of the diode were independent

of the thickness of the diamine layer, providing evidence that the properties of an

OLED are dependent on the emissive layer only.

A few years later in 1990, Burroughes et al. demonstrated a device featuring an

organic polymer as the emissive layer [25]. Through varying the anode and cathode

materials they were able to lower the injection barriers of both charge carriers suf-

ficiently such that the turn-on voltage could be as low as 14 V, though the highest

quantum efficiency was much lower than that in Tang and VanSlyke’s bilayer OLED

at 0.05%. The authors postulated that the efficiency was limited by quenching of

excitons at defect sites in the lattice, and when at sufficiently high density, by exci-

tonic collisions. The authors were able to rule out the effects of bipolarons, i.e. sites

which are doubly occupied by a single type of charge carrier, as bipolarons are very

strongly bound, and the emission that was observed from the device was of too high

energy to result from the decay of bipolarons.

Since these initial works, several features have become common in the creation of

high efficiency devices. Anodes should be high work function materials; ITO is

popular because it shows a high level of transparency to emission or excitation

wavelengths. The use of an additional layer between the anode and organic layers of

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate), a doped polymer known

as PEDOT:PSS, improves the injection of holes into organic materials because it

better matches the HOMO of many organic materials and therefore the injection

barrier is reduced [26, 27]. Another popular hole injecting material is gold. Electron

injecting materials should have a low work function. Popular materials include

magnesium/silver alloys, aluminium, or calcium capped with aluminium.

33



The use of an ionic salt layer between the organic and cathode such as lithium fluo-

ride has been shown to improve device characteristics by preventing metal cathode

reaction with the organic layer [3], or lowering the injection barrier [28], or aiding

injection through dipole effects [29].

Bilayer devices of organic materials, each of which predominantly transports a differ-

ent charge carrier, can improve efficiency by building up charge carriers at the inter-

face between the organic materials and increasing the potential for charges to form

polaron pairs. Commonly used electron transporting/emissive layers include the

small molecule AlQ3 (aluminium tris(8-hydroxyquinoline)), and PPV (polypheny-

lene vinylene), which is an ambipolar polymer. Hole transporting materials include

the small molecules TPD (N,N′-bi(3-methylphenyl)-N-N′-bis(phenyl)benzidine) and

NPB (N,N′-dis(naphthalen-l-yl)-N,N′-diphenyl-benzidine). Phosphorescent materi-

als can often be used as dopants in other organic materials, examples include Ir(ppy)3

(iridium tris(2-phenylpyridine)) and Ir(PiQ)3 (iridium tris(1-phenylisoquinoline)).

The chemical structures of all of these common materials are shown in figure 1.11.

(a) AlQ3 (b) PPV (c) TPD

(d) Ir(ppy)3 (e) NPB (f) Ir(PiQ)3

Figure 1.11: Chemical structures of common materials used as organic layers in
OLEDs, including hole transport materials, electron transport materials, small
molecules, polymers, fluorescent molecules, phosphorescent molecules.

Later, Tang and VanSlyke were able to make another advance to improve the ef-

ficiency of OLEDs, by doping the active layer with a highly fluorescent material

[13]. This doubled the efficiency, compared to a device with a pure active layer, and

allowed great tunability of the colour of emission by varying the dopant and the

dopant concentration.
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Though highly fluorescent materials are useful for increasing the amount of singlet

emission, the key problem in maximising the efficiency of OLEDs begins as the

excitons are first formed — spin statistics. Only a quarter of the excitons that are

formed are capable of emitting light by fluorescence.

Baldo et al. were able to overcome this hurdle by introducing the phosphorescent

material platinum octaethyl porphyrin (PtOEP) into the AlQ3 active layer of an

OLED [30], increasing the external quantum efficiency to 4%. With minimal effect

on charge transport at low concentrations [23, 31, 32], phosphorescent dopants such

as PtOEP allow for emission from triplet states initially created in the host active

layer as the heavy platinum atom in the complex causes increased spin – orbit

coupling. This increases the singlet character of triplet excitons on the molecule and

vice versa, thus increasing the coupling of the triplet excited state to the ground state

and allowing radiative decay — phosphorescence. Baldo et al. asserted that both

singlet and triplet excitons were transferred from the host material to the dopant by

Dexter type energy transfer, as this permits the breaking of spin conservation rules,

whereas Förster transfer does not.

This collaborative group featuring Baldo were able to further increase the external

quantum efficiency of devices doped with phosphorescent materials to 5.6%. They

did this by introducing an exciton blocking layer which reduced triplet diffusion

away from the phosphorescent dopants [33]. They also experimented with different

phosphorescent dopant materials to increase device efficiency, and postulated that

increased device efficiency was due to increased overlap of the excitonic wavefunc-

tions of the host and dopant materials, which allowed for increased energy transfer

from the host to the dopant [34].

This theory was extended by the group to study the effect of host/dopant energy

gaps [14, 22] wherein it was discerned that the triplet diffusion length in AlQ3 is

140±90 Å, but also that the size of the energy gap and overlap of the wavefunctions

ultimately controlled the efficiency of the energy transfer; this, and the concentration

of dopant molecules, controls the degree of triplet triplet annihilation occurring in

the system, which affects the device efficiency at high current densities, also known

as efficiency roll-off.
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Chapter 2

Magnetic field effects

The organic magnetoresistance effect is described through references to literature.

The section starts chronologically, with details of initial experiments and findings.

Following these works, the number of publications on the subject increased dra-

matically, with many groups from around the world seeking to characterise it as

thoroughly as possible; looking at changes with active material, electrodes, temper-

ature, thickness, changing hyperfine and spin – orbit effects. As such, this chapter

then moves into an arrangement by working group, where the methodology of each

working group is detailed, followed by their key experimental findings. The vari-

ous models that have been proposed are detailed as they have been described in

the literature, with particular focus on the assumptions that they are based upon.

The chapter also reviews articles where working groups have measured their results

against the various models, looking for consistency with one model which disproves

another. The current state of affairs in the research field is described as disagreement

between authors over the importance of different processes occurring in an operating

device, disagreement over proposed models for the organic magnetoresistance effect,

and conflict between models and experimental results.
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2.1 Measuring magnetic field effects

The umbrella term ‘organic magnetoresistance’ refers to the changes in the proper-

ties of an organic semiconducting material or organic device, induced by a magnetic

field. These may include any or all of the properties related to the current, lumi-

nance, and efficiency characteristics of the device. Apart from sharing a name, or-

ganic magnetoresistance is entirely unrelated to ordinary magnetoresistance, which

specifically defines the change in the electrical resistance of an inorganic material in

a magnetic field, related to the movement of electrons in the material.

The organic magnetoresistance effect is much more recent, by comparison, and the

nature and origin of the effect are much less clear. The universality of the organic

magnetoresistance effect, as measured by working groups all over the globe, is re-

markable, however direct comparison of results between groups is made complicated

by the sheer number of variables involved in testing such an effect. There are dif-

ferences in the structure and materials used in the devices, with different groups

choosing different active materials to test, and processing them differently. There

are differences in device characteristics due to different electrode materials, different

thicknesses of the active layer, different organic layers forming part of the device,

and different numbers of organic layers in one device. There are also differences

in experimental techniques, for example, measuring the change in some magnetic

field-dependent quantity at constant current, or constant voltage, or even varying

voltage and keeping the magnetic field constant. Even more difficult, there still isn’t

great consensus on the quantities to be measured in the experiment.

Most groups now publish data showing the relative increase in a quantity X due to

the magnetic field (∆X
X

), which has the general formula:

∆X

X
(%) =

X(B-field on)−X(B-field off)

X(B-field off)
(2.1)

This is plotted against magnetic field strength, though the quantity X can be the

current ∆I
I

, sometimes referred to as MR, OMR, or OMAR; the resistance ∆R
R

, also

sometimes referred to as the MR, or magnetoresistance; the current density ∆J
J

,

electroluminescence ∆EL
EL

(magnetoelectroluminescence, MEL); photocurrent ∆PC
PC

;

conductance (MC, magnetoconductance); photoconductance; voltage; or the relative

change in any one of the various efficiencies defined by those quantities, such as the

power conversion efficiency given by equation 1.1, ∆η
η

.
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2.2 Magnetic field effects in organic semiconduc-

tors

It has been known since the sixties that magnetic fields can affect excitonic spin

interaction processes occurring in organic semiconductors. In 1967, Johnson and

Merrifield found a magnetic field dependence in the intensity of delayed fluorescence,

arising from triplet triplet annihilation, that could be both positive and negative

depending on field strength [35]. It was established that the magnetic field affects

the rate of the annihilation process rather than the lifetime of the triplet excitons.

It was postulated that the magnetic field influenced the outcome of a triplet triplet

interaction by creating resonances between the triplet pair and singlet wavefunctions,

i.e. the mixing of the singlet and triplet states was affected by an external magnetic

field. It was later shown that mathematical treatment of this theory could reproduce

the positive and negative field responses [36, 37].

Following these works which demonstrated the effect of a magnetic field on exciton

interactions in anthracene, the group postulated that the quenching of triplets by

charge carriers, previously demonstrated by Helfrich [19], would demonstrate mag-

netic field dependence [38]. This was investigated by irradiating illuminated samples

of anthracene. Irradiating the sample introduced charge carriers which were known

to decrease the lifetime of the triplet exciton. The magnitude and decay of the de-

layed fluorescence was measured in an increasing magnetic field. It was found that

the magnetic field increased the lifetime of the triplets. The ratio of the lifetime τ ′(H)
τ ′(0)

increased rapidly with increasing magnetic field from 0→100 mT, but saturated at

higher magnetic fields, see figure 2.1. The magnetic field was stated to increase the

lifetime by decreasing the rate of quenching.

The theoretical modelling of the interaction process was modified from the previous

study to include the magnetic field effect on the triplet lifetime. Ern and Merri-

field assumed there were only two possible outcomes in a triplet polaron interaction;

scattering and quenching. The former carried no spin selection rules, the latter

carried the spin selection rule that the combination of triplet and polaron wavefunc-

tions must necessarily carry some singlet character. As before, the magnetic field

was stated to influence the singlet character of the wavefunctions of the interacting

triplet and polaron. The quenching rate was stated to be maximum at zero field,

and reduced at high fields as the number of interactions with possible singlet out-

come was reduced.

In 1974, Groff et al. demonstrated the magnetic field effect on the intersystem cross-

ing rate in charge transfer type excitons in organic crystals of anthracene which had

been sensitised to light absorption with organic dyes [39]. Groff et al. argued that
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Figure 2.1: Taken from [38], this figure shows the magnetic field effect on the triplet

lifetime ( τ
′(H)
τ ′(0)

) in the presence of charge carriers in crystals of anthracene, cleaved
along several different angles.

the magnetic field effect arose as an external magnetic field saturated the effects

of random hyperfine fields which acted to promote spin flipping of one of the con-

stituents of the charge transfer exciton, thus changing the state of the exciton from

singlet to triplet. This is slightly different to the mechanism described by Johnson

and Merrifield, who stated that the hyperfine field increased the singlet character of

the interacting triplet states, effectively mixing them.

The magnetic field effect on organic semiconductors was revived in the early nineties,

used as a tool to perturb other processes occurring in devices. The main focus

of some of these early articles was the photogeneration of charges, and while the

mechanism of that process was developed over several papers and authors, including

Kalinowski et al., the physical effect of the magnetic field was generally stated rather

than discussed, and never considered in detail.

The first example of this was an article [40] published by Frankevich et al. in which

the authors utilised the magnetic field effect on photogenerated singlets to study the

generation of charge carriers in poly(phenylene vinylene) (PPV) and derivatives.
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The single layer devices were constructed on a quartz surface. Aluminium or silver

contacts were used depending on the particular derivative of PPV. The magnetic

field effect was measured as the relative change in the photocurrent, ∆PC
PC

. The effect

was measured over temperatures from 100→350 K, and magnetic field strengths

increased from 0→300 mT.

Under dark injection conditions, where the only species present in the active ma-

terial are unpaired charge carriers, the magnitude of the relative change in current

was found to be less than 0.1%. This negligible effect on drifting carriers instead

suggested a magnetic field effect on the rate of photogenerated charge carriers to

the authors.

The magnitude of the relative change in photocurrent was found to have a maximum

of ∼3% for all three PPV derivatives tested. The lineshape of the magnetic field

effect matched that in figure 2.1. At a magnetic field strength of 100 mT, Frankevich

et al. found that the relative change in photocurrent through PPV and derivatives

increased with temperature from 100 K to a maximum just below room temperature,

and then decreased with an approximately Gaussian shape.

Frankevich et al. explained their results in the framework of a model involving

thermally activated polaron pair dissociation, which involves transitions between

long and short range polaron pair states and excitonic states. In this model, the

action of the magnetic field is to modulate transitions between singlet and triplet

polaron pair states through the hyperfine interaction. Differing dissociation and

recombination rates for the pair states leads to an increase of photogenerated charge

with magnetic field.

In a second study [41], Frankevich et al. studied the photocurrent through illu-

minated PPV samples doped with different concentrations of C60, subject to an

increasing magnetic field. He chose to leave samples exposed to air for varying

lengths of time and then treated the photo-oxidation products as dopants. High

bias voltages were used in these tests. Frankevich et al. observed the transient pho-

tocurrents at a constant voltage, and found that they varied considerably in samples

that had been photo-oxidised.

In samples that were exposed to air, two time-dependent components of the field

induced change in photoconductivity were resolved. A prompt component with

τp = 0.27 min, and a delayed component with τd = 3.1 min. The strength of

each component differed, and the ratio between the two depended on the level of

oxidation.

The same model was used to explain these magnetic field effects, but was complicated

by the addition of the dopant species C60, O2, and photo-oxidation byproducts to

the schematic. Frankevich et al. noted that the theoretical treatment of one aspect

of this model, which indicated an increasing reaction rate with field, contradicted

40



the results found in this paper as a magnetically increasing reaction rate would ac-

tually reduce photocurrent.

In 2003, Kalinowski et al. published observations on the magnetic field effects on

photoconductivity measurements in illuminated sandwich devices with AlQ3 as an

active layer [42]. Kalinowski et al. measured the relative change in photocurrent
∆PC
PC

at constant voltages in an increasing magnetic field, and at constant magnetic

fields with voltage increasing from 0→23 V. In the increasing magnetic field mea-

surements Kalinowski et al. found that the lineshape of the effect matched that in

figure 2.1 with a small increasing high field effect. In the increasing voltage mea-

surements, the behaviour was non-monotonic with a peak in the magnitude of the

magnetic field effect at 10 V, followed by decrease at higher voltages. The strongest

magnetic field effect occurred at an excitation wavelength of 395 nm. Kalinowski

et al. adopted the model proposed by Frankevich et al. in [40] to explain their

results, but omitted long range pair states from the model, which are only very

loosely bound. The effect of the magnetic field was maintained to be modulated

mixing between singlet and triplet polaron pair states.

In 2005, Reufer et al. questioned the notion of intersystem crossing in exciton pre-

cursors, the polaron pair states [43], specifically addressing the notion that some

spin flip mechanism may ultimately affect the formation ratio of singlet excitons

such that it is greater than 25% of the total number of excitons formed. They

investigated this through studying the time dependent fluorescence and phosphores-

cence of electrically and optically excited PPV based devices which had been weakly

doped with heavy metal atoms. Recalling that any emission of light critically occurs

through the decay of excitons, it is not immediately apparent how the group could

extract information about the polaron pair states through exciton emissions without

taking excitonic intersystem crossing into account.

The technique they used was to apply a strong electric field to the device after ex-

citation for a length of time, which they claimed ‘stabilised’ the polaron pair states

for time scales longer than the triplet formation time, such that if any transition

were to occur from the stabilised singlet polaron pair state to the triplet polaron

pair state, subsequent decay to the triplet excitonic state and thus the phosphores-

cence would be modulated by the electric field. The authors demonstrated large

field-induced modulations to the fluorescence, but field-induced modulation of the

phosphorescence was generally weaker by orders of magnitude. They concluded that

the exchange interaction, which causes the energetic splitting between singlet and

triplet polaron pair states, was too large for any spin flip mechanism to overcome.
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Application of a strong magnetic field to their devices in a different experiment

increased the intensity of both fluorescence and phosphorescence, but because, they

claimed, one was not increased at the expense of the other, this again proved the

immense exchange splitting of polaron pair states, and the action of the magnetic

field was merely to enhance the reaction yield, though they did not state through

what mechanism.

Reufer et al. asserted that polaron pair states were directly emissive, and that opti-

cal excitations could directly produce singlet and triplet polaron pair states. They

gave contradictory arguments regarding excitonic intersystem crossing between ex-

plaining their experimental findings and giving their conclusions. It is worth noting

that while this paper has been cited many times, such an experimental technique

has not been used in any later studies on the organic magnetoresistance effect.

2.3 Magnetic field effects in OLEDs

Following these works, the academic community began to question the nature of the

effect of the magnetic field in and of itself, and the mechanisms that led to changes in

the properties of organic devices. The beginning of this era of research was marked

by the publication of an article by Kalinowski et al. [44] on magnetic field effects in

OLEDs based on AlQ3.

In this study [44], Kalinowski et al. used a device structure with a hole transport

layer as well as an emissive layer, the hole transport layer was a mixture of 75%

TPD and 25% bisphenol-A-polycarbonate (PC). The OLEDs were driven at high

voltages over a small range. Kalinowski et al. found that the relative change current

density and light output matched the lineshape in figure 2.1. Once saturated, the

magnitudes of the magnetic field effects were 3% and 5%, respectively. Kalinowski

et al. found that at higher voltages the relative increase in current density did not

saturate, but dropped slightly. The effect on light output only saturated, but sat-

urated at different magnitudes depending on the voltage. He noted that the two

had similar behaviour with increasing magnetic field, and both varied with applied

voltage.
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2.3.1 The polaron pair model

The model Kalinowski et al. presented [44] follows from that described in his pre-

vious study [42], developed by Frankevich et al. In the literature it is referred to as

the polaron pair model, though a very similar model is known in spin chemistry as

the radical pair mechanism [45]. The schematic of the polaron pair model is given

in figure 2.2.

Figure 2.2: The polaron pair model. Following electrical injection into an OLED,
this schematic shows the energy levels of states involved and expected transitions
between them.

In the polaron pair model, figure 2.2, ambipolar charge (e+h) is injected thermion-

ically from the electrodes and forms triplet (3(e...h)) and singlet (1(e...h)) polaron

pairs at rates P3 and P1, respectively, in the active layer. The creation rate for

singlet polaron pair states is stated to be different from that of triplet polaron pair

states. These states may mix through the hyperfine interaction at a rate kST (or in-

verse). Singlet polaron pairs may relax through the excitonic state S1 to the ground

state S0, or dissociate at rate k−1. Triplet polaron pairs may only relax through the

triplet excitonic state T1 to the ground state, they may not dissociate. The triplet

decay rate is higher than of the singlet decay rate, thus, current is produced, for the

majority, by singlet polaron pair dissociation. The magnetic field lifts the degen-

eracy of the triplet polaron pair states and acts to mix only the singlet and triplet

polaron pairs with ms = 0, until very high magnetic fields are reached, at which

point the S0 and T+1 states are again of comparable energy to allow mixing. The

magnetic field thus increases current and electroluminescence by reducing transition

to the triplet branch of the schematic. The ratio of the population of singlet to

triplet polaron pair states affects the sign of the measured magnetic field effect.

As for the excitonic states in this model, singlet excitons can diffuse to the cathode

and dissociate, injecting electrons back into the active layer, forming part of the cur-

rent. Kalinowski et al. dismissed any triplet exciton contribution to current, citing

triplet triplet and triplet charge carrier annihilation. Singlet diffusion and cathode
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induced dissociation supposedly dominate over thermionic injection in contributing

to the current.

Conceivably, the polaron pair model could explain the temperature dependence of

the magnitude of the field effect observed by Frankevich et al. in [40], as temperature

could affect the lifetime of the pair states differently, and thus affect the steady state

population of singlet and triplet states at different temperatures, though it is not

clear why the authors expected that reducing transitions to the ms = ±1 triplet

states would reduce the net triplet population.

Kalinowski et al. did not state why polaron pairs were invoked to explain the mag-

netic field effect when the same processes could apply to excitons also. Furthermore,

intersystem crossing between the singlet and triplet excitons was completely ignored.

Clearly though, the failure by Frankevich et al. to measure a magnetic field effect

under dark injection conditions [40], proves by counterexample that the presence of

pair states and excitons are vital for a measurable increase in current with magnetic

field.

Dissociation from the triplet polaron pair state was neglected by Kalinowski et al.

as singlet polaron pairs were more ‘ionic’ in nature, with a “stronger coupling to the

ionic reaction products of separated holes and electrons.” To make this argument,

Kalinowski cited a paper by Wohlgenannt and Vardeny [46]. In this paper, and

a similar one preceding it [47], Wohlgenannt and Vardeny specifically discussed

the formation cross-sections of excitons in polymers rather than the dissociation of

excitons, or even polaron pairs, in small molecules. Wohlgenannt and Vardeny’s

logic in reference to the ionic nature of singlet excitons was that charge carriers

are ionic, and therefore the product of electron hole capture must also be ionic.

In this discussion, Wohlgenannt and Vardeny cite [48], though the reason for this

citation is not clear, considering that chemical valency and quantum mechanical

valence bond theory are not comparable. The belief of Kalinowski et al. in the

preferential dissociation of singlet polaron pairs could find justification if the energy

of the singlet polaron pair is indeed slightly higher than that of the triplet, however

the energetic separation of polaron pairs is expected to be very small due to their

physical separation.

Kalinowski et al. presented an argument for the observed voltage behaviour based

on space charge effects and the increase of charge injection from the cathode with

voltage, however the space charge aspect of the mechanism was unclear in this

article, and the voltage was only increased over 4 volts. Without a current–voltage

characteristic for the device it is difficult to know if this small increase represented

a significant change in drive conditions.
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Later, Kalinowski et al. investigated the magnetic field effect on the electrolumines-

cence efficiency of devices which had been doped with various heavy metal complexes

[49]. These complexes have increased spin – orbit coupling and therefore allow di-

rect emission from triplet states. Kalinowski et al. believed that by investigating

different molecular structures, one could investigate different processes between dif-

ferent charge species. He found that the magnetic field response of the emission

efficiency was different for the devices which had been doped, generally displaying

a much less rapid rise at low magnetic fields compared to the response of the pure

device, instead tending towards saturation at much higher magnetic fields with a

peak response at ∼500 mT. It is noteworthy that the magnetic field response of the

two doped devices was fairly similar, despite the devices featuring different dopants.

The article extensively discussed different spin mechanisms that might explain the

magnetic field effects including triplet triplet annihilation, triplet polaron annihi-

lation, and hyperfine modulation effects. Kalinowski et al. attempted to model

the different spin mechanisms to check for qualitative and quantitative consistency

between the modelled results and the experimental results and was led to believe

that only hyperfine modulation effects could explain the observed magnetic field ef-

fects, explained in the framework of the polaron pair model under certain limitations.

In 2004 Davis and Bussmann [50] performed electroluminescence ∆EL
EL

and conduc-

tance measurements on OLEDs which used AlQ3 as an active layer and NPB as

a hole transport layer. They performed most of their measurements at 100 K or

increased the temperature to room temperature. They varied and compared mag-

netic and non-magnetic electrodes, performed transient measurements at constant

voltages, and were able to access very high magnetic field strengths.

The authors found that the relative change in electroluminescence displayed two

components, a low field effect occurred below 0.1 T, which increased the magnetic

field effect rapidly, and a negative high field effect which decreased the magnetic field

effect slowly. All effects were found to be independent of field direction. Despite the

device structures being similar to those used by Kalinowski et al. [44], a negative

high field effect was not observed in that study. They found that the devices with

metallic hole injecting anodes displayed much larger high field effects as compared

to devices with ITO electrodes. They found that the magnitude of the high field

effect was reduced by temperature and high currents. The low field effect displayed

no temperature or current density dependence.

They performed transient electroluminescence measurements and found that most

of the change in electroluminescence occurred within 0.1 µs. David and Bussmann

drew comparisons between their work and the studies on anthracene conducted by

Johnson and Merrifield [37]. As the triplet lifetime in AlQ3 at room temperature

is of the order of tens of microseconds and is even higher at low temperatures [14],
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Davis and Bussmann argued that both low and high field effects could not be due

to triplet triplet annihilation between excitonic states, as Johnson and Merrifield

outlined, but between triplet charge transfer states as these have shorter lifetimes

due to their lower binding energy. In a later paper studying the low field effect [51],

Davis and Bussmann ruled out triplet triplet annihilation as a possible mechanism

for the magnetic effect.

Davis and Bussmann explained the observed current increase with magnetic field by

magnetic mixing of polaron pair states, however in this article, the authors stated

that the field increased triplet to singlet polaron pair intersystem crossing. They

stated that singlets cause less impedance to a driven device, and so conductivity

(and current) increased as impedance decreased. They explained this impedance as

a finite excitonic lifetime mediating current, but did not explain the mechanism of

impedance. Obvious mechanisms could be excitonic interaction with charge, where

charge is delayed in an intermediate reaction state for a finite time, as theoretically

outlined by Agranovich et al. [18].

Davis and Bussmann noted that there was no difference between the results of de-

vices using purified and unpurified AlQ3, however they did not specifically say which

experiments were performed to verify this.

Further investigations into the magnetic field effects on both immediate and delayed

electroluminescence and phosphorescence of AlQ3 based OLEDs and amorphous

films were completed by a group at Bayreuth in Germany in 2005 [52]. Delayed

electroluminescence was measured at low temperatures; fluorescence and phospho-

rescence were identified, and their intensity was measured in an increasing magnetic

field to determine the field effects. They found the relative intensity of the delayed

fluorescence initially increased with magnetic field then decreased from approxi-

mately 125 mT, but the magnitude of the relative increase of the phosphorescence

was negligible by comparison. The authors believed the effect could be explained

by the triplet triplet annihilation model outlined by Merrifield [36], where triplet

singlet excitonic mixing was increased by the magnetic field, which increased the

rate of annihilation.

They found that at constant current densities, the magnitude of the relative increase

in fluorescence increased with temperature, but at constant temperature, the rel-

ative intensity decreased with increasing current density. They discerned that the

magnetic field effect specifically increased the efficiency of the device. However, this

effect was not demonstrated by unipolar devices where only electrons were present.

From this, they inferred that the field did not affect the transport or injection of

electrons, but may still have affected that of holes. Further testing verified that the

magnetic field did not affect the singlet fluorescence post exciton generation, so must
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have increased the number of singlet excitons formed. Despite this key observation,

the magnetic field effect on efficiency remains largely ignored in later studies in this

field.

The group based in Iowa led by Wohlgenannt ‘discovered’ the magnetic field effect

on organic semiconductors in 2004 and released two works studying magnetic field

effects on sandwich devices based on a hole transporting polymer PFO (poly(9,9-

dioctylfluorenyl-2,7-diyl)) (Francis et al. [53]), and then the electron transporting

small molecule AlQ3 (Mermer et al. [54]). The AlQ3 was used as-bought, i.e. unpu-

rified prior to use. The Iowa group characterised the effect by varying the electrode

materials, varying the thickness of the active layers, and varying the temperature.

The range of magnetic field strengths presented was fairly limited, compared to

other studies in the literature, and changed polarity (±100 mT). The current was

measured at constant voltage and the magnetic effect was usually given as the rel-

ative change in resistance ∆R
R

, though relative change in current was also presented

in some figures.

Magnetoresistance tests were performed on PFO and AlQ3 devices with ITO / PE-

DOT:PSS anodes and calcium cathodes. The relative change in resistance was

observed to be negative and symmetrical about 0 mT, with a magnitude that in-

creased rapidly up to ∼10% at 50 mT and then began to flatten, i.e. the magnetic

field effect did not reach the saturation at high fields displayed in figure 2.1. This

corresponds to a decrease in resistance with magnetic field, or an increase in current

through some mechanism. Despite the symmetry of the effect about 0 mT, the Iowa

group continues to study the effect in both positive and negative polarity magnetic

fields to the present day. Importantly, they noted that the magnetic field effect was

independent of direction of the magnetic field.

As the voltage was not varied, it seems odd that the Iowa group would not present

the change in current ∆I
I

directly. The results presented hold the general shape of

the effect as demonstrated in previous articles in the research field, but all curves

are inverted about the x−axis.

Turn-on voltages in both studies were particularly high and varied between device

structures, ranging from 10→70 V. The lowest onsets by far were demonstrated by

devices with an ITO / PEDOT:PSS anode and a calcium cathode. Proper inspection

of the graphs reveals that in both papers, different ranges of voltage were tested at

each temperature, anodes were varied as well as cathodes, thickness of device was

varied as well as electric field strength. Some data was missed off entirely. This

makes true comparison difficult.

For both AlQ3 and PFO based devices, the Iowa group found that although increas-

ing the thickness of the active layer increased the turn-on voltage, there was no
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change in the magnitude of the magnetic response. They concluded that the mag-

netic field effect was a bulk, rather than interface effect. The authors noted that the

current–voltage characteristics followed a power law typical of space charge limited

current in the presence of traps, and that the magnetic field affected the prefactor to

the power law, further proving that it was a bulk effect. Very weak dependence was

observed when the devices were tested at different temperatures from 10→300 K,

but the effect was not discussed further. Non-monotonic changes in magnitude with

voltage were evident in some of the graphs in both papers, but were not discussed

either.

Francis et al. [53] claimed that use of a gold electrode created a hole only device, as

only very weak electroluminescence was observed. A magnetic effect was observed in

this device. Recall that the presence of electroluminescence can only occur from the

presence of singlet excitons, created by the presence of both types of charge carrier.

One device was subject to high electric field strengths of 105 – 106 V cm-1. This

may have promoted exciton dissociation which would have affected the measured

current and luminescence. This possibility was not discussed, but the relative change

in resistance displayed by this device was the only positive effect measured in the

experiment, indicating an increase in resistance with magnetic field.

Francis et al. [53] found that varying the anode or cathode material between ITO,

calcium, and gold under normal driving conditions with identical layer thickness

produced identical relative changes in resistance. The only seemingly ‘different’

device tested here was the device with an ITO / PEDOT:PSS anode, which demon-

strated a much larger magnitude of the relative change in resistance. The Iowa

group later performed tests on an ITO / PEDOT:PSS / Ca device, and claimed to

see no magnetic field effect [54].

A direct comparison of the relative change in resistance of PFO and AlQ3 devices

was presented by Mermer et al. [54], showing that the magnetic field responses of

both materials had the same functional form. Mermer et al. [54] pointed out that the

effect must be general and simple, independent of material properties, but asserted

that the magnetic field effect could not be related to recombination processes.

It was at this point that the two papers varied in magnetoresistance tests performed

on devices. Francis et al. [53] introduced impurities to the PFO devices in the form

of nickel. The impurity concentration (measured in ppm) was increased by three

orders of magnitude, but the authors found no magnetic dependence and concluded

that the effect was not related to impurities, which, as they had only tested one

type or impurity, was hardly a fair statement.

Mermer et al. [54] carried out magnetoresistance and magnetoelectroluminescence

tests as a function of constant current as well as constant voltage. In constant

voltage mode, the maximum relative change in current was ∼12% and the maximum
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relative change in electroluminescence was ∼25% at 12 V. These results were five

times higher than those in found by Kalinowski et al. [44]. It should be noted

that structures were identical in both studies, bar a PEDOT:PSS layer introduced

in Mermer’s device. In constant current mode, the relative change in voltage was

negative and had a maximum of ∼ −1%. The relative change in electroluminescence

was much larger with a maximum of ∼5%.

Aside from the conclusion that the effect must be due to charge carrier transport

(whichever charge that may be), no definite mechanisms were put forward. Some

mechanisms relevant to classical magnetoresistance in non-magnetic materials were

suggested and systematically ruled out, as the results they implied did not fit with

the results obtained in organic magnetoresistance measurements.

Wohlgenannt’s Iowa based group later published a review of the organic magne-

toresistance effect [55], this included their previously published results on PFO and

AlQ3 as well as results from devices based on other polymers and small molecules.

The list included regio-regular poly(3-hexylthipohene-2,5-diyl) (RR-P3HT), regio-

random poly(3-octylthipohene-2,5-diyl) (RRa-P3OT), polymeric 5,8-diethynyl-2,3-

diphenylquinoxaline (PPE), the platinum containing polymer Pt-PPE, and pen-

tacene. Magnetoresistance measurements were made over a range of temperatures

and voltages.

In this paper, the authors used the previous results on PFO to discuss the magnetic

field effect on electroluminescence. They noted that as the effects on the current and

electroluminescence produced the same shape, they most likely had the same origin,

despite the relative change in electroluminescence being consistently higher at each

voltage. They debated whether the magnetic field affected the electroluminescence

through the current or the efficiency. As the electroluminescence is intrinsically

dependent on the current, it should have been more difficult to draw conclusions,

though the authors concluded it was current that carried magnetic field dependence.

Device characteristics were shown to vary in each experiment and tests were not

performed systematically, though interestingly in these new devices, it was observed

that the relative changes in current and resistance could be positive or negative

depending on drive conditions. This was shown in previous papers by the group

but was not extensively discussed. Changes with temperature and voltage were

non-monotonic. In the PFO device, they noted that the transition from negative

to positive magnetic field effect was commensurate with ‘irreversible changes’ in the

device, however they did not state if transitions in the other devices were accom-

panied by device breakdown also. They stated that any model explaining organic

magnetoresistance must allow for transitions from positive to negative results, but

if this transition is the result of device breakdown, this request may be a tall order.
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The authors compared the regio-regular and regio-random polymers to test the

effect of increased disorder and lowered mobility on the magnetic field effect. They

found that the magnetic field effect on resistance was higher in the more disordered

regio-random polymer.

They compared the PPE and platinum PPE polymers to test the effect of increased

spin – orbit coupling on magnetic field effects. The authors used photoluminescence

data to calculate τISC <1 ns in Pt-PPE, which was an order of magnitude smaller

than typical values for polymers. They argued, based on Kalinowski’s idea that the

magnetic field effect would decrease the intersystem crossing rate, that larger mag-

netic fields would be needed in testing the Pt-PPE device to reduce the intersystem

crossing, thus increasing the width of the magnetic field response. No such effect

was observed, but the magnitudes of the effects were stated to be similar, and hence

a conclusion of no spin – orbit coupling effect was drawn. No new results arose from

the pentacene tests.

The Iowa group collated the relative change in resistance results for each of the

materials they had tested at room temperature, and presented the normalised ab-

solute values together in one graph for magnetic field values between ±50 mT, see

figure 2.3. They did not state at which voltage any of the plots were measured.

Figure 2.3: Taken from [55], this figure shows the magnetic field effect on resistance
at room temperature for a number of different materials. Two distinctive responses
are evident.

The materials were split into two groups, each group displayed a distinctive be-

haviour. The first, or ‘weakly saturated’ group rose reasonably quickly at low fields

then continued to increase, but at a lower rate up to 50 mT. This group was com-

prised of the materials PFO, AlQ3, Pt-PPE, and PPE. The second, or ‘fully sat-

urated’ group was formed of the remaining materials; pentacene, RR-P3HT and

RRa-P3OT. This lineshape demonstrated a much more rapid increase in absolute
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magnitude and appeared approximately fully saturated after ∼25 mT, similar to

that in figure 2.1.

The Iowa group initially showed favour to models involving pairs of electrons and

holes as a possible mechanism for organic magnetoresistance. The dipole field be-

tween such pairs is of the order of 10 mT. They also remarked on the possibility of

spin-dependent bipolaron formation as a mechanism. They noted that this mecha-

nism would be expected to be current density dependent, though only weak current

density dependence was displayed in their results.

In an attempt to study excitonic effects, the Iowa group looked at OLEDs with a

single layer of the hole transporting active material PFO where the anode used was

ITO / PEDOT:PSS, but the cathode was varied [56]. By altering the electron/hole

ratio, they hoped to alter the efficiency of the device. They repeated this experiment

later in 2008 [57] with the electron transporting material AlQ3, and again later with

AlQ3 but varying both electrodes [58]. When the majority carrier in AlQ3 was the

electron (achieved with an aluminium cathode and varying anode), they found that

the relative change in current varied over several orders of magnitude with quantum

efficiency, with the largest effect in balanced ambipolar devices. Conversely, in the

almost hole-only devices, the magnitude did not vary greatly. They argued that

the existence of an effect in a nearly single carrier device proved that the effect

survived without ambipolar transport, and therefore without excitons. The fact

that the magnitude did not vary between almost hole only and ambipolar devices

supposedly supported this claim.

Continuing the work done in [56], the Iowa group extended the experiments on

excitonic effects to include relative changes in photoconductivity under a magnetic

field [59]. Following this, the authors were able to discuss the dependence of the

magnetic field effect on charge transport. The authors previously stated that current,

electroluminescence, and photoconductivity were dependent on carrier density and

mobility, however as photoconductivity is dependent on the sum of opposite charge

carriers rather than their product, the similarity of the relative change in current

traces pointed to mobility rather than density dependence.

Though the Iowa group had not yet proposed their own mechanism by which or-

ganic magnetoresistance occurred (presumably following ‘hyperfine suppression’),

they discussed and attempted to experimentally disprove the mechanism put for-

ward by Frankevich and Kalinowski, [56]. They did this by recreating a schematic

of the mechanism and performing rate calculations based on it. Referred to as the

pair mechanism model, it included intersystem crossing between singlet and triplet

polaron pairs, some of which were inhibited by the magnetic field, though several

assumptions were made in both the schematic and in the rate equations. Following

this modelling, the Iowa group expected that in a model relying upon excitons, the

relative change in current should scale linearly with efficiency.

51



In 2006 an Ohio based group led by Prigodin studied the organic magnetoresistance

effect in AlQ3 based OLEDs [60] with identical device structures to those studied

in Iowa, over several of the same voltages as the Iowa group, and also studied

temperature dependence of the effect at a single voltage.

Although the group did not specifically define what quantity they measured in the

experiment, they found the “magnetoresistance” to be negative at all temperatures

and voltages. When comparing their results to those of the Iowa group, similar

magnitudes of the magnetic field effect were observed, though voltage dependence

varied. It is also apparent in measurements by the Ohio group that the ‘saturation’

effect (as observed by the Iowa group) changed with voltage. This could imply that

the ‘fully’ and ‘weakly’ saturated effects as observed by the Iowa group (figure 2.3)

were merely the result of differing drive conditions. Recall that only one trace was

presented by the Iowa group for each organic material, and the voltage used to

measure that trace was not stated.

The Ohio group found a decreasing effect on magnetoresistance with temperature.

This was also very different to the Iowa group who observed only weak tempera-

ture dependence. The same changes in saturation behaviour were observed in the

temperature dependence tests.

They also studied the effect of increased spin – orbit coupling by using phospho-

rescent dopants in the AlQ3 layer, namely Ir(ppy)3 and PtOEP. The authors found

that there was increased resonant energy transfer from triplets to the PtOEP over

the iridium complex. They observed greatly (by an order or magnitude) reduced

magnetoresistance in the iridium doped active layer, and no magnetoresistance in

the platinum doped active layer, concluding that increased spin – orbit coupling had

a significant effect on the magnetic field response, in comparison to the Iowa group.

Their work was continued much later in 2008, [61]. In studying sexithiophene based

devices with with different active layer thicknesses, under different biases and tem-

peratures, the Ohio group found positive and negative magnetoresistance. Similar

observations were made in AlQ3 and PPV systems. Problematically, they defined

this as the relative change in current density when the field was removed, rather than

applied. This could explain some of the voltage dependence discrepancies between

theirs and the observations made by the Iowa group described above. What we can

say about this study is that the magnetoresistance changed polarity with increasing

voltage, however the polarity change was opposite in thinner devices, and did not

occur at very low temperatures.
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2.3.2 The MIST model

The Ohio group presented a model over their articles [60, 61], referred to as the

MIST model. MIST stands for “Magnetoresistance controlled by interconversion of

singlet and triplet”. The magnetic field perturbs the spin evolution of intermediate

polaron pair states in the active layer and influences the reaction products. This is

similar to the polaron pair model presented by Kalinowski et al., however the source

of current in the MIST model is from triplet dissociation, which is temperature

dependent.

In the MIST model, spin interactions with local nuclear spins (including hyper-

fine interactions) allow intersystem crossing between singlet and triplet polaron pair

states, as does spin – orbit coupling which allows intersystem crossing by perturb-

ing the relative electron and hole spin precession rates, though this contribution is

expected to be small. When a magnetic field is applied, the degeneracy of the three

triplet levels is lifted. Spin evolution can now only convert singlet polaron pairs and

T0 polaron pairs and so the triplet to singlet conversion is reduced by two thirds.

Singlets decay faster than triplets and so if the magnetic field converts fewer triplets

to singlets, there will be an increase in triplet dissociation current, reducing the

resistance.

Positive magnetoresistance is a special case, in this instance. The dependence of

current density on exciton decay can vary with operating conditions, and crossover

in the sign of the magnetic field effect occurs between operating regimes in the drive

conditions of the device. The authors predicted further polarity changes would occur

at higher voltages, but these were not explored.

Like the polaron pair model, The MIST model relies upon the magnetic field lift-

ing the degeneracy of the triplet polaron pair states and reducing the intersystem

crossing. The Ohio group acknowledges that the Zeeman splitting of the triplet

polaron pair state is much less than the thermal energy, implying that the magnetic

field would not split the triplet energy levels such that internal transitions would

be prohibited, at least at room temperature. They also noted that their equations

predicted the intersystem crossing rate to have magnetic field dependence, which

was not considered in their deductions.

Odaka et al. published a solitary study in 2006 [62], reporting on the changes in

electroluminescence with magnetic fields of up to 50 mT in OLEDs based on AlQ3

driven at constant currents. An unusual feature of these devices was that they

included two lithium fluoride layers, one on either side of the active layer. The LiF
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layer between the active layer and the hole transport layer was varied in thickness.

The magnetic field effect was defined as the relative change in electroluminescence.

The lineshape of the magnetic field effect transitioned from ‘fully’ to ‘weakly’ satu-

rated behaviour (figure 2.3) with increasing current density and LiF layer thickness.

The magnitude also increased with LiF layer thickness, but decreased with increas-

ing drive current. In explanation of the effect of increasing lithium fluoride layer

thickness, the authors discussed possible chemical changes to the surrounding mate-

rials, but did not provide any modelling. It was stated that no magnetic field effect

was demonstrated on photoluminescence. This suggested to the authors that the

role of triplets in the magnetic field effect was a vital one.

Observations of the magnetic effect on resistance in single layer OLEDs were pub-

lished by a group working at the University of Tennessee led by Hu [63] in 2006.

Their device structure consisted of an ITO anode with a PPV based active layer and

an aluminium or gold cathode. They performed measurements at constant voltage

in forward or reverse bias in magnetic fields up to 150 mT. It was not specifically

stated how charge was introduced into the reverse biased devices.

The authors did note that no magnetic field effect was observed below the threshold

voltage for electroluminescence, and so concluded that the effect must be related to

the excited states.

The Tennessee group observed that the magnetic field effect has a lower magnitude

under forward bias for both metal electrodes, with a ‘fully’ saturated lineshape

(figure 2.3). They found a non-monotonic relationship between the magnitude of

the magnetic field effect on the resistance and voltage, with a peak in the magnitude

at very low current density.

They believed that two separate processes could account for their observation of

a bias-dependent magnitude; either a change in carrier/exciton ratio, or changes

in the position of the electron/hole capture zone. They acknowledged that car-

rier spin flipping could occur through hyperfine interactions and as a result of spin

– orbit coupling. They also acknowledged four spin dependent processes through

which field-dependence could occur: singlet to triplet intersystem crossing, singlet

and triplet dissociations, triplet to singlet conversion through triplet triplet annihi-

lation, and triplet carrier reactions.

2.3.3 The secondary charge carrier model

Later, the Tennessee group presented the secondary charge carrier model in a more

coherent form [64]: There are two contributions to current; singlets, which they
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believe dissociate more readily than triplets, dissociate and increase the number

of charge carriers, though these are dubbed secondary carriers. Triplets increase

the number of secondary charge carriers through triplet carrier reactions, which

are subdivided into quenching events, reactions that cause triplet dissociation, and

triplet dissociation at the cathode, though they believed this particular contribution

to be negligible. Secondary charge carriers may drift and form space charge at the

electrodes, modulating the injected current. Singlet and triplet contributions to the

number of secondary charge carriers will differ thanks to their differing properties.

When a magnetic field is applied, Zeeman splitting reduces intersystem crossing by

only allowing singlet to triplet transitions with ms = 0. The Tennessee group state

that singlet dissociation and triplet carrier reactions yield components with negative

and positive polarity, respectively, in the overall magnetic field effect. Thus, the

overall sign of the magnetic field effect is tuned by the ratio of the population of

singlet and triplet excitons.

The Tennessee group explored the effect of spin – orbit coupling in their devices

[65] soon after the first paper. Two device structures were investigated; in the first

a phosphorescent dopant, Ir(ppy)3, was added to the active layer (poly (N-vinyl

carbazole), PVK) of their devices. In the second device structure, the phosphores-

cent material was added to the device as a pure layer situated between the PVK

and the cathode, and the thickness of the emissive layer was varied. Using the first

structure they observed that magnetic field effects on current, electroluminescence

and photocurrent were greatly reduced with increasing concentrations of dopant,

something also observed by Prigodin et al., and the effects disappeared completely

in pure Ir(ppy)3 devices. In the second device structure, the magnetic field effects

on the current and electroluminescence decreased with decreasing thickness of the

PVK layer. This was justified in the paper through the spin – orbit coupling effect

on Zeeman splitting, however queries about this justification were raised by Lupton

and Boehme in Utah [66], who contested that there was no evidence that spin –

orbit coupling can affect the Zeeman splitting.

The group at Tennessee also noted the observation of negative as well as positive

magnetic field effects on the resistance, depending on the thickness of the active layer

in [64]. When the active layer was very thin, the relative change in resistance was

negative, though the magnitude of the negative component decreased with increasing

thickness of the active layer, turning the magnetic field response entirely positive

when the active layer was over 150 Å thick. The authors stated that a negative

magnetic field effect on the resistance (increased current with field) occurred when

the exciton/charge carrier ratio was high, i.e. there was unbalanced ambipolar

injection and maximum exciton charge reaction. Positive relative change in the
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resistance (decreased current with field) occurred when ambipolar injection was

balanced, and so the exciton/carrier ratio was low, increasing the probability of

exciton dissociation over charge reaction. This may be counterintuitive however as

the increase in the singlet population induced by the magnetic field should increase

the dissociation current, and our understanding of the secondary charge carrier

model is that this would cause a negative magnetic field effect on the resistance.

In a later paper efforts were made by the Tennessee group to clarify the role of

polaron pairs and excitonic states [67]. Using PFO, it was noted that a magnetic field

affected both photocurrent and electroluminescence, but not photoluminescence.

This was in contradiction to studies performed by the Queen Mary group, which

are discussed later. As photoluminescence largely involves excitonic states while the

other experiments largely involve polaron pair states, the Tennessee group inferred

that magnetic field effects occurred purely between polaron pair states.

The opposite field dependencies of triplet and singlet effects were difficult to prove

directly, though the group demonstrated opposite polarity effects on photocurrent

for two materials believed to have high singlet or triplet densities, MEH-PPV and

P3HT respectively. A transition from positive to negative magnetic field effect was

also demonstrated on the electroluminescence when an increasing thickness of insu-

lation layer was introduced between the active layer and the cathode. The authors

believed this layer modified the charge carrier to exciton ratio, and thus the ratio of

secondary to primary charge carriers. The magnetic field was believed to increase

the number of triplets formed from these secondary charge carriers, thus reducing

the electroluminescence. It is worth noting that the basis of this model remains that

singlets dissociate more readily than triplets.

2.3.4 Lorentzian fitting of spin interaction processes in or-

ganic magnetoresistance

The introduction of the Lorentzian fitting equation

In their review on the subject of organic magnetoresistance [55], the Iowa group

had collated the relative change in resistance results for each of the materials they

had tested at room temperature into two groups, figure 2.3. The first, or ‘weakly

saturated’ group rose reasonably quickly over 50 mT. This group was comprised of

the materials PFO, AlQ3, Pt-PPE, and PPE. The second, or ‘fully saturated’ group

was formed of the remaining materials; pentacene, RR-P3HT and RRa-P3OT. This

lineshape demonstrated a much more rapid increase in absolute magnitude and was

approximately fully saturated after ∼25 mT. They went on to plot the relative

change in current results for PFO and RR-P3HT on a log – log plot against B
T

, and

performed data fitting of the two curves, see figure 2.4.
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Figure 2.4: Taken from [55], this figure shows the magnetic field effect on current
at room temperature for two different materials. The two distinctive responses are
fitted using two fitting functions.

The PFO data and normalised data from materials in the weakly saturated group

was fitted using the following equation, which is referred to in the literature as the

specific non-Lorentzian equation:

∆I

I
=

(
∆I

I

)
max

(
B

(B +B1)

)2

(2.2)

Where (∆I
I

)max denotes the fractional change in current extrapolated to infinite field,

and the constant B1 denotes the quarter-saturation field, 5.89 mT.

The RR-P3HT data and normalised data from materials in the fully saturated group

was well fitted by an equation similar to 2.2, referred to in the literature as a

‘Lorentzian’ equation:

∆I

I
=

(
∆I

I

)
max

(
B2

(B2 +B2
2)

)
(2.3)

Where B2 is the half-saturation field, 5.15 mT. Equation 2.3 followed from some

simple theories of classical magnetoresistance, though recall that these mechanisms

were previously dismissed by the group [54]. Indeed, when the authors used these

mechanisms to predict mobility in organic semiconductors they found a nonsensical

result. How equation 2.2 was derived was not mentioned. No physical significance of

either equation or saturated group was discussed. These two equations only worked

to fit data far from the transition region where the relative change in resistance
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changes polarity. Recall that it was implied that this transition may be the result

of device breakdown.

Deriving the Lorentzian equation from the hyperfine interaction

The universality of previous results in the research field and the common local

environments in each material suggested nuclear spin involvement to the authors.

This extended a notion expressed by many authors in the research field: that the

magnetic field effect was on the same scale as the hyperfine interaction, and that this

could therefore be fundamental to whatever mechanism caused the magnetic field

effect. Following this, the Iowa group demonstrated that the Lorentzian equation 2.3

they had given previously [55] was a solution to the Hamiltonian of spin dynamics

induced by the hyperfine interaction [56]. Recall that in their previous paper, this

equation was stated to arise from classical magnetoresistance. The specific non-

Lorentzian equation 2.2 remained empirical.

Following the derivation of the Lorentzian equation, The Iowa group used either of

equations 2.2 and 2.3 arbitrarily to fit their own data, and the data two third par-

ties where the results were discussed in the framework of the hyperfine interaction.

Good fits between the Lorentzian or specific non-Lorentzian function and the third

party data were used as further proof that the effect was indeed due to hyperfine

interactions, which seems an inductive argument. It should be noted that the data

that was fitted was presented on a magnetic field strength scale of just 0 – 50 mT.

The authors cited a paper [68] in which an equation was derived relating the sat-

uration field of a process, B0, to hyperfine coupling constants for nuclei with spin
1
2
, equation 2.4, where aH,i are hyperfine splitting constants for individual hydrogen

nuclei, i.

B0 =
√

3

(∑
i

a2
H,i

)1/2

(2.4)

They compared their measured B0 values to values derived from this equation,

noting inconsistencies and contradictions between the two which they could not

explain, but did not question before concluding that hyperfine interactions were

indeed responsible for organic magnetoresistance. They believed that the magnetic

field suppressed the hyperfine interaction by ‘pinning’ the spin orientation in the

Zeeman splitting.
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Following their theoretical work indicating the importance of the hyperfine interac-

tion [56], The Iowa group attempted to experimentally prove the role of the hyper-

fine interaction by performing relative change in current measurements on devices

without hydrogen [69]. They used the electron-transporting material C60 as an ac-

tive layer. The hydrogen hyperfine interaction was considered, by the authors, to

be absent here, though the hyperfine interaction should apply to any nucleus with

non-zero magnetic moment. Note that the absence of hydrogen in this material tech-

nically dictates that it is not an organic semiconductor, and there are several other

properties of C60 that make it different from other organic semiconductors such as

superconductivity, both band and hopping transport, and its lack of luminescence.

The authors used a variety of electrode materials and claimed to see no magnetic

field effect on the current in ITO / C60 / Ca / Al, and Au / C60 / Ca / Al devices.

It is known that C60 does not transport holes, and so the lack of a magnetic field

effect cannot be entirely attributed to the absence of hydrogen, as the absence of

pair states must also be considered. Interestingly, when the anode was replaced by

PEDOT:PSS, a magnetically-induced increase in the current was observed over all

operating conditions except at low temperature and high voltage, where the mag-

netic field effect was negative. The positive traces were reasonably well fitted by

equation 2.2. The authors very responsibly then went on to test if the observed effect

was due to PEDOT:PSS and found that devices with pure PEDOT:PSS active lay-

ers displayed a negative magnetic field effect. Recall that the Iowa group previously

observed no magnetic field effects in PEDOT:PSS based devices [54]. Contrary to

the evidence at hand, the authors inferred that PEDOT:PSS was the sole cause of

the magnetic field effect in the PEDOT:PSS / C60 device, and did not acknowledge

the role that C60 had in reversing the polarity of the effect, furthermore stating that

hydrogen was a necessary prerequisite for organic magnetoresistance.

Deriving the Lorentzian equation from the spin – orbit coupling

In early 2007, the Iowa group published a paper [70] where they attempted to clarify

the role of spin – orbit coupling on the organic magnetoresistance effect. As well as

presenting identical AlQ3 data from [54], they performed relative change in current

measurements on devices comprised of Ir(ppy)3. They tested the effect over a few

temperatures. The two materials have similar chemical structures, however the

heavy iridium atom introduces an increased spin – orbit coupling.

Because the group changed their experimental techniques after [54], direct compari-

son of materials is near impossible. What was clear from the presented data was that

the relative change in current lineshapes of the materials differed at high magnetic

fields. The material with increased spin – orbit coupling displayed a much lower
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magnitude of magnetic field effect, similar to the observations of the Ohio group

[60], but they also observed a negative high field component which the Iowa group

naturally attributed to the spin – orbit coupling. All of this is in comparison to the

observations made by the Tennessee group [65], who saw no magnetic field effect in

a pure Ir(ppy)3 device, however the Iowa group acknowledged this and implemented

a more sensitive detection technique for the signal. This negative component in

strong spin – orbit coupled materials was noted again by the group in later mea-

surements on devices based on PtOEP [69], in comparison to the Ohio group who

saw no magnetic field response in devices with PtOEP. The Iowa group noted that

in this material, the low field positive component was overcome by the high field

component at higher voltages, though this was not commented upon.

By considering the Hamiltonian of spin dynamics induced by the hyperfine interac-

tion and spin – orbit coupling, the Iowa group derived equation 2.5 as a solution

[70].

∆I

I
= A3

(
B2

B2 +B3
2

)
+ A4

(
B2

(|B|+B4)2

)
(2.5)

Equation 2.5 is a linear combination of equations very similar to equations 2.2 and

2.3. The first term was expected to be the hyperfine term, with magnitude A3

and saturation field B3 in an external magnetic field B. The second term was

expected to be the spin – orbit term, with magnitude A4 and saturation field B4 in

an absolute external magnetic field |B|. Both terms were expected to be positive and

the hyperfine term was expected to dominate as spin – orbit coupling in organics

is weak. Equation 2.5 produced good fits to the Ir(ppy)3 results [70], but only

when the spin – orbit term was allowed to be negative. The magnitude of each

term in the fitting was also unexpected, as the second term dominated. The Iowa

group also noted the lack of temperature dependence in these processes, though they

argued that this may be overcome when the equation was included as part of a more

complete model of organic magnetoresistance.

In 2007 the group based at Queen Mary, led by Gillin, published their first paper

on the subject of organic magnetoresistance [71], specifically studying the changes

in current and efficiency in electrically driven bilayered devices with AlQ3 active

layers and TPD hole transport layers. Various cathode materials were tested and

compared at identical current densities. Although other groups had found that that

the organic magnetoresistance effect fundamentally changes efficiency [52, 56] as well

as current through devices, this group was the first, apart from preliminary studies
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on the relative change in quantum efficiency [44] to study the change in efficiency

directly, though no definition of efficiency was actually given.

The Queen Mary group implemented a method to better calculate the current at

null field, which corrected for device drift. The group also noted the symmetry of

OLED behaviour in polarity-reversed magnetic fields and performed measurements

in positive fields only, up to 300 mT. Device currents were measured at constant

voltages. It was found that there were no measurable magnetic effects below the

threshold for light output, and so it was concluded that the magnetic field effect was

intimately linked to the presence of excitons in the device.

The Queen Mary group found positive changes in current and efficiency. The relative

change in current demonstrated weakly saturated behaviour, the relative change in

efficiency demonstrated fully saturated behaviour (see figure 2.3). Devices with dif-

ferent cathode materials displayed identical behaviour at identical current densities

with a reduced magnitude. The results indicated an increase in singlet concentration

and current when a field was applied, which implied to the group an increased rate

of intersystem crossing from the triplet to singlet excitonic states with ms = 0. They

acknowledged that this had been shown to occur through the hyperfine interaction.

Cathode dependence was explained simply through improved charge injection from

reduced injection barriers.

The Queen Mary group also studied thickness and voltage (current density) depen-

dence in AlQ3 devices with LiF / Al cathodes [72]. They found positive changes in

efficiency over all thicknesses tested. Increasing current density in devices reduced

the magnitude of the relative change in efficiency slightly, though the lineshape was

maintained. When measuring relative changes in current, they found that in very

thin devices, the magnetic field effect was negative. This effect was overcome by in-

creasing current density. Two competing components were observed in thin devices

with different magnetic field dependencies. In thicker devices, increasing the current

density increased the magnitude of the magnetic field effect on current at high fields.

The dependence of magnetic field effect on increasing thickness was also studied by

the Iowa group [53, 54]. They found that it affected turn-on voltage, but in direct

contrast to the observations made by the Queen Mary group, the Iowa group found

no effect on the magnitude of the magnetic field effect, though this may be due to

an insufficient range of thicknesses tested.

2.3.5 The triplet polaron interaction model

The Queen Mary group, having demonstrated that the organic magnetoresistance

effect appeared closely related to the onset of the formation of excitons, considered

the effect of triplet excitons on charge transport through the system. The result

of this was the triplet polaron interaction model. Acknowledging that increased
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current density increases the triplet concentration, triplets can then interact with

charge carriers through scattering and quenching mechanisms. This reduces the mo-

bility of the charge carriers and thus, the application of a magnetic field increases

charge mobility through reduced triplet concentration, and through magnetic field

dependent rates of reaction when triplets and polarons interact, described in this

thesis in the introductory chapter. The model proposed by the Queen Mary group

draws heavily on the results proposed by Ern and Merrifield [38], that intermediate

states in the triplet carrier interaction carry field dependence, and that high mag-

netic fields increase the dissociation rate of these states, increasing mobility. This

model was also expected to have temperature dependence through changes to the

triplet lifetime, though this was not verified experimentally at this stage. The ef-

fects of spin – orbit coupling are also expected in this model through changes to the

triplet population, though this was not tested either at this stage. The Queen Mary

group initially expected triplet triplet annihilation to be insignificant in this model,

based on the polarity of magnetic field effect it would produce.

Triplet diffusion to the cathode may contribute a negative component to the mag-

netic field response of the current in the device, under this model, though this can

only occur in sufficiently thin devices where the diffusion length is comparable to the

active layer thickness. At the cathode, triplet excitons may dissociate. The holes

are absorbed by the cathode but electrons are released back into the active layer.

Under the influence of the field, the population of triplet excitons is reduced, and

so is their contribution to the current, producing a negative magnetic field effect on

the current. This was proved by the addition of an exciton blocking layer in their

devices that prevented triplets from approaching the cathode. Subsequently, posi-

tive relative changes in current were observed at all thicknesses and at all voltages

in these devices.

This group’s studies continued by performing relative change in current measure-

ments on illuminated device structures identical to the previous structures [73].

Here, the magnetic field effect was observed at all voltages, not just above turn-on,

though the polarity of the magnetic field effect changed with the driving conditions.

Below the turn-on voltage for the device, the magnetic field effect was attributed to

the optically induced excitons in the active layer.

A solitary article was published in 2008 by a group based in Taiwan [74]. This study

detailed measurements on illuminated structures with ITO / PEDOT:PSS anodes,

P3HT and P3HT+PCBM active layers. At the short circuit current, the magnetic

field only affected the illuminated pure P3HT layer, and produced a negative effect
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on the current. The magnitude of magnetic field effect increased up to just below

the open circuit voltage, then turned positive before the effect diminished to zero

when the device turns on. These polarities were opposite to those found by the

group at Queen Mary. The Taiwan group did not study higher voltages, but did

support exciton processes as a possible mechanism for the magnetic field effect.

Later, further work was done by the group at Queen Mary on this particular subject,

testing illuminated devices in reverse bias [75]. A positive magnetic field effect on

current was found at all biases with a negative-going linear component evident at

high fields. The negative component had constant slope at all biases. The group

deduced that in reverse bias, the charge carrier transiting the active layer was the

hole, whilst in forward bias between the open circuit voltage and the turn-on voltage,

it was the electron. The opposing polarity of these terms implied that they have

opposite field dependencies, and so at high fields the hole mobility was decreased,

and the electron mobility was increased by the magnetic field.

In 2008, the Queen Mary group furthered their proof that the organic magnetore-

sistance effect was related to excitons by performing measurements on a hole trans-

porting material, TPD [76], similar to those performed by the Iowa group [53]. The

group varied the cathode material, which varied the current densities over several

orders of magnitude, however no magnetic field effects were observed until light emis-

sion occurred from the active layer. The relative change in current was observed to

have a very low field negative component and a positive high field component, which

was attributed to exciton dissociation at both electrodes. Interestingly, the relative

change in efficiency measurements performed on this device did not saturate at high

fields, as the bilayer ambipolar devices did.

The Queen Mary group studied the effect of spin – orbit coupling [77] by basing

devices on a series of group III quinolates, increasing the mass of the central ion

from aluminium, to gallium, to indium. They measured the relative changes in

current and efficiency as a function of device thickness and current density.

They found that the relative changes in efficiency were approximately the same for

each material at each thickness and current density, with approximately the same

behaviour of a rapid initial rise followed by saturation, however the lineshape varied

slightly. The data were well fitted by an equation of the form:

∆η

η
= A5

(
B2

B2 +B5
2

)
+ A6

(
B2

B2 +B6
2

)
(2.6)

Equation 2.6 is similar to the equation presented by the Iowa group, equation 2.5

for fitting the relative change in current, without the specific non-Lorentzian (equa-

tion 2.2) term. Equation 2.5 was associated with hyperfine interactions and spin
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– orbit interactions, though the two terms in this equation are not associated with

specific spin mixing interactions. Nonetheless, each of the two terms contributes

a magnitude An to the relative change in efficiency with saturation field Bn in an

external magnetic field B. The Queen Mary group found that the B5 value varied

with material, however the B6 value was not well defined, varying with material,

active layer thickness and current density.

The variation in the relative change in current with increasing spin – orbit coupling

was much more dramatic. The AlQ3 devices demonstrated weakly saturated be-

haviour which was fitted by equation 2.6 plus a linear term, but GaQ3 and InQ3

were approximately linear with field. The authors suggested that the magnetic field

dependent triplet carrier interaction in these materials was weaker, that the trapping

was reduced and so the Lorentzian terms were missing. It was clear to the authors

that the process governing the change in current was separate to that governing the

change in efficiency. At very low fields, odd features were observed in the relative

change in current data from some of the GaQ3 and InQ3 devices over a range of

current densities that seem to have an odd thickness dependence also. The authors

did not explain this.

A negative magnetic field response was observed in the current though the thin

GaQ3 and InQ3 devices, following the same behaviour as in the thin AlQ3 devices,

though thin and even thinner devices were required to achieve the same results,

respectively. This was explained as the increased spin – orbit coupling reduced the

triplet lifetime, which in turn, reduced the diffusion length.

2.3.6 The bipolaron mechanism

A possible mechanism for the organic magnetoresistance effect observed by the Iowa

group was finally produced after collaboration between the Eindhoven and Iowa

groups in late 2007 [78], and was extended more analytically by Wagemans et al. in

Eindhoven in 2008 [79]. These theoretical papers presented the bipolaron mechanism

and how it is responsible for the effect on current and consequently the effect on

resistance. The group did not work consistently to study the magnetic field effect

through changes in current or resistance, and so care must be taken when considering

their observations.

Nonetheless, the bipolaron mechanism is based on field dependent spin blocking

of single charge carriers, specified to be electrons in the second paper. The energy

penalty for forming a doubly occupied site (bipolaron) is approximately equal to the

energetic width of the density of states at a hopping site. During hopping transport,

a bipolaron can form if a polaron hops to a site already occupied by a polaron

with anti-parallel spin. Bipolarons are necessarily spin singlet. Two approaching
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polarons with parallel spin are blocked from forming a bipolaron by the exclusion

principle. Bipolarons can block the transport of further charge on to the site, as

the site is fully occupied, analogous to the mechanism of spin blocking described in

figure 1.10a. The spin orientation at any particular site is governed by the local field,

which is the sum of the random hyperfine fields and any external field, thus, the local

field can be different at two neighbouring hopping sites and may allow spin flipping

of a transiting polaron as the spin precesses around the changing local hyperfine

field [80], which will factor into the probability of creating a bipolaron. When the

local hyperfine field is saturated by an external magnetic field, this will decrease

the probability of spin flipping and therefore decrease the probability of forming

a bipolaron as the number of polarons with parallel spin is increased. Thus, the

magnetic field increases the current through the device by decreasing the formation

of site-blocking bipolarons. The density of bipolarons is determined by the branching

ratio, which is the ratio of the rate of polaron hopping to an already occupied site

(and forming a bipolaron) over an empty site. Bipolarons can only be formed at

sites with particularly low energy, and the number of low energy sites is increased

with increasing voltage.

In the more analytical second paper, they found that Monte Carlo simulations of

transport in the presence of bipolarons could produce positive and negative mag-

netic field effects; the positive occurred when the branching ratio was small, and

the bipolarons block the transport of electrons. The negative occurred when the

branching ratio was large. They also found that the inclusion of spin flipping during

a scattering event reduced the magnitude of the relative change in resistance, which

was in agreement with previous studies of strongly spin – orbit coupled molecules

made by the Iowa group.

During Monte Carlo simulations of charge transport in the presence of bipolarons,

the collaborators found that under no bias, the relative change in resistance was neg-

ative, and fitted the lineshape of equation 2.3. Transition to equation 2.2 lineshape

was achieved through increasing the hopping rate. They found that the simulations

were in agreement with their experimental findings on temperature dependence, and

that the relative change in resistance changed polarity with increasing voltage, which

was expected by the authors.

The applied physics group at Eindhoven continued this work by studying real devices

with AlQ3 active layers and ITO / PEDOT:PSS anodes (Bloom et al. [81]). They

measured the current–voltage characteristics and capacitance at different tempera-

tures, and the relative change in resistance at different voltages and temperatures.

This work was later repeated by the Eindhoven group, without the temperature de-

pendence, measuring the magnetoconductance in a polymer [82]. Just as the Iowa
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group, this group found that the relative change in resistance could be positive or

negative, and this was voltage and temperature dependent. Notably, they found that

the transition from positive to negative magnetic field effects occurred congruently

with the point on a log – log current–voltage characteristic when behaviour deviated

from linear. This transition voltage decreased for increasing temperature. In the

polymeric studies, they identified three operational regimes in the current–voltage

characteristics, the first corresponded to Ohmic leakage current. Capacitance mea-

surements were used to determine that the second was diffusive unipolar transport

(of majority carrier holes), and the third was drift transport of ambipolar charge

carriers. It was the transition between the second and third regimes — the onset of

minority carrier injection — that correlated with the sign change of the magnetic

field effect on current. A magnetic field effect below the point of ambipolar charge

injection was used as evidence against the excitonic models, however it should be

noted that this effect has only been observed in devices containing PEDOT:PSS.

The Eindhoven group believed that the different charge carriers may have differ-

ent field dependencies, thus they modelled the total magnetic field effect based on

two contributing magnetic field dependent currents. Bloom et al. [81] assigned

contributing proportions from their plots of relative change in resistance against

voltage, and then applied the fits to their plots of relative change in resistance

against magnetic field strength. The fits are poor, which is odd considering that it

is the same data in both plots. Oddly, it was also found that the polarity of the

contribution from each charge carrier was reversed between AlQ3 and the polymer,

and that all the magnetic field effect traces in the polymer paper could be fitted

with equation 2.2, not just the unipolar fits. Bloom et al. stated that the bipolaron

mechanism was the only model proposed that could explain positive and negative

magnetic field effects.

In a later paper, the Eindhoven group gave a mechanism by which they explained an

increase in the net current through a device with a magnetically induced decrease

in the mobility of the minority charge carrier [83]. The mechanism involves an

increase in injection of majority charge carriers through decreased coulomb repulsion

between the charge carriers, but critically relies upon an Ohmic contact for injection

of minority charge carriers moving towards space charge limited injection at higher

voltages.

Following their previous study [81], the Eindhoven group performed measurements

on an AlQ3 device at a variety of temperatures, at one voltage [84]. The relative

change in resistance was positive at low temperatures (negative effect on current),

and negative at high temperatures (positive effect on current). Upon fitting these

curves with equation 2.2, they found that the B0 parameter changes abruptly with

the sign change. This was attributed to a temperature dependent branching ratio.

Low temperature decreased the probability of long range hops, increasing bipo-
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laron formation. This was consistent with their analytical work on the changes in

the branching ratio. They also stated that the coefficients of the power laws for

the current–voltage characteristics varied with temperature. Previously, this group

drew parallels between the sign change of the magnetic field effect on current and

deviation from power law behaviour [81]; both were attributed to onset of ambipolar

transport. Strangely though, it appears from their current–voltage characteristics

that when the devices are operated at both extremes of temperature (which have

opposite polarity in the magnetic field effect) they are actually both operating in the

same power law regime. This point was not discussed further, however this changing

power law coefficient and B0 variance suggested to the authors that there must be

some temperature dependence in charge transport, and that positive and negative

magnetic field effects on current are fundamentally different effects.

Of the models for organic magnetoresistance presented thus far, only three are com-

monly considered in the literature. In an effort to determine the correct model out

of the three — the [polaron] pair mechanism model, the triplet polaron [interac-

tion] quenching model, and the bipolaron mechanism — in 2008 the Iowa group

performed charge induced absorption spectroscopy on PFO sandwich devices [85].

They obtained peaks that they attributed to triplet excitation and polaron excita-

tion.

They then performed the spectroscopy in an increasing magnetic field and measured

the relative changes in triplet density, singlet density (through electroluminescence),

polaron density, and the relative change in current. They found that all of these

quantities increased. The polaron and singlet traces were approximately equal in

lineshape and magnitude, as were the current and triplet traces, though these were

lower in magnitude.

The authors claimed that these results disproved the excitonic models, as these rely

upon the increase of one type of exciton at the expense of another, and that it did

not prove, but did support the bipolaron mechanism.

In 2008 the Darmstadt group worked to increase the organic magnetoresistance effect

through ‘electrical conditioning’ of PPV devices [86]. In this process, devices under

forward bias were subject to high current densities for long periods of time. This

was seen to improve the magnitude of the relative increase in current, though at

any particular voltage, null field current densities were reduced by a factor of 10,

and reduction in the luminance was also observed, though at comparable currents

before and after conditioning, the electroluminescence did not change. The authors

attributed this to the conditioning-induced generation of traps within the active

layer [87]. These traps were explained to reduce the mobility of free carriers and
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supposedly increase the lifetime of possible ‘reaction centres’ in the frameworks of

the polaron pair, bipolaron or triplet polaron interaction models. At high voltages,

these traps were said to be filled. These changes were reversible with annealing and

traps could be overcome with near-IR light.

Later, the Darmstadt group studied the magnetic field effects on current and elec-

troluminescence in PPV in 2009 [88]. The authors always found positive effects on

the current and electroluminescence at all drive voltages, thicknesses and temper-

atures. In both studies by this group magnetic field effects were dependent upon

drive conditions. There was no magnetic field effect before device turn-on, but the

maximum magnetic field effect on current was concomitant with initialisation of a

magnetic field effect on the electroluminescence. As the balance of charge carriers in

a device was perturbed, the magnetic field effect was reduced. In unipolar devices

where no light output was observed, no magnetic field effects were observed.

The Darmstadt group discussed the mechanism for organic magnetoresistance with

reference to the models discussed thus far, the polaron pair mechanism, the triplet

polaron interaction model and the bipolaron mechanism, suggesting that the mech-

anisms may coexist, but that dominance shifted with changing drive conditions,

however the discussion included a number of self-contradictory or flawed arguments

regarding the formation and dynamics of singlet and triplet pair states.

Another attempt to discern the correct model was made in 2008 by the group at Utah

led by Vardeny, who measured the magnetic field effect on current and electrolumi-

nescence in polymer/fullerene derivative blends [89]. They believed that transport

of electrons and holes was separated in these blends, preventing polaron pair for-

mation, and enhancing bipolaron formation. By varying the blending concentration

and voltage, several magnetic field dependent components were distinguished.

Normal magnetic field effect on current traces were observed in unblended pure

devices that had voltage dependent polarity. With increasing voltage, the magnitude

of the magnetic field effect increased then decreased, following previously observed

non-monotonic behaviour. The onset of a positive magnetic field effect correlated

with the turn-on voltage of the devices and electroluminescence. The magnetic

field effect on the electroluminescence from these devices was always positive and

followed the shape of the normal magnetic field response. In blended devices, the

normal magnetic field response disappeared and was replaced by a negative response,

with a positive high field component at higher voltages. This was present in the pure

devices also, but was weak compared to the normal response.

The low field positive response in pure devices was attributed to the presence of both

types of charge carrier in the active layer forming polaron pairs, the disappearance

of the high field response with blending was also attributed to polaron pair states,
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but different to those responsible for the low field response: charge transfer states

with different gyromagnetic ratios.

A negative magnetic field effect on current was also observed in blended unipolar

devices, and was attributed to bipolaron formation, though no specific mechanisms

were given for any of the components.

The ambipolar versus bipolar debate was continued by a group based in Brazil in

2009 [90]. The group utilised the material properties of non-organic materials such

as doped silicon to create immense injection barriers for one electrode in OLED

type device structures dubbed ‘true’ electron only or hole only. Current–voltage

characteristics demonstrated that the devices indeed showed leakage currents, but

no clear turn-on. This lends credence to their notion that these devices are indeed

truly unipolar, as opposed to supposedly unipolar devices presented by groups such

as the Iowa group, which demonstrated turn-on voltages and definite electrolumi-

nescence. The Brazil group found that ambipolar devices demonstrated very large

magnetic field effects on the current, of the order of 300%, though unipolar devices

(where one would expect only single charges or bipolarons to be present) showed no

magnetic field effects.

The magnetic field effect on blended devices was also investigated by a group at

Chongqing in China, who studied the magnetoconductance of photovoltaics both

in the dark and under illumination [91], finding both positive and negative effects

depending on drive conditions.

From the behaviour of the effect with increasing current density, they believed there

were two components to this magnetic field effect. The negative effect was dominant

and believed to be due to space charge limited current, but no actual mechanism for

the effect of the magnetic field was given. The lack of current density dependence

in the dark in this study was inconsistent with the bipolaron model, they stated, as

they expected this model to have current density dependence. The positive effect

was stated to be due to magnetically decreased intersystem crossing, which increased

conductance through the greater propensity to dissociation of singlets. The slight

decrease in the effect at high fields was explained by increased intersystem crossing

from S0 → T+1 states, an argument previously given by Kalinowski et al.

The Chongqing group repeated current and electroluminescence measurements on

AlQ3 based diodes at a variety of temperatures [92–94]. While the magnetic field

effect on current was always positive and increased with increasing drive voltage,

it was found that the electroluminescence (and therefore the efficiency) peaked and

then displayed a negative high field component, which was consistent with the results

of Davis and Bussmann [50]. The high field component in this study becomes more

dominant with bias voltage and decreasing temperature.
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Very high voltages were used to observe the effects because of the low temperatures.

The authors believed that different processes must account for the field induced

changes in current and efficiency. Both low field effects were attributed to field

induced reduction in intersystem crossing rates, meaning an increase in the singlet

polaron pair concentration, these pairs would dissociate into free charge carriers, or

recombine and emit light. High temperature effects were stated to be reliant upon

changes (decrease) in the triplet lifetime, consistent with triplet triplet annihilation,

where the magnetic field decreases the reaction rate.

The negative high field effects on efficiency were fitted using a model based on triplet

triplet annihilation, which was consistent with the results of Davis and Bussmann

[50]. Using devices doped with a fluorescent material [95], this group were able

to prove that the high field effects on electroluminescence were consistent with the

effects of triplet triplet annihilation. Despite referring to the studies of Johnson and

Merrifield [37] who observed a similar high field effect in anthracene, the Chongqing

group gave no mechanism for the physical effect of the magnetic field.

This issue was addressed, however, in the next paper from the Chongqing group

which studied the magnetic field effect on the current in doped and undoped devices

[96]. The group utilised many fluorescent dopants of differing band gaps in this

study. They found that the magnitude of the effect on the current was greatly re-

duced in doped devices, and that this effect increased as the band gap of the dopant

decreased. The shape of the magnetic field effect was not significantly changed be-

tween the doped and undoped devices, the authors inferred that the mechanism of

the magnetic field effect was the same in both materials. The authors discussed

the effect of the magnetic field suggested by the Hu and the Tennessee group [64]

in several places, that the field reduced intersystem crossing, and current then in-

creased by increased singlet dissociation, and stated that charge trapping was a

separate mechanism for controlling the magnetic field effect. Under fixed constant

current conditions, some excitons would be trapped on dopants, and so fewer dis-

sociations would occur. The result of this was that the magnetic field effect on the

current in the doped devices would be of lower magnitude. In [94], the Chongqing

group stated that they believed triplet charge annihilations would be insignificant.

Amongst other reasons, they believed that the triplet charge annihilation process

increased the amount of charge in the device, thus a magnetically induced decrease

in the annihilation rate constant would decrease the current, which conflicted with

experimental observations.

Further to the work of the Darmstadt group [88], who suggested that the bipolaron

and triplet polaron interaction mechanisms can coexist in a device, the Eindhoven

group adapted the modelling of the bipolaron mechanism to allow excitons to cause

the same effects on the resistance as bipolarons [97], ultimately producing results
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with both Lorentzian (equation 2.3) and the specific non-Lorentzian lineshape of

equation 2.2. This is an important result in this paper, apart from restating all

the observations from [80]. It is important to stress that the lineshape of equa-

tion 2.2 only arose as the result of a sharp transition in the branching ratio from

the Lorentzian lineshape, though the authors did not give any physical reasons for

such a transition, other than suggesting material differences causing a change in the

bipolaron formation rate. Note that the equation has, to date, still not been derived

from first principles.

2.3.7 Evidence of multiple components in organic magne-

toresistance

Aside from the previously demonstrated need to fit organic magnetoresistance data

to equations with multiple terms [70, 77], evidence for multiple components in or-

ganic magnetoresistance was presented by the group at Queen Mary in 2009 [16].

The group first performed temperature dependent photoluminescence measurements

on powdered samples of purified AlQ3. Exponential decay of the luminescence signal

after laser excitation was explained as being due to intersystem crossing from the

generated singlet excitons into the triplet state, however this decay was not visible

at temperatures greater than 120 K. During statistical modelling, it was found that

a back transfer process from triplets to singlets was necessary in order to reproduce

the experimentally found decay rate. This back transfer process featured an Ar-

rhenius temperature dependence, and explained the temperature dependence of the

photoluminescence. They did find, however, that the activation energy for such a

process was much smaller that the energy separation between the triplet and singlet

states, and gave a mechanism through which these contradicting results could be

reconciled, excited state absorption. As the emission wavelength of the singlet state

is congruent with the absorption wavelength of the triplet exciton into the T2 state

and this is an allowed transition, triplet to singlet intersystem crossing may proceed

from the higher energy T2 state to the lower energy S1 state. The overall model for

intersystem crossing between the excitonic states in AlQ3 was detailed in figure 1.9.

Rate equations to determine if the inclusion of the ESA mechanism could accurately

reproduce the photoluminescence decay rate and singlet triplet energy separation

were not performed.

To experimentally determine the effect of a magnetic field on the intersystem cross-

ing rate, the group measured the relative decrease in photoluminescence in magnetic

fields up to 150 mT and found that the magnetic field increased the intersystem

crossing rate by ∼10%. The group did not find any significant temperature de-

pendence in this effect over the temperature range studied, from 100→250 K. The
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relative decrease in photoluminescence curves were fitted to a linear combination of

two Lorentzian functions as in equation 2.6 with two Bn saturation fields, 3 mT and

28 mT. As the Lorentzian lineshape was shown by the Iowa group to be derivable

from a spin interaction process [70], the Queen Mary group suggested that the ac-

curate fitting of the data by a double Lorentzian was evidence that two magnetic

field dependent processes were in effect in this experiment. The group noted that

these values were similar to those found in a previous electroluminescence exper-

iment also performed by the Queen Mary group [72], where the low field process

was found to dominate the overall lineshape by a factor of two, in contrast to the

photoluminescence response which was dominated by the high field process. Draw-

ing parallels between the majority pair states generated by electron injection and

photogeneration, the Queen Mary group argued that the processes represented by

the low and high saturation fields were intersystem crossing between polaron pair

states, and excitonic states, respectively.

Further evidence for multiple components in organic magnetoresistance was pre-

sented by a group in Finland led by Österbacka [98]. They performed relative change

in resistance tests in the dark at constant currents on diodes and bulk heterojunc-

tion solar cells (BHSCs) [99] in magnetic fields of up to ±300 mT. The principle of

this study relied upon reduced polaron pair formation and increased exciton dissoci-

ation in blended materials. The group tested devices with several different blended

materials, hoping to test the magnetic field effects as a function of the coefficient of

polaron pair formation, and therefore identify if the effect was due to an ambipolar

or bipolaron process.

The Finland group only observed a magnetic field effect after the diode had turned

on. Typically, they found positive relative change in resistance (negative change

in current) that increased in magnitude with current, though the lineshape also

changed with increasing current. They noted that the lineshapes of their results

did not fit with either equation 2.2 or 2.3 at high fields and high current densities,

suggesting that the fitting equations proposed by the Iowa group may only apply to

special cases of organic magnetoresistance. Recall that the majority of curves fitted

by the Iowa group were only shown to be fitted up to 50 or 80 mT [56, 69, 100],

despite some graphs being presented showing magnetic field effect data in fields of up

to 300 mT, [55, 70]. Good fits up to 300 mT were only achieved by the Iowa group

when using a fitting equation with two terms, equation 2.5, [70]. This suggested

multiple components to the Finland group.

The Finland group found that the absolute magnitude of the the magnetic field effect

in diodes with different blends increased with the coefficient of polaron pair forma-

tion, which indicated to them that the magnetic field effect was dependent upon

the formation of polaron pairs, rather than the rate. Further to this, the authors
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claimed to find no magnetic field effect in a blended solar cell under dark injection

conditions, which led them to further state that the magnetic field effect was there-

fore not related to excitons, though this is hard to verify due to the resolution of

the figure.

A group based in Changchun in China performed work in collaboration with Hu in

Tennessee studying the magnetic field effect on current and magnetoelectrolumines-

cence (MEL) on AlQ3 based devices at pulsed voltages [101]. They did not study

the changing response to an increasing magnetic field, but instead opted to measure

the relative increase at a set magnetic field of 200 mT with increasing voltage, hop-

ing to associate changing operating conditions and hence changing polarity of the

magnetic field effect with changing magnetic field effect mechanisms.

Their studies showed a transition in the sign of the magnetic field effect on current

from negative to positive concurrent with the onset of light output from their devices

(1.6 V) and a sign change of positive to negative magnetoelectroluminescence at

approximately 7 V. They argued that the different voltages at which the magnetic

field effect on current and magnetoelectroluminescence polarity inversions occurred

was evidence that the two effects arose from separate processes. This group was the

third to observe negative relative changes in electroluminescence, as well as Davis

and Bussmann [50], and Chongqing [92, 93, 95], though apart from [95] where devices

were doped, this article was the first to observe the effect at room temperature. The

presence of a magnetic field effect on current below the turn-on voltage for the device

was in direct contrast to the results of the Queen Mary group, but was consistent

with the sign inversion in magnetic field effect found by both the Eindhoven group

[81, 82] and Vardeny [89]. Thus, they attributed the negative magnetic field effect

on current to the bipolaron mechanism, the positive magnetic field effect on current

(and decreasing magnetic field effect on electroluminescence) to the model involving

secondary charge carriers developed by Hu et al. [64], and the negative magnetic

field effect on electroluminescence to triplet triplet annihilation.

Later, the Changchun group performed similar pulsed transient electroluminescence

measurements with and without a constant magnetic field to study the field effect

on mobility and recombination (here referring to the emission of light) by paying

particular attention to the multiple components of the transient electroluminescence

response [102]. The Changchun group performed these measurements on devices of

the same structure as in their previous study [101], in the regime which previously

showed positive magnetic field effects on current and electroluminescence, and indeed

the magnetic field effects here were positive.

This study was dependent upon the notions that the delay time between the applica-

tion of the pulse to the ambipolar device and the deviation from the baseline of the
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rising edge of the electroluminescence signal (of the order of microseconds) was de-

pendent upon the carrier mobility, and that the falling edge of the signal was related

to recombination in the device. They further divided the falling edge into two com-

ponents, the fast component was said to be from pre-existing singlet exciton decay,

the slow component was said to be from undefined “bimolecular recombination”.

The Changchun group found no measurable differences in the mobility between the

field-on and field-off measurements, and concluded that the magnetic field had no

effect on the mobility of charge carriers. The authors acknowledged that using this

particular experimental set-up they were unable to verify or disprove the effect on

mobility due to excited states postulated by the group at Queen Mary, as this part of

the measurement was performed before excitons were formed in the device, however

the inconsistencies of this result with the bipolaron mechanism were not noted by

the authors. In the falling edges of the signal, the magnetic field had no measurable

effect on the fast component, but differences were observed in the slow component.

The Changchun group modelled the slow decay to obtain a recombination coeffi-

cient, and concluded that the magnetic field reduced the recombination coefficient.

It is worth noting that the authors did not immediately state if these devices repro-

duced the negative magnetic field effects observed after 7 V in their previous paper

[101], but did later imply that the magnetic field effect had the same sign up to 15 V.

A different group based in Utah led by Boehme used altogether different techniques

to probe the mechanisms behind organic magnetoresistance, which were mostly

based on spin resonance. In their first article on the subject [103], the group was

the first to demonstrate pulsed electrically detected magnetic resonance (pEDMR)

in organic conjugated polymers. Drawing heavily on the results given by Reufer

et al. [43] which argued against the possibility of intersystem crossing between

polaron pair states, Boehme’s group performed pEDMR measurements on OLEDs

using MEH-PPV as an active layer, where they studied the electroluminescence of

the devices and their photovoltaic responses at zero bias.

In electron spin resonance (ESR) measurements, a magnetic field is used to polarise

electron spins before a weak orthogonal magnetic field (a component of a microwave

field) resonates the electron spin. pEDMR is an extension of this, the resonance is

pulsed at timescales relevant to the effects believed to be occurring in the devices,

and detected electrically as a change in current. The authors hoped to manipu-

late the population of singlet and triplet polaron pairs in a device, and measure

this manipulation through the current in the device. This was dependent upon the

schematic that they presented in this study, figure 2.5, that begins with photogen-

erated singlet polaron pair states, 1(e...h). The singlet polaron pair can then relax

through the singlet excitonic state S1 at rate ks to the ground state S0 with no

production of free charge; or dissociate at rate dPP S, which produces free charge
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(e+h); or intersystem cross to the triplet polaron pair state 3(e...h). From here, the

triplet polaron pair state can dissociate at rate dPP T , or relax through the triplet

excitonic state T1 at rate kT , to the ground state. It was the intersystem crossing

spin nutation that the Utah group believed they could control. Detection of this

effect was dependent upon the notion that there was increased dissociation when

the population of singlet polaron pairs was increased.

Figure 2.5: The Boehme schematic used to analyse pEDMR results, also show-
ing the transition between polaron pair states that is modulated during a pEDMR
measurement.

Initial results detailing the transient change in photocurrent after pEDMR was ap-

plied showed a decrease in current followed by an increase. The results were con-

sistent with this schematic and their proposals, however they were also consistent

with the triplet polaron interaction model [71] where triplet polarons decrease the

mobility of charge carriers. Initially, Boehme’s group expected that the hyperfine

field would have a strong dephasing effect on the electron spin, however none was

observed. The authors went on to apply longer microwave pulses during the mea-

surement, and observed a sinusoidal component to the change in current, which

they attributed to controlled oscillation between singlet and triplet polaron pair

states. This was dubbed Rabi spin nutation. Modelling this oscillation, the authors

derived a relaxation time for the electron spin of 0.5 µs. As this time was longer

than the lifetime of excitonic states, the authors concluded that spin mixing was not

responsible for organic magnetoresistance in electrically driven OLEDs.

A later paper published by Boehme’s group reviewed the benefits of the new tech-

niques, comparing them to pre-existing techniques such as ESR, EDMR and ODMR

[104]. This article also presented pEDMR studies in MEH-PPV OLEDs that had

been electrically excited. Accordingly, they observed a transient increase in the cur-

rent, followed by a decrease. Further analysis was made of these observations later

[105] where the authors increased the resolution of the Rabi spin nutation exper-

iment to discover that when the strength of the magnetic field component of the

microwave field was increased, the frequency of the subsequent transient oscillation
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in current was actually composed of two components. A Fourier transform of the

data showed that one of the components was twice the frequency of the other com-

ponent. In the previous study, the authors found that the results of the pEDMR

experiment could be fitted by two components. This, they argued in the later pa-

per, arose from the two constituents of the polaron pair, the electron and hole. The

separation of their responses in the pEDMR experiment was related to the different

hyperfine fields experienced by the constituent polarons, they argued. They cal-

culated the difference to be 1.1 mT in both the pEDMR and Rabi spin nutation

experiments. Thus, in the pEDMR experiment, as the strength of the magnetic

field component in the microwave field was increased, only one of the spins in the

polaron pair would resonate until the magnetic field strength was increased beyond

the difference in the hyperfine field strength, at which point nutation between the

singlet and triplet polaron pair states could proceed at twice the original frequency

because both constituents in the polaron pair could resonate.

Boehme’s group gave further discussion on the effect of the hyperfine interaction in

organic systems [106] and made the remarkable observation that despite there being

an immense magnetic field applied to the system that was two orders of magnitude

greater than the hyperfine field, the external field does not shield or saturate the

effect of the hyperfine field. The effects of the hyperfine field were still distinguishable

in their data.

The group performed theoretical modelling of the effects they had been observing

using rate equations for the schematic in figure 2.5, [107]. Under the experimental

set-up, the system was subject to the same resonance as in their previous papers and

at the end of the microwave pulse the current through the system was measured.

The system would return to equilibrium conditions, and under the schematic this

should occur through intersystem crossing of polaron pairs over a certain timescale.

Statistical modelling revealed a lower limit to the intersystem crossing time of 10 µs

at low temperatures (15 K). It is worth noting that the modelling does not include

intersystem crossing between excitonic states.

A paper comparing magnetic field effects between materials with different isotopes

was published in 2010 by Vardeny’s group at Utah [108]. This is an important study

as the hyperfine interaction will be altered by the changes in the nuclear spin, mass

and gyromagnetic ratio offered by deuteration. As the majority of the magnetic field

effect that is organic magnetoresistance occurs on a hyperfine scale, it was assumed

by most groups that the hyperfine interaction causes the spin flip required for most

proposed mechanisms of organic magnetoresistance. Vardeny’s group aimed to elu-

cidate that assumption by performing three different magnetic field effect studies;

optically detected magnetic resonance (ODMR) on thin films, organic magnetore-

sistance on OLEDs, and giant magnetoresistance studies on organic spin valves;
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all based on a protiated and partially deuterated polymer. To clarify the point of

partial deuteration, the backbone of the repeating unit of the polymer chain had 8

protons which were replaced by deuterons, however the side groups of the repeating

unit featured 68 protons, which were not replaced. Photoluminescence spectra for

the two polymers demonstrated no great chemical shift. The authors gave the ratio

of the hyperfine coupling constant a, between hydrogen and deuterium to be 6.5,

i.e. aH
aD

= 6.5. They cited [109] for this value, however proper inspection of this

reference reveals that the figure of 6.5 they have given in the paper was actually the

ratio of gyromagnetic ratios. According to [109], the hyperfine coupling constant is

also dependent upon the mass. From this, one calculates the ratio to be aH
aD

= 13.

The ODMR technique is a magnetic resonance experiment that uses a microwave

field to excite polaron spin states, and detects changes in photoluminescence. Though

details are not given regarding the expected effect of the hyperfine interaction in

this technique, presumably the hyperfine field was to be saturated by the exter-

nal magnetic field and alter the width of the magnetic field at which resonance

could occur. Vardeny’s group found that the deuterated polymer gave a narrower

width of resonance. Direct comparison of the widths of the resonant magnetic fields

in the two materials gave a ratio δBH

δBD
= 1.7, however this ratio was stated to be

smaller than expected. The group performed modelling of a single spin interaction

process between a polaron spin and the hyperfine field where it was assumed that

the wavefunction of the polaron spreads over the hyperfine field of 10 protons in

both materials. They produced a figure quantifying the hyperfine coupling constant

in hydrogen and used the previously cited ratio of 6.5 to calculate the hyperfine

coupling constant in deuterium. Using these figures, the wavefunction spread over

protons and an “inhomogeneous broadening term”, the group produced fits which

approximately reproduced the full width at half maximum and magnitude of the

resonance peaks, however the characteristic lineshapes of the curves appeared lost.

The authors claimed the reproducibility proved the validity of their model.

The group also performed modelling of the relative change in the magnitude of

the photoluminescence curves. Comparing the “intrinsic photoluminescence ratios”,

they found PLH

PLD
= 1.4, which they attributed to the shorter polaron pair recombina-

tion rate in the deuterated polymer, resulting in an increased spin diffusion length.

How this result was physically related to the magnetic field effect on the photolu-

minescence was not made clear, though several mathematical quantities used in the

modelling were discussed and compared.

Next, Vardeny’s group completed magnetoelectroluminescence studies on H and D

based polymer OLEDs. They performed studies on devices with various layer thick-

nesses at constant voltages from 0→3 V, in magnetic fields up to 300 mT. They

specifically stated that they believe that light was emitted from the singlet polaron

pair state, which can intersystem cross to the triplet state. Excitons are not men-
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tioned. Nonetheless, for D and H devices with almost identical magnetoconductance

behaviour, they found that the saturation magnetic field value for the D–polymer

device was smaller than that of the H–polymer. They characterised a full width half

maximum value for the saturation field, B1/2. The differences in magnitude were

not discussed, though the data they chose to publish, and the style in which they

presented it is worth discussing, see figure 2.6.

Figure 2.6: Taken from [108], this figure shows the magnetic field effect on the
electroluminescence of H and D based polymer OLEDs at two different scales (a,b),
the changing characteristic saturation field B1/2 (inset in a), and the modelled data
(c,d).

In figure 2.6 they present only one magnetoelectroluminescence plot from each ma-

terial for one voltage, 2.5 V (a). This featured both the D and H curves, but only

up to a magnetic field strength of 45 mT from a testing range of up to 300 mT.

A separate plot (b) shows the same curves at fields up to just 2 mT, where both

plots show some negative low field behaviour. Both figures showed the data as lines

rather than points, implying extraordinary resolution in their measurements. They

found that the B1/2 values of D and H were approximately linear with electric field

strength (inset in figure 2.6a) and stated the ratio between them to be
B1/2

H

B1/2
D = 2 at

low electric fields, though it appears from the plot that this ratio decreased at higher

electric fields. They calculated expected B1/2 values using an empirical equation,

2.7, resulting from the interaction of pairs of radical ions [110]. This equation relates

78



the hyperfine coupling constant, a, to the saturation field of a magnetic field effect,

B1/2, and nuclear spin, I :

B1/2 = 2a[I(I + 1)]1/2 (2.7)

Values for a were calculated from fits to the ODMR data, and were substituted into

this equation, wherein it can be seen that the saturation field of an effect is also

related to the nuclear spin, I. Thus, substituting their previously given coupling

constant ratio and the nuclear spin values, the ratio of saturation fields between

a protiated and deuterated sample was expected to be 4, or possibly 8 according

to [109]. The B1/2 values found for the magnetoelectroluminescence response were

6 mT and 3 mT for hydrogen and deuterium, respectively. The ratio is thus higher

than expected by a factor of 2.

Vardeny’s group drew attention to a small negative low field magnetoelectrolumines-

cence response (figure 2.6b), dubbed SMEL. They found that the magnetic field at

which the highest magnitude of small magnetoelectroluminescence occurs, |B|max,
was also isotope dependent, with a ratio |B|max

H

|B|max
D = 3.5. It is worth considering that

since small magnetoelectroluminescence appears to be the result of two competing

processes of opposite polarity, |B|max may not be the best quantity to characterise

the effect as it will change depending on the strength of the competing process.

Nonetheless, the authors postulated that if magnetoelectroluminescence was due to

a decrease in the intersystem crossing rate between polaron pair states, small mag-

netoelectroluminescence, which is negative, may be due to an increase. In order to

explain this increase, Vardeny’s group hypothesised coupling of both electron and

hole spin to the nuclear spins to increase the number of energy levels upon Zeeman

splitting and increase the number of level crossings that would allow intersystem

crossing, though the consequences of this at higher fields were not discussed. Mod-

elling of the magnetoelectroluminescence used a Hamiltonian for spin interactions

between two polaron spins and two nuclear spins, this produced fits (figure 2.6c,d)

where parameters could be manipulated to reproduce the positive and small negative

responses. Direct comparison of the modelled fits (figure 2.6c,d) to the data (fig-

ure 2.6a,b) is complicated by changes of scale, though it is obvious that lineshapes

are not well reproduced. The ratio of modelled |B|max values, |B|max
H

|B|max
D = 2.5.

Finally, Vardeny’s group compared giant magnetoresistance responses of the proti-

ated and deuterated polymers forming active layers of organic spin valves. They

found positive responses for both devices, but a much higher magnitude of response

in the deuterated device with a slightly reduced width of magnetoresistance re-

sponse. Fitting of the curves allowed the group to calculate a spin diffusion length

for the two materials, which was found to be 49 nm in the deuterated material, and

16 nm in the protiated material, with a ratio of the saturation fields B0
H

B0
D = 2.5.
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Aside from these observations, the behaviour of the organic spin valves is not well

characterised, with changing parameters such as voltage, temperature and device

thickness. The authors gave some discussion as to the insights that deuteration had

provided in organic spin valves, however none of it was discussed in the context of

the hyperfine interaction.

To summarise this article, the authors used three techniques to gather data on the

magnetic field responses of one protiated or partially deuterated organic polymer.

The authors initially characterised the magnetoelectroluminescence data using a

simple full width half maximum value for the saturation field, but later used mod-

elling to calculate saturation fields for deuterated and protiated responses. The

ratio of the protiated saturation fields to the deuterated saturation fields was ap-

proximately 2, in all three experiments described. The ratio they expected was 4.

Vardeny’s group concluded that they had demonstrated that the effect of the hyper-

fine interaction was of utmost importance in the magnetic field effects on organic

semiconductors.

A small negative effect on magnetoelectroluminescence was observed in combination

with a small negative effect on magnetoconductance in a later letter [111] published

by Vardeny’s group. Wisely dropping the SMEL acronym, these small negative ef-

fects, observed at magnetic fields less than 10 mT were referred to wholly as ultra

small magnetic field effects (USMFEs). This study tested ambipolar devices con-

sisting of both polymers and small molecules, wherein it was claimed that most

materials demonstrate USMFEs in both magnetoconductance and magnetoelectro-

luminescence, before mathematical modelling of the effect was carried out. Unipolar

tests were also carried out on devices based on a polymer where device structure had

been altered to give apparently tunable charge polarity. Devices were made using

the active materials MEH-PPV (ambipolar and unipolar, either electron or hole),

and in the purely ambipolar regime PFO, H-DOO-PPV, D-DOO-PPV, C13-DOO-

PPV, AlQ3, tetracene, pentacene, rubrene, and several fullerenes. Of these multiple

devices, very few data sets were shown, though particular attention was paid to

D-DOO-PPV and H-DOO-PPV to compare the effect of altering the hyperfine cou-

pling constant; MEH-PPV to compare the effect in unipolar and ambipolar devices

and PFO and rubrene, which we must assume were randomly selected for compar-

ison from the multitude of other materials. It is interesting that they have chosen

to show the data from only one small molecule based device. They did not state

which (if any) of the devices based on these materials did not show any USMFE.

They found that in ambipolar devices, the normal magnetoconductance was posi-

tive, with a negative USMFE at around 1 mT, while in unipolar devices, the normal

magnetoconductance was negative with positive USMFE around the same magnetic

field strength.
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Under constant voltage conditions, using an experimental setup capable of recording

magnetoconductance up to 300 mT, the paper showed magnetoconductance data

between ±30 or 40 mT. The authors used two values to characterise the normal

and USMFE magnetoconductance responses: B1/2, the B-field at half width half

maximum, and |B|max, the B-field at which the magnitude of the USMFE was

greatest. As in their previous paper [108], the quantities they chose to characterise

the effect may not have been as defining as the authors hoped.

The authors believed that both normal and USMFE effects were characteristic of

a single mechanism, mixing between singlet and triplet spin sublevels of polaron

pair or bipolaron pair states, which proceeds via the hyperfine interaction. It was

not described how one can create a triplet bipolaron, as this would violate the

exclusion principle. The authors claimed that both B1/2 and |B|max increased with

increasing hyperfine coupling strength, though few details were given regarding how

these constants were calculated. They further claimed that the hyperfine interaction

was stronger for electrons than holes, as B1/2 and |B|max were larger for electrons

in a study on unipolar devices, though this reasoning is equally vague. Experiments

were carried out as a function of temperature and voltage, though the experimental

range of those variables appears limited and comparison is difficult.

Modelling of the USMFE was performed by Vardeny’s group by considering the

Hamiltonian of a polaron pair state that oscillated adiabatically between singlet

and triplet states. This could occur at B = 0 where energy levels are degener-

ate, though oscillation was stated to decrease with increasing field strength due to

Zeeman splitting. Mixing might increase again at some level crossing of energy

levels when the magnetic field strength is equal to the exchange interaction, which

is small. This was believed to account for the opposite polarities of the USMFE

and normal responses. This is confusing however as the existence of an exchange

interaction separation between states implies an energetic difference between sin-

glet and triplet energy levels at B = 0, and the oscillation would therefore not

be adiabatic. It was noted that level crossings at larger magnetic fields generally

only occur between triplet states. The modelling also requires “symmetry-breaking

behaviour” such that singlet and triplet polaron pair states would have different con-

tributions to conductance. The source of this symmetry breaking was not explained.

In 2010, the group at Queen Mary sought to quantify the effect of a magnetic field

on mobility in unipolar and ambipolar OLEDs through dark injection measure-

ments [21]. This group previously demonstrated that the introduction of excited

states into a material reduced the mobility of charge carriers [112]. They did this

by introducing a DC offset into a dark injection measurement. This group had

also demonstrated that a magnetic field increased the intersystem crossing between

triplet and singlet excitons [16]. This paper demonstrated that a strong magnetic
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field (500 mT) increased hole mobility in ambipolar devices where excitons were

shown to be present, with no (within experimental noise) change in the mobility in

unipolar devices, where no excitons were present. The mechanism of the triplet po-

laron interaction model, first described in [71], was outlined in detail in this paper.

The author went on to discuss the inconsistencies between this result and models

that rely upon magnetic field induced changes in the dissociation and recombination

rate. Oddly, data was also presented showing a field-induced improvement to the

mobility in ambipolar devices where the offset voltage was lower than the turn-on

voltage for the device, i.e. where no excitons should be present. Some discussion was

made about the high voltage of the measurement itself, which may have introduced

excitons into the sample, however the authors stated that this result and the slight

effect of the magnetic field on unipolar device mobilities may be explained by the

bipolaron model.

Very recently in the literature, a new way of analysing the various models pro-

posed to explain organic magnetoresistance was realised by the group at Eindhoven.

While Monte Carlo simulations have proved useful in the past for modelling pro-

cesses occurring in organic semiconductors, the stochastic Liouville equation [113]

offered a quantum mechanical approach to the same problem. The stochastic Liou-

ville equation is not new, in fact it was introduced in the sixties [114] to describe

the quantum theory of an optical maser. An equation of similar form, though not

named as such was used by Johnson and Merrifield [37] to study delayed fluores-

cence arising from triplet triplet annihilation in anthracene crystals. In the present

paper it was adapted to study many magnetic field dependent spin interactions that

might have an effect on the current in an OLED. Thus, the authors referred to this

revered equation as a ‘master equation governing system dynamics’. The reader is

referred to this paper for the definition of the equation and an explanation of the

terms. Following presentation of the equation, the authors then systematically ex-

plained how they had adapted the terms of the equation to define the magnetic field

dependence of the rate of certain spin interaction processes within various models.

The spin interaction processes they chose to study were related to, but not specifi-

cally descriptive of the named mechanisms proposed in the literature (shown here in

square brackets). These were the rate of bipolaron formation [bipolaron model], the

recombination rate of polaron pairs [polaron pair, MIST model], the rate of triplet

quenching by trapped charges [triplet polaron interaction model] and the rate of

triplet triplet annihilation. In the two former modellings it was possible for the

authors to model ∆I
I

directly, however in the latter two cases this was not possible.

The authors instead used the modelled reaction rates to conjecture upon their effect

on current. In all cases, a schematic representation of the interaction was drawn up

by the Eindhoven group where two states of a pair of charge species are allowed to
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mix by the hyperfine interaction. This treatment of the models of other working

groups is not dissimilar to the method used by the Iowa group [56] where the authors

performed rate equations on their interpreted version of the polaron pair model.

Parallels are drawn by the authors between the schematics of that they have de-

signed to base their modelling upon and previously named mechanisms for organic

magnetoresistance; however the schematics are precisely that: designed by the au-

thors. This is particularly so in the case of modelling of triplet polaron quenching.

The schematic that has been given for the interaction and the description given

by the Eindhoven group of that interaction is completely unlike any description of

quenching given in any of the literature presented thus far in this thesis.

Modelling of the effect on current or reaction rate proceeded after extensive assump-

tions or simplifications were made. Modelled results often showed only limiting cases

and the authors were unable to define the magnetic field dependence of any process.

Following their results, the authors were unable to make any definitive statements

about the validity of any of the models. It was evident, however, that modelling of

processes produced lineshapes that were approximately Lorentzian in shape. Though

the stochastic Liouville tool may indeed prove useful in future, it is possible that

the extensive assumptions and oversimplifications made by the authors in order to

use it rendered the results of such modelling meaningless.
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Chapter 3

Experimental methods

In this chapter, the growth and testing of devices will be described. The stages of

device growth will be detailed, including the patterning of ITO anodes on substrates,

the synthesis and purification of materials, and the workings of the Kurt J. Lesker

SPECTROS evaporation system. The apparatus and experimental set-up for the

various device measurements and experiments will be described, including current–

voltage, voltage–luminance and efficiency characterisation, film thickness measure-

ment, electroluminescence spectroscopy, and magnetoresistance measurements.
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3.1 Material fabrication

Most of the organic materials used in devices in this thesis were purchased from

Aldrich. These included sublimed grade Ir(PiQ)3, which was used as-bought, and

TPD and AlQ3, which were purified by train sublimation prior to use.

The deuterated material AlQ3-d18, however, had to be fabricated in a two stage pro-

cess, and later purified by vacuum sublimation. In the first stage of the process, the

hydrogen atoms in ordinary protiated 8-hydroxyquinoline, purchased from Aldrich,

were substituted by deuterons. This was achieved in a high pressure, high temper-

ature reaction with acetone-d6 in the presence of D2O and a palladium catalyst. It

was found that the pressures and temperatures required for the reaction could only

be achieved by use of a teflon coated high pressure chamber, or ‘teflon bomb’. The

procedure for this stage was a variation on the procedure of Tong and Hwang [115].

The Teflon coated high pressure bomb contained a Teflon stirrer bead, it was charged

with 8-hydroxyquinoline (1 g), D2O (13 ml), acetone-d6 (2 ml) and a Pd/C catalyst

(10% Pd, 0.5 g). The bomb was then heated in a silicone oil bath at a temperature

of 200 ◦C with stirring at an estimated pressure of 30 – 40 bar for 48 h. The deuter-

ated 8-hydroxyquinoline product was isolated by extraction into ethyl acetate, then

recrystallised from hexane. The product was characterised by mass spectrometry

and 1H and 13C NMR spectroscopy.

In the second stage of the process, the deuterated 8-hydroxyquinoline was reacted

with an aluminium salt in a solution from which the AlQ3-d18 precipitated. The

solution used was a methanol/water mixture, the salt was aluminium chloride. The

equation for the reaction is as follows:

3 HQ-d6 + AlCl3 
 AlQ3-d18 + 3 HCl

As this is a reversible reaction, a high molar ratio of deuterated 8-hydroxyquinoline

to aluminium and an ammonia buffer were required to drive the reaction towards

the desired product. The associated buffer reaction:

3 HCl + NH3 −→ NH4Cl

The best yields were found when a 5:1 ratio of deuterated 8-hydroxyquinoline to

aluminium was used.

The resultant AlQ3-d18 was purified by vacuum sublimation, at ∼10-7 mbar at a

temperature of ∼230 ◦C and characterised by mass spectrometry to ensure there

was no proton exchange during the synthesis, this showed that it was 97% deuter-

ated.
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3.2 Device fabrication

3.2.1 Photolithography

The OLEDs used in this thesis were all based on small molecules. They were grown

by thermal evaporation on to cleaned glass substrates, pre-patterned with ITO an-

odes.

To pattern the substrates, glass with a pre-deposited layer of ITO 125 nm thick was

purchased from Merck, then cut into squares of side 20 mm. The sheet resistance

of the ITO surface was ∼13 Ω/�. The substrates could then be patterned using

photolithography. First, the substrates underwent the standard cleaning procedure.

The standard cleaning procedure comprises twice scrubbing the substrates with

detergent and pure water, sonication for 15 minutes in detergent solution, 3 repeats

of 3 rinses in ultrapure water and 5 minutes sonication in ultrapure water, followed by

2 repeats of 5 minutes sonication in acetone, and 2 repeats of 5 minutes sonication in

chloroform before drying the substrate using a nitrogen gun. Following the standard

cleaning procedure, the ITO surface of the glass substrate was spin-coated with

photoresist, which was then cured for 15 minutes in an oven at 90◦ C. The photoresist

covered ITO surface was then exposed to UV light from behind a mask patterned

with the anode arrangement. The UV light degraded the exposed photoresist. The

substrates were then immersed in a developing solution of sodium hydroxide, this

removed the degraded photoresist, leaving the anode pattern of photoresist coating

the ITO covered surface. The substrates were then immersed in an acid solution

of 50% water, 48% hydrochloric acid and 2% nitric acid at 50◦ C to removed the

uncoated ITO from the surface of the glass. The complete removal of non-pattern

ITO from the glass surface was checked using a microscope and multimeter. The

substrates could then be sonicated in acetone to remove the photoresist covering the

ITO pattern. The glass substrate is then left with an anode pattern as in figure 3.1.

Figure 3.1: The pattern of ITO anodes on the glass substrate. The pattern is etched
using photolithography. Substrate dimensions are 20mm × 20mm. Not to scale.
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3.2.2 The Kurt J. Lesker SPECTROS evaporation system

The Kurt J. Lesker SPECTROS evaporation system, referred to simply as the Kurt

Lesker, comprises two stainless steel cylindrical high vacuum chambers. The first is

a load lock, designed for easy transfer of substrates into and out of the much larger

process chamber without breaking vacuum inside the process chamber. Substrates

and the appropriate masks for evaporation can be manipulated by a set of forks that

move horizontally through the load lock without breaking vacuum. The load lock

vacuum is maintained by a turbomolecular pump and can be evacuated to 10-7 mbar,

the process chamber vacuum is maintained by a closed cycle helium cyropump and

can can be evacuated to 10-8 mbar.

Figure 3.2: A photgraph of the Kurt J. Lesker SPECTROS evaporation system.

Inside the process chamber, six heatable shuttered OLED sources store small molec-

ular organic materials in alumina crucibles. These sources usually store AlQ3 and

TPD for the growth of standard devices. For this thesis, the Kurt Lesker OLED

sources were also used to store and evaporate AlQ3-d18 and Ir(PiQ)3. Below the

OLED sources, two heatable shuttered thermal sources store materials for evap-

oration of electrodes on to substrates. The source designated “Thermal 1” stores

lithium fluoride in an alumina crucible, “Thermal 2” stores aluminium in a titanium

diboride crucible.

Both types of source are heated by passing electrical current through a filament

surrounding the crucible. The bases of the thermal sources must be cooled by a

closed cycle chiller unit during operation.
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During operation, the evaporation rate of a material is monitored by a water cooled,

calibrated, oscillating quartz film thickness monitor (FTM). Each FTM monitors

the two OLED sources below it, and two of the FTMs are also used to monitor the

thermal sources that are opposite, diagonally below them. FTM1 monitors OLEDs

1 & 2, and thermal 2. FTM2 monitors OLEDs 3 & 4, FTM4 monitors OLEDs 7 &

8 and thermal 1.

Figure 3.3: An elevated schematic of the process chamber of the Kurt J. Lesker
SPECTROS evaporation system. Organic and thermal sources are depicted in grey,
film thickness monitor positions are also shown, as is the internal shielding. n.b.,
the thermal sources sit below the organic sources, and the FTMs are situated above
the organic sources. Not to scale.

The FTMs are calibrated by comparing the thickness of a single thick layer of a

material on a plain glass substrate to the thickness as registered by the FTMs. A

tooling factor, the ratio of those two thicknesses, is then entered into the software

which corrects the displayed evaporation rate. In normal mode, the FTMs can

resolve 0.1 Å/s. In high resolution mode, which is necessary to monitor coevapora-

tions where the evaporation rate ratio is high, the FTMs should be able to resolve

0.01 Å/s, although it was found that output was digitised to a slightly lower reso-

lution that this. The actual thickness of any evaporated layer is verified, following

experimentation, using a Dektak3 ST surface profile measuring system.

Suspended above the sources is a height-variable carousel unit, which is also able

to rotate during operation. Both these motions are motorised. There are 4 shelves

to the carousel, each shelf is able to store up to 2 vertically stacked trays. During

deposition, the substrate is fixed in an open-bottomed tray which sits on a masking

tray in the lowest shelf of the carousel, which itself is open-bottomed.
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Two different masks are used sequentially to fabricate OLEDs in a standard con-

figuration. The first mask, for organic layers, consists of a centrally located open

square of side 10 mm. The second mask, for metallic layers, consists of a centrally

located open rectangle of dimensions 6 mm × 16 mm. The standard configuration

will be described later. An additional shutter operates between the lowest position

of the carousel and above the height of the film thickness monitors, this ultimately

permits the deposition of materials on to the substrate.

Figure 3.4: A vertical cross section schematic of the process chamber of the Kurt
J. Lesker SPECTROS evaporation system. The carousel and mask positions are
shown, as is the deposition shutter and actions of the forks and carousel Z-shift.
Carousel rotation and deposition shutter movement are perpendicular to the plane
of the page. Organic and thermal sources are depicted in grey, one film thickness
monitor position is shown in yellow, n.b. internal shielding is not shown. Not to
scale.

The entire operation of the Kurt Lesker is automated by dedicated “Kurt Lesker”

software, run on an industrial computer contained in a unit external to the chambers,

although manual control of some aspects of the Kurt Lesker is also achievable. For

example, shutters can be operated by the user through the Kurt Lesker software at

any time, as can the height and rotation of the carousel. The OLED sources can

be heated directly by the user through current-controlling potentiometers on the

external unit.

During normal automated operation, user-written programs on the dedicated Kurt

Lesker software called “recipes” automate the machinery involved during evapora-

tion of a material, for example, the rotation of the carousel, the activation of the
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OLED source heaters, the opening of shutters. The process of evaporation is con-

trolled by the “Sigma” software, which runs user-written “processes” simultaneously

and communicatively with the Kurt Lesker software. When used as part of a recipe

to automatically grow a layer of material on a substrate, the Sigma software uses the

information from the film thickness monitors in a feedback loop with proportional

integral derivative (PID) controllers to adjust the power through the OLED and

thermal source heaters. The Sigma software is also used to monitor the growth of

coevaporated layers during manual control of the Kurt Lesker whereby PID con-

trolled heating of the OLED sources is bypassed.

3.2.3 Growth of a standard device

A standard device comprises, as well as an ITO anode, a 500 Å layer of the hole

transport material TPD, and a 500 Å active layer of the electron transporting ma-

terial AlQ3. On top of the AlQ3 layer, 10 Å of lithium fluoride and 1000 Å of

aluminium act as the cathode. Each material is grown by thermal evaporation

and deposition onto the substrate. The anode patterning and sequential usage of

masks during evaporation result in the creation of four standard diodes on one glass

substrate, referred to wholly as a device.

To begin, a pre-patterned glass substrate undergoes the standard cleaning procedure.

Following this, the ITO surface of the glass substrate is treated in an oxygen plasma

for 5 minutes at 30 W, 2.5 mbar pressure using a Diener Electronic femto plasma

system. The plasma-treated substrate is mounted into the substrate tray, which is

immediately transferred into the load lock of the Kurt Lesker and maneuvered into

the process chamber, placed above the square mask. When placing the substrate

in the tray, care is taken to ensure that the ITO pattern orientation will match the

orientation of the rectangular mask.

The OLED materials are then evaporated sequentially on to the ITO surface through

the relevant mask. Firstly, using the square mask, 500±10 Å of the hole transporting

organic small molecule TPD is evaporated from an OLED source. It is deposited on

to the substrate at a rate of 2 Å/s. Using the same mask and evaporation rate, the

same thickness of AlQ3 is then evaporated from an OLED source. Again using the

square mask, 10±4 Å of LiF is evaporated from thermal source 1 at an evaporation

rate of <1 Å/s. This is the first layer of the cathode. The substrate tray and

masking trays are then exchanged without breaking vacuum using the forks, height

adjustment of the carousel, and the various shelves of the carousel. The final layer of

the cathode; 1000±20 Å of Al, is evaporated from thermal source 2 and deposited at

a rate that increases from 1→5 Å/s through the rectangular mask. The evaporation

rates and final layer thicknesses of all layers are monitored by the relevant FTM.
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The final arrangement of layers in a device, and a cross section through a device to

show the vertical stacking of the layers is shown in figure 3.5.

(a) Front surface of a com-
plete device with four diode
locations indicated with dot-
ted lines.

(b) Cross section through layers of deposited ma-
terials comprising a complete diode.

Figure 3.5: Two diagrams showing the structure of a standard OLED. Not to scale.

3.2.4 Growth of a not-so-standard device

The Kurt Lesker can be used to evaporate nearly any small molecular material from

an OLED source. The overall thickness and evaporation rate of layers can of course

be adjusted quite simply using the Sigma software. Alternatively, entire layers can

be omitted from the procedure if necessary. Devices where different small molecular

materials have been substituted into the OLED structure can be grown using the

same techniques.

The deuterated devices were grown in this way, after fabrication and purification of

the deuterated material itself. Several different deuterated devices were grown for

comparison to protiated devices in this thesis.

The doped devices were also grown in the Kurt Lesker, however the structure of

these device required more steps in the procedure for growth. Several different

doped devices were grown for comparison to a pure device in this thesis.

Both of these structures will be described more clearly and illustrated in the relevant

chapter.

In order to grow the doped layer of any device, AlQ3 and Ir(PiQ)3 were coevaporated

from two OLED sources at the same time at rates monitored by two FTMs. The

molecular doping concentration was controlled by modulating the evaporation rate

ratio. The relationship of evaporation ratio to molecular ratio is dependent on the
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material density as well as molecular mass, and can be calculated from the following

equation:

moles of AlQ3

moles of Ir(PiQ)3
=

densityAlQ3

densityIr(PiQ)3

rateAlQ3

rateIr(PiQ)3

molar massIr(PiQ)3

molar massAlQ3

As the density of AlQ3 is 1.424 g/cm3 [116], and that of Ir(PiQ)3 is 1.429 g/cm3

[117], an evaporation rate ratio of 100:1 gives a molecular doping of 0.57%.

When using the Kurt Lesker for coevaporation, it was found that the PID feedback

loop used to control evaporation rates on the Kurt Lesker was not sensitive enough

at very low rates, and so growth of coevaporated layers was carried out under manual

control of the heaters through the potentiometers on the external unit of the Kurt

Lesker. Through careful operation, much more precise control of the evaporation

ratio could be achieved.

The structure of a device with a thin doped sensing layer inserted into the active layer

of a standard AlQ3 device is depicted in figure 3.6 as an example of the structure of

a doped device, more will be shown in the relevant chapter.

Figure 3.6: Layered structure of a doped device. In this diagram, the total thickness
of the active layer is 900 Å, though the thickness of the active layer has been greatly
exaggerated compared to other layers for the purpose of illustration.

The layers of active material AlQ3 surrounding the doped layer could be grown ei-

ther automatically using a recipe or manually, though the surrounding layers were

grown at a standard rate of 2 Å/s.

3.3 Device characterisation

Following device growth, substrates were stored under vacuum. For experimental

purposes, the device would be taken out of vacuum and immediately transferred to

a purpose-built sample holder. The sample holder was used to support the device,

apply contacts and maintain a vacuum during experimentation. The device is placed

in the holder, cathode side down, on top of six sprung contacts and an O-ring. A

cap with a large window secures the device in place. This ensures the vacuum seal

and enables light to enter or exit the diode through the rear of the device, the glass
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substrate. Figure 3.7a is a photograph of the sample holder that was taken during a

spectroscopy measurement. It shows the top or front end of the sample holder with

a device mounted inside, secured by the windowed cap, where one of the four diodes

is being operated. The sprung pins that the device rests on, which coordinate with

the ITO anodes of the individual diodes are visible. The sample holder is designed

such that external and internal connections coordinate with the device patterning

and that each of the four diodes can be selected externally with BNC connectors,

though the diodes share a common cathode. A turbomolecular pump is used to

create a vacuum around the substrate via a push fit vacuum port on the side of the

sample holder. Some of these structures are depicted in figure 3.7b. The operational

vacuum of the turbomolecular pump is 10-4 – 10-5 mbar. All experiments on the

diodes are carried out under this vacuum.

(a) Top end. (b) Cross section through the sample holder. Internal structures are indi-
cated by dotted lines.

Figure 3.7: A photograph of the top end of the sample holder with an operating
diode mounted, and a diagram depicting some of the important structures of the
sample holder. The diagram is not complete or to scale.

3.3.1 Current–voltage, voltage–luminance and efficiency char-

acterisation

To measure the diode characteristics, the device is mounted in the substrate holder.

The substrate holder is then mounted in the input port of a Newport integrating

sphere. A calibrated Newport 818 series silicon photodetector is mounted in the

output port of the integrating sphere. The photodetector connects to a Newport

optical power meter. A Keithley 236 source measure unit is connected to the anode

of the relevant diode via a triaxial cable and triax to BNC converter. The source

measure unit connects to the cathode via a coaxial cable and BNC connector. The

source measure unit can be controlled manually or by proprietary ‘Intensity’ soft-

ware on a PC connected to the source measure unit via a GPIB connection. The

intensity software also receives data from the Newport optical power meter via a
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GPIB connection. The ‘Intensity’ software is used for sweeping current voltage lu-

minance characterisations. The source measure unit sets a bias across the diode and

measures the current. The Newport power meter measures the light output of the

diode in Watts. The settings of the characterisation can be altered on the software,

such settings include the voltage range and direction, the voltage increments, the

number of averages, and the dwell time i.e. the time after the voltage is set, before

the current is measured. The usual settings for a characterisation are a forward bias

that increases from 0→4 V in increments of 0.1 V, averaged over 32 readings, with

a dwell time of 10 ms. From the characterisation, the power conversion efficiency

of the diode can be calculated. As each device is grown with four diodes on one

substrate and each diode has an average area of 5±1 mm2, differences in the current

characteristics that arise due to differences in the diode area can be overcome by

dividing the diode current by the area of the diode, giving the current density.

Characteristics of a standard device

In a standard device, the current voltage luminance characteristics and efficiency

should be nominally identical, i.e. the current density and luminance at a constant

voltage should not vary between the four diodes by more than half an order of mag-

nitude. The characteristic efficiency of a standard device is 0.3±0.05%. Standard

devices will demonstrate a leakage current of 10-10→10-8 A until the turn-on voltage,

which is usually at 2.1 V. The device will not demonstrate a detectable light output

until 2.3 V.

3.3.2 Electroluminescence spectroscopy

To measure the electroluminescence spectrum of a diode, the device is mounted in

the substrate holder on an optical bench. A Thurlby Thandar Instruments 40 MHz

TGA 1241 arbitrary waveform generator is used to drive the device DC at a fre-

quency of 123 Hz, using a square wave signal. The light from the device is magnified

and focussed using two lenses into a Jobin Yvon Horiba TRIAX 550 spectrometer.

The spectrometer separates the electroluminescence emission spectrum by diffrac-

tion, and the output at a particular wavelength is passed through a photomultiplier

tube. Typically the voltage across the photomultiplier tube is set between 800 –

1000 V. The output from the photomultiplier tube and the reference signal from

the waveform generator are connected to a PerkinElmer DSP 7265 lock-in ampli-

fier, which is used to identify the intensity of the electroluminescence signal at a

particular wavelength (detected as a voltage from the photomultiplier tube). The

spectrometer and lock-in amplifier are operated by proprietary software, which can

be used to select the range and increments of wavelengths to scan over. The software
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also can also use a calibration curve to present an intensity-corrected spectrum to

the user. Typically the spectrometer is programmed to scan from 400→800 nm in

4 nm increments. The lock-in amplifier automatically adjusts its sensitivity for the

size of the signal it detects and the user can adjust the time constant to reduce

noise. The user can also increase the number of measurements to average over, to

decrease noise in the signal. In order to avoid saturating the photomultiplier tube,

the signal can be reduced by partially closing an external shutter to the spectrometer.

3.4 Magnetoresistance measurements

The magnetic field affects the current through the device, as well as the efficiency

of the device. Therefore both the current and the luminance of the device must

be measured as a function of magnetic field, at a constant voltage. Efficiency is

calculated through equation 1.1.

The device is secured in the sample holder under vacuum, and a calibrated silicon

photodetector (Newport 818-SL) is placed on the surface of the sample holder. The

sample holder and photodetector are secured together in a light-tight cylindrical

collar. The diode is connected to and operated by Keithley source measure unit.

Proprietary ‘Magnetoresistance’ software runs the equipment required for these mea-

surements, which includes the Keithley source measure unit, the Newport optical

power meter, and a power supply for the magnet, a Thurlby Thandar Instruments

QL355TP precision power supply. The Newport optical power meter is calibrated

at the peak photoluminescence wavelength for the diode, usually that of AlQ3 at

520 nm.

The user decides the voltage range and incremental voltages to test within that

range. The user also decides the number of readings for the software to average

over, usually 5 or 10, in combination with the averaging performed by the Keithley

source measure unit, which is set to average over 32 readings. The user specifies the

range and number of magnetic fields to apply to the device in a list of magnetic field

strengths, though this is usually limited by the capabilities of the magnet, which

has a maximum field strength of ∼300 mT.

The procedure of a magnetoresistance measurement is automated by the software.

To measure the magnetic field effect, first the voltage is applied to the device by

the Keithley source measure unit. The current and luminance are measured when

the magnetic field strength is 0 mT. The magnetic field is then applied at the first

field strength in the list as designated by the user. After a short settling time, the

current and luminance measurements are repeated. The settling time allows the

magnetic field to stabilise before measurements are taken and is designated by the
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user in the software. The magnetic field is then nulled again and the measurements

repeated. The device is switched off briefly in between each measurement to min-

imise the amount of time that the device is physically on. Each time the magnet is

switched on, the next incremental field strength in the list is applied. This alternat-

ing ‘field off, measure’, ‘field on, measure’ process continues until the current and

luminance at each specified magnetic field strength have been measured, with a null

field measurement between each one. The software then repeats this process at the

next incremental voltage.

The software outputs a text file for each individual voltage applied to the device.

The text file lists what magnetic fields were applied to the device, and the average

current and luminance at that magnetic field for that voltage. This is referred to as

the raw data. In order to calculate the magnitude of the magnetic field effect at a

particular magnetic field strength, first the two null field measurements immediately

preceding and proceeding a field measurement are averaged over. This gives I(0)

and η(0). The percentage change in the current and efficiency of the device due to

the magnetic field can then be calculated through ∆I
I

& ∆η
η

, see equation 2.1.

3.4.1 Magnetic field effect on electroluminescence as a func-

tion of wavelength measurements

It is also possible to measure the magnetic field effect on the electroluminescence at

one particular wavelength of light (EL(λ)), although really this is just a special case

of the standard magnetoresistance measurements. This type of measurement was

used to test devices which featured more than one emissive material in the active

layer. To perform this measurement, the apparatus was set up as in a spectroscopy

measurement, however the device was mounted in the magnet as opposed to be-

ing mounted on the optical bench. Two lenses were still used to magnify and the

light from the diode into the spectrometer, which is amplified by the photomulti-

plier tube, coupled to the lock-in amplifier. The waveform generator, coupled to the

lock-in amplifier, applies a voltage to the device in a square wave as in an electro-

luminescence spectroscopy measurement, however proprietary ‘Magnetoluminance’

software is used to cycle the magnetic field strength though a series of null and

increasing field measurements, as in a magnetoresistance measurement, while mea-

suring the light output intensity in arbitrary units from the lock-in amplifier. Thus

the percentage change in the electroluminescence at one particular wavelength, at

one particular voltage can be calculated through ∆EL(λ)
EL(λ)

.
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Chapter 4

The effect of deuteration on

organic magnetoresistance

In this chapter, extensive comparisons are drawn between the magnetic field effects

on OLEDs based on the ubiquitous small molecule AlQ3 and a deuterated version of

that molecule, AlQ3-d18. The motivation for this work is ultimately to investigate

the effect of altering the hyperfine interaction in a working device. The behaviour of

deuterated and protiated devices of different thicknesses and device structures will

be detailed, with their characteristics and behaviour in a magnetic field discussed

and compared. The methodology of fitting the magnetoresistance results in the

framework of the triplet polaron interaction model will then be described in detail.

The results of that fitting will then be discussed and verified before concluding that

the hyperfine interaction must act in addition to other spin mixing mechanisms in

models explaining organic magnetoresistance.
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4.1 Motivation for this topic

The underlying mechanism of organic magnetoresistance has been commonly ac-

cepted, in the literature, to be spin interactions with hydrogen nuclei in the active

material: the hyperfine interaction [40, 44, 56, 60, 63, 78]. This is because the ma-

jority of the magnetoresistance effect occurs at very low magnetic fields, ∼5 mT.

These field strengths are theoretically low enough to saturate the spin mixing effect

of the hyperfine interaction as they are comparable to the strength of the hyperfine

fields present locally at any point in the active layer [56]. Surprisingly, very little

research has been done to verify this assumption. Some experimental work has been

done using alternative materials where the hydrogen content is altered [69], but the

results in that paper seem conflicted in that not all of the results are considered

in the conclusion. Theoretical models for organic magnetoresistance have been dis-

cussed in the literature where the magnetic field has been said to affect the system

through the hyperfine interaction, [44, 78], though few groups have discussed the

mechanism of that effect [80]. Results that have been modelled based on the hyper-

fine interaction show promise in reproducing magnetic field responses, but have not

yet been shown to properly match or predict experimental results [108].

The nuclear magnetic moment in deuterons is much smaller than that in protons,

0.433×10-26 JT-1 versus 1.411×10-26 JT-1 respectively [118]. The hyperfine Hamilto-

nian is dependent upon the nuclear mass as well as nuclear spin numbers, moment,

and gyromagnetic ratio [109, 119], hence the hyperfine interaction in a deuterated

organic material is altered.

There has not yet been verifiable work published that defines the effect that deutera-

tion should have on the organic magnetoresistance effect, though literature suggests

that the local hyperfine field present at any site in the active layer is expected to

be smaller because the net sum of the nuclear magnetic moments is smaller [118],

thus, any mechanism that might proceed via the hyperfine interaction, such as the

processes outlined in the polaron pair model, the MIST model, the secondary charge

carrier model and the bipolaron model should be altered too.

Four articles by two universities (Utah (Vardeny) and Queen Mary, University of

London) have been published, to date, where magnetic field effects on deuterated

materials have been studied and compared to those in protiated materials to discern

the effect of altering the hyperfine interaction [108, 111, 120, 121]. In [108], the

authors attempted to quantify the effect that the deuteration should have on their

results, postulating that the change in the hyperfine interaction would alter the

magnetic field strength at which the magnetic field effects are saturated. The group

at Utah have obtained results through a number of magnetic field effect experiments

[108, 111], not limited to organic magnetoresistance; however the methods of their

analysis, it could be argued, did not properly characterise or model the magnetic

field response.
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This study aims to assess the effect of the hyperfine interaction by performing mag-

netic field measurements on protiated and deuterated OLEDs and directly compar-

ing actual experimental results, characterised using existing methods in the frame-

work of an existing model.

4.2 Effect of deuteration on material properties

Following fabrication of the AlQ3-d18 material as outlined in the experimental meth-

ods chapter, mass spectrometry revealed that the AlQ3-d18 material was 97% deuter-

ated across the entirety of the molecule, as opposed to the partially deuterated

polymers used in [108] and [111] which featured a deuterated backbone and large

protiated sidegroups. Both the AlQ3 and AlQ3-d18 were purified by train sublima-

tion prior to use. The method for fabricating the AlQ3-d18 was a variation on the

procedure used by C.C. Tong et al. [115]. In that article, the authors noted that

the UV – Visible absorption and photoluminescence spectra of the the deuterated

and protiated materials were identical, as was found in this thesis, however they

also found that the luminescence quantum yield of the deuterated material in so-

lution was 63% bigger than that of the protiated material. Tong and Huang noted

a 57% increase in the fluorescence lifetime of the deuterated material compared to

the protiated material, however no such measurement was performed in this thesis.

4.3 Structure of deuterated and protiated devices

Several different device structures were investigated and compared for this topic

with every deuterated device accompanied by a protiated counterpart. As well as

comparing deuterated and protiated devices, the effect of a protiated hole transport

layer, TPD (N,N′-bi(3-methylphenyl)-N-N′-bis(phenyl)benzidine) (figure 1.11c), ad-

jacent to a deuterated active layer was investigated, as was the effect of altering the

thickness of the active layer. The particular device structures will be referred to by

shortened name:

P500+TPD ITO / TPD (500 Å) / AlQ3 (500 Å) / LiF (10 Å) / Al (1000 Å)

D500+TPD ITO / TPD (500 Å) / AlQ3-d18 (500 Å) / LiF (10 Å) / Al (1000 Å)

P900+TPD ITO / TPD (500 Å) / AlQ3 (900 Å) / LiF (10 Å) / Al (1000 Å)

D900+TPD ITO / TPD (500 Å) / AlQ3-d18 (900 Å) / LiF (10 Å) / Al (1000 Å)

P900 ITO / AlQ3 (900 Å) / LiF (10 Å) / Al (1000 Å)

D900 ITO / AlQ3-d18 (900 Å) / LiF (10 Å) / Al (1000 Å)
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4.4 Comparison of deuterated and protiated de-

vice characteristics

In the article by Tong and Huang [115], the deuterated and protiated materials

were used as the active layers in OLEDs of comparable structures. It was found

that in devices featuring a hole transport layer the external quantum efficiency and

the power efficiency of the deuterated devices were higher by a factor of 1.55 at the

peak efficiency, similarly in the devices without a hole transport layer. Tong and

Huang found that the single layer deuterated devices demonstrated higher current

densities at the same voltage than the protiated devices, which they postulated was

due to differing vibrational frequencies in the deuterated material as a result of the

increased mass of the molecule. Tong and Huang also indicated that the deuterated

devices demonstrated more stability in their light output at higher voltages. While

this property was not specifically tested for this thesis, no such increase in stability

was noticed during normal magnetoresistance experimentation.

4.4.1 Current–voltage, voltage–luminance characteristics

As has been shown throughout the literature, the characteristics of a device can

vary enormously when changing materials or changing electrodes due to differences

in injection barriers [1, 53, 54, 69, 71], however as the AlQ3 and AlQ3-d18 have

very similar material properties and were used in identical device structures, the

characteristics of all the diodes used in this chapter were expected to be nominally

identical, i.e. with current density and luminance characteristics not varying by

more than half an order of magnitude at any voltage. Contrary to the results of

Tong and Huang, no consistent differences were observed between the protiated

and deuterated devices. All the devices show a turn-on voltage of ∼2.1 V, which

corresponds to the voltage at which charge carriers are injected and the current

is ambipolar. At this point, polaron pairs and excitons may form. The devices

demonstrate light emission after ∼2.3 V. The slight difference between the turn-on

and emission voltages arises as an artefact of the equipment: the Newport optical

power meter lacks the resolution to detect very low light levels. The universality of

device characteristics is demonstrated in the comparison of protiated and deuterated

devices in figures 4.1 and 4.2.

Let us first study the key features of the plots before comparing them. Focussing on

figure 4.1a which shows the current–voltage characteristics of devices P500+TPD

and D500+TPD, from 0→2.1 V the leakage currents of the devices are demonstrated.

Leakage currents are only visible when the data is plotted on a logarithmic scale,

as such is not usually demonstrated in the literature where it is more common to
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(a) 500 Å + TPD (b) 900 Å + TPD (c) 900 Å

Figure 4.1: Current–voltage characteristics of AlQ3 and AlQ3-d18 devices in different
device structures.

plot current–voltage characteristics on a linear scale [53, 54]. The leakage current

presents as a small rapid increase in current after 0 V (on a logarithmic scale),

but is approximately linear with voltage up to device turn-on. It is known that no

current can be physically injected into the organic layer before the applied voltage

exceeds the built-in potential across the device, indeed an ideal device would present

no leakage current, though this never demonstrated. Leakage currents may arise

through impurities acting as dopants or through a number of external excitations,

e.g. optical, thermal. It is most likely that the leakage current exists due to a short

in the device; some conducting pathway between the electrodes. Nonetheless, the

magnitude of the leakage current is very small compared to the current through an

operational device, and so the leakage currents are not expected to affect device

characteristics after the device has turned-on.

The device is said to have turned-on when the current moves out of the leakage

regime and increases rapidly over several orders of magnitude, appearing as the in-

tersection between two different trends in the current plot. Device turn-on should

not be dependent upon device thickness or the magnitude of the leakage current

however the device may appear to turn-on at higher voltages if the leakage current

is too high. In the literature, the Iowa group noted that turn-on voltage increased

approximately linearly with increasing active layer thickness [54], though these ob-

servations were based on plots with linear axes. The masking effect of the leakage

current may not have been as obvious as in these log – linear plots.

At higher voltages the current density is related to the voltage by a power law [122].

The maximum current density achieved by a device is expected to vary with active

layer thickness, as current density is equal to the current divided by device surface

area, not device volume. It is obvious that the protiated and deuterated devices

demonstrate nominally identical behaviour in any particular device structure in

figure 4.1 as they both turn-on at 2.1 V, follow the same trend after turn-on, and

101



do not vary from each other at a particular voltage by more than half an order of

magnitude. There is no consistent evidence in this graph of the observation made

by Tong and Huang [115] of higher current densities in deuterated devices.

Good devices with ITO anodes, AlQ3 active layers and aluminium cathodes are

characterised by low leakage currents, clear turn-on voltages of ∼2.1 V and rapid in-

creases in current; this is well demonstrated in all the device structures in figure 4.1.

(a) 500 Å + TPD (b) 900 Å + TPD (c) 900 Å

Figure 4.2: voltage–luminance characteristics of AlQ3 and AlQ3-d18 devices in dif-
ferent device structures.

Figure 4.2 shows the luminance of the protiated and deuterated devices in different

structures plotted against voltage. In all the plots, light emission is only visible

after device turn-on, from approximately 2.3 V onwards. As in the current–voltage

plots, after device turn-on the luminance increases rapidly over several orders of

magnitude and then flattens slightly.

In the case of the thicker devices, light emission is observable at 2.3 – 2.4 V and

increases rapidly with voltage, however the average luminance at higher voltages is

lower than that in the 500 Å devices with TPD by ∼1.5 orders of magnitude. It can

be seen in figure 4.2a that the luminance of the deuterated device is slightly lower

than that of the protiated device, though this behaviour is reversed in figures 4.2b

and 4.2c. This is then an issue of device reproducibility rather than material prop-

erties. As the luminance of the protiated and deuterated devices do not vary from

each other by more than half an order of magnitude in any particular device struc-

ture in the voltage–luminance characteristics, the deuterated and protiated devices

can be considered nominally identical.
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(a) 500 Å + TPD (b) 900 Å + TPD (c) 900 Å

Figure 4.3: Efficiency characteristics of AlQ3 and AlQ3-d18 devices in different device
structures.

4.4.2 Efficiency characteristics

Figure 4.3 shows the power conversion efficiency of protiated and deuterated materi-

als in different device structures as a percentage plotted against the current density.

The efficiency of the devices is calculated as in equation 1.1, though the charac-

teristic efficiency is usually taken to be the peak efficiency of a device. Following

equation 1.1, the efficiency of a device is greatest when the current density is low.

On the current–voltage and voltage–luminance plots this corresponds to the point

when both current and luminance trends begin to follow a power law with increas-

ing voltage. After the efficiency peaks, it decreases gently with increasing current

density. When the efficiency decreases sharply with increasing current density (a

phenomenon observed in doped devices), it is referred to as efficiency roll-off, though

the terminology may also be used here.

Differences in the magnitude of the efficiency of the deuterated and protiated devices

are evident in figures 4.3a and 4.3c. Focussing on figure 4.3a, it can be seen that the

protiated device in this structure has a characteristic efficiency of about .34%, while

the deuterated device has an efficiency of about .30%. It has already been described

how the current density and luminance characteristics can vary between devices

by up to half an order of magnitude, the differences in these plots can be directly

attributed to such variations and thus are not statistically significant. Both protiated

and deuterated 900 Å devices with TPD share a peak efficiency of 0.34% which is

comparable to that of the 500 Å devices with TPD, though the peak efficiency

occurs approximately an order of magnitude lower in terms of the current density.

In the case of the 900 Å devices without TPD, the difference between characteristic

efficiencies of the protiated and deuterated devices is a little larger than would be

expected of nominally identical devices, 0.23% and 0.40% respectively. It is worth

remembering that these devices do not feature a hole transport layer and so the
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injection of holes into the active layer is not optimal. Under such circumstances

the injection of holes directly from the ITO into AlQ3 would be expected to vary

significantly with surface issues, described in the introductory chapter, in the section

on the workings of OLEDs. Furthermore, such a mismatch between the injection

of electrons and holes would be expected to create an imbalance in the ratio of

electrons to holes. This has a negative impact on the probability of forming pair

states and increases the ratio of polarons to pair states, possibly increasing quenching

of pair states. This would be expected to affect device efficiency and we might

reasonably postulate that there will be a larger margin in the reproducibility of

device characteristics. Because of the precious nature of the deuterated material

no other devices of this structure were grown and so it is not possible to verify

this, however the consistency between the current–voltage and voltage–luminance

characteristics of the protiated and deuterated devices suggests that these devices

can still be considered nominally identical.

Note that in most of the figures in 4.3, both protiated and deuterated devices present

similar traces. There is no consistent evidence in figure 4.3 that the deuterated

devices might show greater stability at higher driving voltages, as Tong and Huang

noted [115], this might be expected to present as differing slopes of roll-off.

Figure 4.4: Average efficiency of AlQ3 and AlQ3-d18 devices at the same current
density.

Figure 4.4 shows the average efficiency of each of the protiated and deuterated de-

vices, taken at the same current density, 1 A/m2. Each point in the graph represents

the average efficiency of the four diodes present on one substrate, and thus the vari-

ation in device characteristics of the diodes on one substrate. It can be seen that the
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standard deviation in the average efficiency, plotted as the error, is usually small.

This figure demonstrates that the variations in efficiency characteristics of the diodes

on one substrate are comparable to the variations between different device struc-

tures. The efficiency characteristics of the devices in this chapter are reproducible

within acceptable limits of ±0.05%. It can be concluded that deuteration has no

consistent effect on the characteristics of identically structured protiated devices.

4.5 Comparison of deuterated and protiated mag-

netoresistance

Following device characterisation, each of the protiated and deuterated devices were

subject to magnetoresistance measurements according to the method outlined in the

experimental methods chapter. Each device is tested over a wide range of voltages,

commonly from 2 V, where the device has not yet switched on, up to 10 V. The raw

data for each incremental bias voltage appears as a series of field on and null field

measurements as in figure 4.5.

Each data point in the raw data set is the averaged result of 320 independent mea-

surements, as such the raw data set is plotted without any error bars. As the

raw data consists of the current and luminance measurements for a particular field

strength at a particular voltage, the efficiency can be calculated using equation 1.1.

Naturally the magnetic field effect on the current, luminance and efficiency is calcu-

lated as the relative change with magnetic field, equation 2.1. This is also plotted

without error bars.

4.5.1 Magnetic field effects with increasing current density

in different device structures

It has already been demonstrated in the section on device characteristics that while

deuteration had little effect on altering the characteristics of a particular device

structure, the structure of the device had a noticeable effect. The maximum current

density attainable by a device is strongly dependent upon the device structure, and

the devices without TPD demonstrated the lowest maximum current densities. In

order to compare the effect of deuteration fairly, it is important to compare the mag-

netic field effects at the same current density and to assess the effect of deuteration

over the full range of current densities available for each particular device structure.
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(a) Complete raw data set.

(b) A limited range of the raw data set, showing measurements taken at low magnetic fields.

Figure 4.5: Raw magnetoresistance data for device P900+TPD at 5.5 V. Plots show
the absolute current density against magnetic field where ‘field on’ measurements
are alternated with ‘null field’ measurements. Note that the scale of the x−axis
applies to the field-on measurements only, the field-off measurements are plotted
against magnetic field strength for illustration only. The legend in the top figure
applies to the bottom figure also.

An aside on negative magnetoresistance effects

In the chapter on magnetic field effects it was described how magnetic field effects

on current can be both positive and negative. Indeed, negative magnetic field effects

were consistently found in the literature [61, 64, 72] in devices with very thin active

layers, typically less than 300 Å. The Queen Mary group described how two com-

peting components could be identified in the magnetic field response of thin devices

[72]; the negative component dominated at low fields and at low current densities

but the positive component began to dominate at high fields as the current density

was increased.

In this thesis, similar effects have been found in some devices despite the active layers

being much thicker. Three of the devices used in this chapter, namely P500+TPD,

P900+TPD and D900+TPD showed negative magnetoresistance until current den-
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sities of 0.20 A/m2, 0.64 A/m2, and 0.26 A/m2 had been reached, respectively, at

which point the overall magnetic field effect was positive. Evidence of the negative

component in the magnetic field response remained with increasing current density

however, as the overall magnetic field effect was lower in magnitude at low magnetic

fields. D500+TPD and P900 did not demonstrate any signs of a negative magnetic

field component, however, the other device, D900, demonstrated no magnetic field

response until a current density of 1.5 A/m2 had been reached at which point the

magnetic field effect on the current was clear and positive.

(a) Dominating negative mag-
netic field effect

(b) Competing positive and neg-
ative effects

(c) Dominating positive mag-
netic field effect

Figure 4.6: Progression of negative magnetic field effect in P900+TPD with increas-
ing current density.

The characteristics of negative magnetoresistance are demonstrated in figure 4.6,

which shows several plots of the magnetic field effect on current for the device

P900+TPD at low current densities. Figure 4.6a illustrates the lineshape of the

negative component in the magnetic field response, decreasing the current over

∼100 mT before the magnetic field effect saturates. Figure 4.6b shows that as the

current density increases, the lineshape of the overall magnetic field effect changes,

becoming less negative at higher magnetic fields, indicating firstly that the positive

component is a high field effect. In figure 4.6c the overall lineshape is now positive,

but the effect of the negative component is still visible at low magnetic fields, im-

portantly demonstrating that the negative component does not disappear at high

current densities, it simply becomes less dominant. There also appears to be a posi-

tive component to the magnetic field effect at very low fields, accounting for the low

field peak in figure 4.6c.

Previously in the literature this negative effect was observed in much thinner devices

than those studied in this thesis, though that does not mean that the device must be

thin in order for the same type of mechanism to be active. The Queen Mary group

attributed the negative component in the magnetic field effect on current in thin

devices to triplet dissociation at the cathode [72]. In thin active layers the triplet

diffusion length is comparable to the thickness of the active layer and so triplets may
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diffuse to the cathode and dissociate as the cathode provides a location where it is

energetically favourable to do so. This mechanism increases the current as electrons

are recycled back into the active layer. The application of a magnetic field reduces

the population of triplet excitons and so the magnetic field effect on this process

acts to decrease the current, explaining the negative response of the current to the

magnetic field.

In thicker devices, such as the ones presented here, the active layer is too thick to

permit triplets to diffuse to the cathode, however excitons can still dissociate at

energetically favourable locations such as the interface with the TPD hole transport

layer. The energy barrier is too large for electrons to migrate from the AlQ3 active

layer into the TPD hole transport layer, however dissociation can still recycle holes

into the active layer. If the magnetic field reduces the population of excitons at

the interface it would explain why the (hole) current is reduced by a magnetic

field. Indeed, if the recycling of charges into the active layer is dependent upon the

matching of the energy levels at the interface, this may explain why no negative

effects are visible in the devices without TPD where the interface is between AlQ3

and ITO.

The negative effect is real and reproducible though as the dissociation current would

be expected to be very small it may be masked by noise in the raw data; particularly

as the effect occurs at such low current densities. In all devices, not limited to those

shown in this thesis, magnetic field effects are obscured by noise both when the cur-

rent is very low and then very high. At low current densities, though the magnitude

of the magnetic field effect remains the same as at higher current densities, the noise

in the current density and luminance are comparable to the readings themselves and

so there is a lot of scatter in the raw data which may hide a small negative effect in

some devices.

At high current densities, noise in the raw data precedes breakdown of the device.

The high current affects the organic materials and leads to black spots in the device.

The onset of breakdown is evident in the raw data as a discontinuous trend in

the null field measurements which appears as a negative magnetic field effect in

the current at low magnetic fields at high voltages. Though it is not impossible

to identify and interpret other features in the magnetic field responses under this

operational regime, quantitative discussion of the data from a broken-down device

is meaningless. The current density at which breakdown begins is dependent upon

device structure, however all the results presented in this thesis are taken from the

regime where the device is behaving as a fully operational diode.

It should be strongly emphasised that negative magnetic field effects appear to affect

the current only, and not the efficiency.
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(a) 23.5±1.5 A/m2 (b) 135±8 A/m2 (c) 770±11 A/m2

Figure 4.7: Relative increase in current of 500 Å AlQ3 and AlQ3-d18 devices with
TPD at a low, mid and high current density.

Figure 4.7 shows the relative change in current data measured using the deuterated

and protiated 500 Å devices with TPD, plotted at the same current density and

compared over several current densities. The current densities chosen for comparison

represent a low, mid-range and high current density in the operating range of a 500 Å

device with TPD.

In both protiated and deuterated data the overall magnitude of the magnetic field

effect increases with increasing current density. In the data from the deuterated

device it can be seen that the magnetic field effect on current increases rapidly over

∼50 mT and then demonstrates a lesser increase over the remaining range of mag-

netic field up to ∼300 mT. In the protiated device the initial rapid rise is almost

non-existent at low current densities, however as the current density increases, so

does the magnitude of the magnetic field effect at low fields. This change in be-

haviour is due to the negative component in the magnetic field effect on the current,

discussed in the Aside. Though the overall response here is positive, at low current

densities (lower than those shown here), the device demonstrated a negative mag-

netic field effect of an appreciable magnitude that has become less dominant than

the positive components of the magnetic field effect with increasing current density.

At mid-range current densities, the negative component of the overall response acts

to modulate the lineshape of the overall positive magnetic field effect. At very high

current densities, the negative component of the magnetic field effect is expected to

be very small, and the magnetic field effects on the two devices are very similar in

lineshape and magnitude.

Figure 4.8 shows the relative change in current data measured using the deuterated

and protiated 900 Å devices with TPD, plotted at the same current density and

compared over several current densities. The current densities chosen for comparison

represent a low, mid-range and high current density in the operating range of a 900 Å

device with TPD.
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(a) 21.1±0.2 A/m2 (b) 111±1 A/m2 (c) 830±30 A/m2

Figure 4.8: Relative increase in current of 900 Å AlQ3 and AlQ3-d18 devices with
TPD at a low, mid and high current density.

In both protiated and deuterated data the overall magnitude of the magnetic field

effect increases with increasing current density. Both of these devices demonstrated

a negative overall magnetic field effect at low current densities, lower than those

shown here. The lineshapes in the figures here demonstrate the same behaviour with

increasing current density as the protiated data in figures 4.7a and 4.7b, where the

effects of the negative component influence the overall positive response at low fields,

at low and mid-range current densities. At high current densities, the magnetic field

effect on current increases rapidly over ∼50 mT and then demonstrates a lesser

increase over the remaining range of magnetic field up to ∼300 mT. Interestingly,

the magnitude of the magnetic field effect appears lower for the deuterated device

than the protiated device, see figure 4.8c.

(a) 1.86±0.03 A/m2 (b) 7.25±0.04 A/m2 (c) 55±1 A/m2

Figure 4.9: Relative increase in current of 900 Å AlQ3 and AlQ3-d18 devices without
TPD at a low, mid and high current density.

Figure 4.9 shows the relative change in current data measured using the deuterated

and protiated 900 Å devices without TPD, plotted at the same current density and

compared over several current densities. The current densities chosen for comparison
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represent a low, mid-range and high current density in the operating range of a 900 Å

device without TPD.

While the overall magnitude of the magnetic field effect increases with increasing

current density for the deuterated device, the overall magnitude of the magnetic field

effect for the protiated device demonstrates non-monotonic behaviour, increasing in

magnitude with increasing current density, then decreasing slightly. Neither of these

devices demonstrated a negative magnetic field effect at low current densities. The

current densities achieved in this device are much smaller than in the two devices

with TPD, this is directly attributable to the lack of a hole transport layer in this

device, hence the poor injection of holes from the anode directly into the AlQ3 or

AlQ3-d18 layer. In these devices, the magnetic field effect increases rapidly over

∼50 mT, however the high field component of the magnetic field response is much

less pronounced. This may possibly be due to the lack of a negative magnetic field

effect at low current densities, though it may also be associated with the low current

densities achieved in these device structures. In these devices, it can be seen that

the magnitude of the magnetic field effect is higher in the protiated devices at all

current densities.

Let us now look at the efficiency data from the devices. The magnetic field effect

on the efficiency has always been shown, in literature published by the Queen Mary

group, to be positive. The data in this chapter are in keeping with that.

(a) 23.5±1.5 A/m2 (b) 135±8 A/m2 (c) 770±11 A/m2

Figure 4.10: Relative increase in efficiency of 500 Å AlQ3 and AlQ3-d18 devices with
TPD at a low, mid and high current density.

Figure 4.10 shows the relative increase in efficiency of the 500 Å deuterated and

protiated devices with TPD layers over the same range of current densities as in

figure 4.7. As the current density in the device increases, it can be seen that the

lineshape of the magnetic field effect on efficiency does not appear to change; the

curve shows a rapid rise over∼50mT followed by a very gradually increasing slope up
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to 300 mT. The magnitude of the effect does change with current density, however;

at low current densities the magnitude of the effect is large, ∼4%, but as current

density increases the magnitude of the effect decreases by nearly a factor of two.

The magnitude of the magnetic field effect is higher in the protiated device at all

current densities.

(a) 21.1±0.2 A/m2 (b) 111±1 A/m2 (c) 830±30 A/m2

Figure 4.11: Relative increase in efficiency of 900 Å AlQ3 and AlQ3-d18 devices with
TPD at a low, mid and high current density.

Figure 4.11 shows the relative increase in efficiency of the 900 Å deuterated and

protiated devices with TPD layers over the same range of current densities as in

figure 4.8. The plots in this figure demonstrate the same lineshapes and trends as

in figure 4.10. Initially, the magnitude of the magnetic field effect is slightly lower

at ∼3%, but still decreases with increasing current density with no apparent change

in lineshape. Again, the magnitude of the magnetic field effect is higher in the

protiated device at all current densities.

(a) 1.86±0.03 A/m2 (b) 7.25±0.04 A/m2 (c) 55±1 A/m2

Figure 4.12: Relative increase in efficiency of 900 Å AlQ3 and AlQ3-d18 devices
without TPD at a low, mid and high current density.

Figure 4.12 shows the relative increase in efficiency of the 900 Å deuterated and

protiated devices without TPD layers over the same range of current densities as in
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figure 4.9. The lineshape of the magnetic field effect on efficiency in these devices

without TPD is the same as in the devices with TPD, unlike the magnetic field effect

on current. In these plots the magnitude of the magnetic field effect on efficiency

does not decrease with increasing current density, instead it increases slightly, then

decreases, as did the magnetic field effect on current in these devices. Again, the

lineshapes do not appear to change with increasing current density, and again, the

magnitude of the magnetic field effect is higher in the protiated device at all current

densities.

Summary of magnetic field effects on current and efficiency of protiated

and deuterated devices

In the figures showing the magnetic field effect on the current of the protiated and

deuterated devices, figures 4.7, 4.8 and 4.9; the lineshapes do not appear greatly

affected by deuteration, however some devices, namely P500+TPD, P900+TPD

and D900+TPD showed a negative component at low current densities that affected

the lineshape and the absolute magnitude at low and mid-range current densities.

Despite this, it was possible to discern that the magnitude of the field effect on

current was generally higher in the protiated samples compared to the deuterated

samples.

In the figures showing the effect of a magnetic field on the efficiency of the protiated

and deuterated devices, figures 4.10, 4.11 and 4.12; no negative components to the

effect are observed. The magnetic field effect is relatively constant with increasing

current density and identical across the different device structures, though the mag-

nitude of the effect is subject to change. The only noticeable difference that appears

clearly and consistently throughout the figures solely to the deuteration is the dif-

ference in magnitude, with the magnitude of the effect on the deuterated samples

approximately 10 – 20% less than in the protiated samples.

Recall that it was expected that deuteration alters the hyperfine fields in an organic

layer as deuterons have a different nuclear mass and nuclear spin number [109].

Thus, for any spin interaction process that proceeds via the hyperfine interaction,

the effect of deuteration would be to alter the magnetic field strength at which that

process is saturated. The effect of deuteration would then be visible in the mag-

netic field response of the current and efficiency as an alteration to the magnetic

field dependence. It is not clear how the magnitude of any magnetic field effect

would be affected by deuteration, though the consistent effect of deuteration on the

magnitude of both current and efficiency magnetic field responses indicates that it

may be significant. It is clear in the data presented that there is an effect on the

magnitude of the magnetic field response, but it is difficult to identify an effect
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on the magnetic field dependence of the response. In order to quantitatively assess

the effect of deuteration it will be necessary to carry out further analysis of the data.

4.5.2 Towards characterising magnetic field effects — spin

interaction processes

The magnetic field responses of the current and efficiency are shaped by the under-

lying processes occurring in the organic layer. By understanding these underlying

processes and their magnetic field dependence we will be able to characterise the

magnetic field effect and hence it should be possible to analyse the effects of deuter-

ation.

Several spin interaction processes were described in the introduction as part of the

triplet polaron interaction model of organic magnetoresistance — intersystem cross-

ing between polaron pairs, intersystem crossing between excitons and triplet polaron

interactions. In the triplet polaron interaction model the effect of triplets on charges

are considered because it is known that the concentration of triplets in a driven de-

vice is high due to their higher formation ratio and considerably longer lifetime.

It has been shown that the presence of triplets in an active layer acts to reduce

the mobility of charges [112], this can be understood through two processes. The

first is a simple site blocking or trapping process. If a charge were to encounter a

triplet state, and the charge were prevented from occupying the same site as the

triplet through the exclusion principle, the mobility of the charge would be reduced

as it would be forced to hop to an alternative site. The trapping aspect has been

theoretically explained [18] by triplet excitons acting as shallow traps for charges.

It has been shown that a magnetic field can decrease the population of triplet ex-

citons in an organic material, simultaneously increasing the population of singlet

excitons by increasing the intersystem crossing rate [16]. It is then clear why one

spin interaction process — the magnetically increased intersystem crossing rate —

affects efficiency directly but secondarily affects the current. Importantly, this pro-

cess should be evident in both the magnetic field responses of current and efficiency

at the same saturation field. Intersystem crossing at the pair state level can also

affect the population of triplet excitons as it can lead to increased formation of one

type of exciton at the expense of the other.

Suppose then that the transiting charge were not prevented from occupying the same

site as a triplet exciton, and instead the triplet and the polaron occupied the same

site in the active layer for a short period of time. Interaction of the triplet spin and

the polaron spin could lead to several outcomes for the state: the charge could hop

out of the state after a short period of time; alternatively, the charge that had formed
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part of the exciton could hop away, changing the spin state of the exciton. Each

of the outcomes of a triplet polaron interaction effectively equates to a scattering

event for the charge, reducing the mobility and therefore the current, but a triplet

polaron interaction may also affect efficiency through a quenching event, where the

triplet is quenched during interaction with a polaron. Quenching of triplet states

prohibits the excited state absorption process which is necessary to intersystem cross

triplet excitons into singlet excitons, thereby prohibiting a radiative pathway and

decreasing the efficiency. The quenching process has been shown to have magnetic

field dependence [38]. While it is not clear if the effects on current and efficiency

are primary or secondary, this interaction process should be evident in both the

magnetic field responses of the current and efficiency at the same saturation field.

4.5.3 One spin interaction process?

The Iowa group demonstrated that it is possible to derive a Lorentzian equation

when considering the Hamiltonians of two different spin interactions processes, these

processes describe the dynamics of spin interactions with hyperfine fields [56] and

from spin – orbit coupling [70]. Both the Iowa group and the Eindhoven group

have achieved good fits to numerous data sets of various magnetic field effects,

over a limited range of magnetic fields, using the Lorentzian equation [55, 56], or

a similar empirical equation referred to as the specific non-Lorentzian [69, 79, 84],

a combination of the two [70], or a transition from one equation to the other with

changing device operating conditions [81]. Thus, it is not unreasonable to use the

equation to generally describe the magnetic field dependence of any spin interaction

process and to hypothesise that any spin interaction process may shape the magnetic

field response with a Lorentzian functional form.

We begin characterisation of the magnetic field effects by fitting all of the data to

these two equations from the literature. The first of these equations is the single

Lorentzian function. The single Lorentzian fitting equation has the form given in

equation 4.1

f = a0
B2

(B2 +B2
0)

(4.1)

The parameters of the Lorentzian function are the magnitude of the function a0

and the saturation field B0; this is the magnetic field at which the spin interaction

process saturates. If the relative change in current or efficiency is due to a single

magnetic field dependent spin interaction process, it should be possible to reproduce

the lineshape of the magnetic field effect by fitting the data to this equation.
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It has already been shown that the relative change in current data is complicated

by an additional negative component in the overall magnetic field effect. The func-

tional form of the single Lorentzian equation can be positive or negative but cannot

transition between the two and so this equation will not be able to reproduce the

lineshape of any magnetic field effect with both positive and negative components.

Fortunately, the relative change in efficiency data has always been shown to be

positive and so we begin by fitting that data. It is also entirely possible that the

magnetic field effect on efficiency is the primary effect, and the effect on current is

secondary to that, thus it may be more sensible to distinguish the effect of deuter-

ation by focussing characterisation efforts on the magnetic field dependence of the

relative change in efficiency. Examples of the results of that fitting are shown in

figure 4.13.

(a) P500 + TPD (b) P900 + TPD (c) P900

(d) D500 + TPD (e) D900 + TPD (f) D900

Figure 4.13: Single Lorentzian fits to relative change in efficiency data of all protiated
and deuterated devices at a constant current density of 20 A/m2.

Figure 4.13 is comprised of six subfigures. Each subfigure shows a single plot from

each of the six devices in this chapter of the relative change in efficiency. The data

have been selected such that the current density was approximately the same in

each device. Here, the fits are compared on only six data sets, however this has

been purposefully done to act as a representation of the quality of the fitting; to
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highlight the consistent differences between the fitting function and the data and to

highlight the importance of checking the quality of a fit over the full magnetic field

range. In the literature, data (and fits) are often only shown up to 50 or 100 mT

[55, 56, 69, 79, 81, 84].

Each plot in figure 4.13 has been freely fitted to the single Lorentzian function 4.1.

Free fitting means that none of the parameters of the fitting function were con-

strained to any value. Clearly, the single Lorentzian fitting function is incapable of

reproducing the full lineshape of the magnetic field effect. In fact it ceases to be

a good fit to any data set after ∼10 mT. The function saturates at a much lower

magnetic field than the data does, this only becomes apparent when checking the

quality of the fit over the full magnetic field range. For this thesis every data set

from every device has been fitted in such a way, and this pattern of behaviour is

repeated in all of the data fitted; both protiated and deuterated in every device

structure at every current density measured.

The second equation from the literature is the specific non-Lorentzian equation. The

specific non-Lorentzian function has the form given in equation 4.2.

f = a0
B2

(|B|+B0)2
(4.2)

This equation has similar form and parameters to the single Lorentzian function,

but unlike the single Lorentzian function, this function has no physical origin. It

appeared early in the literature as an empirical fitting function [55], but was later

inferred from theoretical consideration of the effect of excitons in the bipolaron

mechanism [88]. This function was used to freely fit the same data as in figure 4.13

in the same manner.

Figure 4.14 shows the results of that fitting. In both protiated and deuterated de-

vice data sets at fields less than 50 mT, the specific non-Lorentzian function could

arguably reproduce the data. Indeed, fitting of this quality is comparable to that

given in Vardeny’s study on the effects of deuteration on organic magnetoresistance

[108]. Though the fitting function approximately reproduces the lineshape of all the

data, differences between the fit and the data are clear upon close inspection. It can

be seen that the specific non-Lorentzian fit generally rises above the data around

50 mT then falls below the data from ∼150 mT. Though this is more apparent here

in the data from the deuterated devices, this pattern of behaviour is repeated in

nearly all of the data sets from every device measured.

When using both the single Lorentzian function and the specific non-Lorentzian

function as fitting functions, the lineshapes of the fits seemed to saturate before

117



(a) P500 + TPD (b) P900 + TPD (c) P900

(d) D500 + TPD (e) D900 + TPD (f) D900

Figure 4.14: Specific non-Lorentzian fits to relative change in efficiency data of all
protiated and deuterated devices at a constant current density of 20 A/m2.

the data does. This can be described as a flattening in the lineshape of the fitting

function compared to the high field rise in the data. This suggests that there may

be more than one spin interaction process occurring in the device, in particular it

suggests some additional high field process occurring in the magnetic field response;

a process which the two equations suggested by the literature are unable to describe.

The single Lorentzian and specific non-Lorentzian functions seem appealing in char-

acterising the organic magnetoresistance effect as they are elegant, single fitting

equations with few parameters. It would indeed be most convenient if they were

able to fit all of the data at hand as one could attribute the effect to a single spin

interaction process; but they do not, so we cannot. The key differences between the

fitting performed thus far in this chapter and fitting in the literature is the range

of data presented here. Often in the literature, data is only presented to ∼100 mT

and so the obvious inferiorities of the single and specific non-Lorentzian functions

at high fields are missed.
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Consistency and accuracy are of key importance in fitting the data in order to obtain

a reliable conclusion regarding the effect of deuteration on the organic magnetore-

sistance effect. A reliable fitting function should give a consistently accurate fit to

every data set from every device, however neither of the functions used to fit the

data thus far have displayed those qualities.

4.5.4 Three spin interaction processes

Recall that the literature has already given evidence for multiple components in the

organic magnetoresistance effect [16, 50, 69, 70, 75, 89, 91, 94, 98, 102]. Indeed, it is

highly likely that more than one magnetic field dependent spin process is occurring

in active OLEDs. Each of those spin interaction processes contributes a component

to the overall effect. The magnetic field dependence of a spin interaction process has

been shown to be represented by a single Lorentzian function, therefore the mag-

netic field response of multiple spin interaction processes with multiple saturation

fields may be represented by a linear summation of multiple Lorentzian functions,

each with a specific saturation field Bn. Earlier in the chapter three magnetic field

dependent spin interaction processes were described which have a separate effect on

the efficiency of an organic device; intersystem crossing between polaron pairs, in-

tersystem crossing between excitons and interactions between triplets and polarons.

The functional form of these three processes would be a triple Lorentzian equation.

Following this, a triple Lorentzian equation of the form given in equation 4.3 was

used to fit all of the efficiency data.

f = a0
B2

(B2 +B2
0)

+ a1
B2

(B2 +B2
1)

+ a2
B2

(B2 +B2
2)

(4.3)

Free triple Lorentzian fitting of the relative change in efficiency

As with the the single Lorentzian function and the specific non-Lorentzian function,

the triple Lorentzian function was freely fitted to every data set from every relative

change in efficiency measurement from every device measured in this chapter, and

the fits proved excellent in all cases. The results of that fitting are summarised in

the same manner as the single and specific non-Lorentzian fits, figure 4.15.
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(a) P500 + TPD (b) P900 + TPD (c) P900

(d) D500 + TPD (e) D900 + TPD (f) D900

Figure 4.15: Free Triple Lorentzian fits to relative change in efficiency data of all
protiated and deuterated devices at a constant current density of 20 A/m2.

In these figures it can be seen that the fit is excellent across the full magnetic

field range. The consistent quality of the fit across the range of device structures

and current densities is remarkable, though this should not be surprising as it has

already been shown that the shape of the efficiency data is relatively unchanging.

To demonstrate this, figures 4.10, 4.11 and 4.12 have been reproduced, now fitted

using the free triple Lorentzian function.

120



(a) 23.5±1.5 A/m2 (b) 135±8 A/m2 (c) 770±11 A/m2

Figure 4.16: Free Triple Lorentzian fits to the relative increase in efficiency data of
500 Å AlQ3 and AlQ3-d18 devices with TPD at a low, mid and high current density.
The legend has been split across the figures.

(a) 21.1±0.2 A/m2 (b) 111±1 A/m2 (c) 830±30 A/m2

Figure 4.17: Free Triple Lorentzian fits to the relative increase in efficiency data of
900 Å AlQ3 and AlQ3-d18 devices with TPD at a low, mid and high current density.
The legend has been split across the figures.

(a) 1.86±0.03 A/m2 (b) 7.25±0.04 A/m2 (c) 55±1 A/m2

Figure 4.18: Free Triple Lorentzian fits to the relative increase in efficiency data
of 900 Å AlQ3 and AlQ3-d18 devices without TPD at a low, mid and high current
density. The legend has been split across the figures.
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Figures 4.16, 4.17 and 4.18 demonstrate in all the fitted plots that the triple Lorentzian

fitting function is able to reproduce the initial rapid rise in the magnetic field re-

sponse at low fields, the low rise in the data at high fields, and fits well the transi-

tional region between those two regimes which occurs generally from 10 – 40 mT.

Though this change in the magnetic field response is a very clear feature in the data,

it is not a particularly sharp transition between the high and low field regimes. This

is in stark comparison to the lineshape of a single Lorentzian function which transi-

tions from the rapid rise to complete saturation over ∼10 mT. The transition region

is a difficult feature to reproduce. Upon close inspection the triple Lorentzian fit

can be seen to tend slightly lower than the data just after the transition region, from

40 – 80 mT. In fitting P500+TPD the region of poor fitting is extended; the triple

Lorentzian fit tends to the right of the data over the transition region and remains

slightly low until ∼100 mT. In essence, the fit is slightly displaced from the data of

P500+TPD to higher magnetic fields from 20 – 100 mT. Thus, the function is able

to reproduce the lineshape of this transitional area quite well, but not perfectly. It

should be emphasised that this is only a small region of the data. The difference

between the fit and the data in this region is much smaller than either of the two

equations from the literature have been able to achieve.

Despite the evidence of less-than-perfect fitting around the point of saturation, the

triple Lorentzian fit is able to reproduce most of the key features of the data, unlike

the single and specific non-Lorentzian functions suggested by the literature. It is

certainly true that in some instances the specific non-Lorentzian function was suffi-

cient to fit the efficiency data of a particular device at a particular current density,

however the only function that consistently fitted every efficiency data set from ev-

ery device at every current density was the triple Lorentzian function.

4.5.5 Characterising organic magnetoresistance through spin

interaction processes

As the fitting function accurately represents the data, the parameters of the func-

tion can be said to characterise the magnetic field response. The values of the an

parameters a0, a1, and a2 reflect the magnitude of each spin interaction process. The

Bn parameters B0, B1, and B2 reflect the saturation field of each spin interaction

process. The accuracy of the fit of the triple Lorentzian function to each of the data

sets from each of the devices is remarkable, though this in itself will not suffice to

validate use of the function to characterise the data. As each term in the function

represents the magnetic field response of one spin interaction process with a charac-

teristic saturation field, one would expect the saturation field to be constant for that

process in a particular material with changing drive conditions, i.e. with increasing
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current density. Consistency in the saturation fields of the three processes in the

free fitting would be indicative of the suitability of the function. The purpose of free

fitting the data is to firstly check for this consistency and secondly to check for any

differences in the character of the protiated and deuterated magnetic field responses.

As is it the saturation field of any spin interaction process that is expected to be

altered in the responses of the deuterated devices, we shall study each of the three

saturation fields in turn.

(a) 500 Å+ TPD (b) 900 Å+ TPD (c) 900 Å

(d) 500 Å+ TPD (e) 900 Å+ TPD (f) 900 Å

Figure 4.19: Comparison of protiated and deuterated a0 & B0 fitting parameters
from free triple Lorentzian fitting to relative change in efficiency data of six devices.

Figure 4.19 is comprised of six subfigures each showing fitting parameters from the

first spin interaction process. The value of each data point has been extracted from

the fitting parameters of the first term in the triple Lorentzian function fitted to the

relative change in efficiency data of each of data sets from the six devices measured

in this chapter. The top row of subfigures shows the value and error of the a0

parameters plotted against current density for the protiated and deuterated devices

for a particular device structure. The bottom row of subfigures shows the value and

error of the B0 parameters. Recall that each measurement of the relative change

in efficiency is taken at a constant voltage, however converting the voltage to the

current density corrects for device area and thus allows better comparability of the

data.

123



Looking at the top row of subfigures depicting the a0 parameters, it can be seen

that in the case of the two device structures with TPD, figures 4.19a and 4.19b, the

magnitude of this spin interaction process decreases from approximately 3% to 1%

with increasing current density. In the device structure without TPD the magnitude

of the process is smaller but approximately constant with increasing current density.

In the two thicker devices, the protiated and deuterated plots are separated by up

to 0.5% in magnitude, indicating that the magnitude of this spin interaction process

is smaller in the deuterated devices compared to the protiated devices.

Looking at the bottom row of subfigures depicting the B0 parameters it can be

seen in each of the plots that the value of the saturation field is generally constant

with increasing current density, at least until until high current densities when the

data becomes noisy. In all the plots, it could be argued that the saturation field

is constant at all current densities within the error of the points. Comparing the

saturation fields in the protiated material across the different device structures, it

can be seen that the value is just under 2 mT in the 500 Å protiated device, however

the two 900 Å devices seem to show approximately the same value of saturation field

at just under 3 mT. This may be the result of the slightly poorer fitting of the data

from P500+TPD discussed previously in this chapter in the section on free triple

Lorentzian fitting of the relative change in efficiency. This is reflected in the size

of the error bars. It should be noted that the data points of the protiated plot in

figure 4.19d appear consistently higher than those of the deuterated plot. The value

of the saturation field in the deuterated material shows remarkable consistency across

the three device structures, varying from approximately 1.5 mT to 2 mT. In the two

900 Å devices the saturation field of the deuterated material appears significantly

lower than that of the protiated material, with up to a factor of 2 difference between

the two.

Let us take a moment to understand the errors on the data points as they will

obviously have a bearing on the results of the study. The error on each point has

also been extracted from the fitting parameters, it is the error on the fit. The size

of the error bar is directly related to the difference between the fit and the data.

Some problems were noted previously in this chapter, in the section on free triple

Lorentzian fitting of the relative change in efficiency. Problems were encountered

in fitting the data around the transition region of the magnetic field effect, which

occurs between 10 – 40 mT; any noise in the data set or problems with fitting the

function to the data will be reflected as a spread in the data points or larger error in

the fitting parameter respectively, especially if the noise is around the same magnetic

field strength as the saturation field. This is demonstrated in the subfigures from the

900 Å devices without TPD, where the data was particularly noisy (see figure 4.15.)

The errors on the fits usually comprise ∼10% of the value, however this is slightly

higher in the devices without TPD where the errors on the B0 saturation field can

form up to ∼30% of the value.
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(a) 500 Å+ TPD (b) 900 Å+ TPD (c) 900 Å

(d) 500 Å+TPD (e) 900 Å+TPD (f) 900 Å

Figure 4.20: Comparison of protiated and deuterated a1 & B1 fitting parameters
from free triple Lorentzian fitting to relative change in efficiency data of six devices.

Figure 4.20 is comprised of six subfigures each showing parameters from the second

spin interaction process. Again, the magnitude of this spin interaction process tends

to decrease with increasing current density in the devices with TPD, figures 4.20a

and 4.20b, whilst remaining approximately constant in the devices without TPD,

figure 4.20c. The magnitude of the second spin interaction process is generally

smaller than the first spin interaction process. The magnitude of this process again

appears to be slightly higher in the protiated plots, significantly so in the 500 Å

devices.

In all the plots in the bottom row of subfigures, the saturation field of this spin

interaction process is again remarkably constant with increasing current density ex-

cept at high current densities when it increases slightly. The value of the second

saturation field B1 appears to range between 8 – 13 mT in both the protiated and

deuterated materials. The errors on the values of the second saturation field com-

prise about 20 – 30% of the overall value. Though figure 4.20e shows a large spread

of data points in both plots, overall the three subfigures show very little difference

between the saturation fields of the protiated and deuterated plots.
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The saturation field of the second spin interaction process is less than an order

of magnitude higher than that of the first spin interaction process. It is thus the

balance of the two low field processes that determines the quality of the fit to the

data at low magnetic fields. This may explain why the magnitude of the first spin

interaction process appears higher in the protiated plots in the 900 Å devices, though

in the 500 Å devices it is the second spin interaction process.

(a) 500 Å+ TPD (b) 900 Å+ TPD (c) 900 Å

(d) 500 Å+TPD (e) 900 Å+TPD (f) 900 Å

Figure 4.21: Comparison of protiated and deuterated a2 & B2 fitting parameters
from free triple Lorentzian fitting to relative change in efficiency data of six devices.

Figure 4.21 is comprised of six subfigures each showing parameters from the third

spin interaction process. These figures show the largest errors and spread of data

points. The first item of note here is the magnitude of this process — it is much

smaller than the other two processes. It would be reasonably expected that there

would be larger errors and a greater spread of data points when characterising a

component that is very small compared to the overall effect. From the top row of

subfigures it can be discerned that this spin interaction process tends to increase

slightly with increasing current density in the devices with TPD, but is approxi-

mately constant in the devices without TPD. The magnitude of the process seems

to be the same in both the protiated and deuterated samples, within error.
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In the bottom row of subfigures it can be seen that the data points are very scat-

tered. Three of the plots show an apparent increase in the value of the saturation

field with increasing current density, the three other plots show an apparent de-

crease. On average, the value of the B2 saturation field that has emerged from free

triple Lorentzian fitting ranges from 100 – 200 mT. This value falls near the top of

the measured magnetic field range. In fitting the data to this particular function,

the Marquardt-Levenberg algorithm requires a large amount of data after the sat-

uration field to achieve a good fit. At 300 mT the magnetic field response is not

completely saturated and so the returned parameters from the fit will not be precise.

Measurements to higher fields would be required to achieve a more exact fitting of

the high field saturation field.

Figure 4.21e shows no difference between the saturation fields of the protiated and

deuterated samples, however figures 4.21d and 4.21f show the saturation fields of the

deuterated material to be much higher. It is difficult to know if this is significant due

to the fitting problems described above, and so figure 4.22 may prove illuminating.

(a) Average B0 parameter (b) Average B1 parameter (c) Average B2 parameter

Figure 4.22: Comparison of protiated and deuterated averaged Bn parameters from
free triple Lorentzian fitting to relative change in efficiency data of six devices.

Figure 4.22 shows the average saturation fields of the three processes for each of the

protiated and deuterated devices. The points in these figures are the averages of

the saturation field values extracted for each device, as plotted in the bottom row

subfigures of figures 4.19, 4.20 and 4.21. Thus, each of these points is the average 20

– 40 values. The errors shown in figure 4.22 are calculated as the standard deviation

in the data, hence they are related to scatter in the data, and the increase in the

saturation field with increasing current density.

Looking first at figures 4.22b and 4.22c it can be seen that there is a degree of

consistency in the average B1 and B2 saturation values across the different device

structures, both protiated and deuterated. The two anomalous points present in

figure 4.22c reveal that the differences between the protiated and deuterated plots
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noted in figures 4.21d and 4.21f were not significant as they do not form part of a

consistent difference between the B2 saturation fields of protiated and deuterated

materials in different device structures.

Looking now at figure 4.22a, interpretation of these results is not so clear. Let us

first consider the reliability of the data points; each data point is representative of

the low saturation field from a large number of triple Lorentzian fits and so sample

bias is not a problem, however the quality of those fits around this magnetic field

strength has already been highlighted, particularly in the case of device P500+TPD.

If one postulates that the P500+TPD data point in figure 4.22a is anomalous then

interpretation of the data becomes clearer: the B0 saturation field in deuterated ma-

terial is consistently lower than in protiated material. If that cannot be considered

to be the case, then one can still argue that there appears to be a slight decrease

in the average low saturation field of the deuterated devices, despite the spread of

data points.

Consistency in the parameters produced by the fits indicates the suitability of the

triple Lorentzian function, and the individual parameters produced in these fits

are relatively consistent with increasing current density. Thus, averaged values for

saturation fields for each process in each material can be calculated. The errors

have been calculated as the standard deviation in the data points in figure 4.22.

The only difference revealed is in the lowest saturation field, where the saturation

field of the first spin interaction process was 25 – 50% lower in the deuterated

material. The averaged saturation field of the second spin interaction process in the

protiated material is within error of the value of the deuterated material, thus, an

averaged value can be calculated to represent the value in both materials. When the

anomalous data described in figure 4.22c is omitted, the third saturation field can

also be averaged over both protiated and deuterated materials, with a much smaller

standard deviation. Thus, the average saturation fields are as follows:

BP
0 = 2.6± 0.4 mT BD

0 = 1.8± 0.4 mT

BP
1 = 12.4± 2.6 mT BD

1 = 11.5± 1.1 mT −→ B1 = 12.0± 0.5 mT

BP
2 = 131± 41 mT BD

2 = 181± 35 mT −→ B2 = 158± 7 mT

Verifying spin interaction processes through their saturation fields

Three possible spin interaction processes have been described which might affect

device efficiency and three spin interaction processes have been identified in the

magnetic field response of device efficiency, represented by the linear addition of
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three Lorentzian components into the triple Lorentzian function, which has proven

itself to be a good fit to ∼150 data sets.

The question that remains to be addressed is how the three spin interaction processes

discovered in free fitting are related to the three spin interaction processes described

earlier in this thesis. It is possible to answer this question by comparing the measured

saturation fields to saturation fields from the literature.

Recall that evidence was found in the literature which suggested that the intersys-

tem crossing between polaron pairs might be saturated by a lower magnetic field

than the intersystem crossing between excitons [16]. The Queen Mary group per-

formed electroluminescence and photoluminescence measurements on AlQ3, fitted

both magnetic field responses to double Lorentzian functions and in both cases found

two processes with saturation fields of 3 mT and 28 mT. In the electroluminescence

measurement, the low field process was dominant. In the photoluminescence mea-

surement, the high field process was dominant. In this thesis measurements are also

based upon electroluminescence and again, the low field process is dominant. In

electroluminescence measurements both polaron pair states and excitons are present,

however in photoluminescence measurements excitons dominate. It is thus reason-

able to postulate that the spin interaction process saturated by low magnetic fields

is the intersystem crossing between polaron pair states and the spin interaction pro-

cess saturated by slightly higher magnetic fields is the intersystem crossing between

excitons.

Much earlier in the literature Ern and Merrifield measured the magnetic field ef-

fect on quenching of triplets in anthracene [38]. This process occurs through the

interaction of triplets and polarons. Upon fitting the magnetic field response of the

triplet lifetime to a single Lorentzian function it was found that the response had

a saturation field of ∼70 mT. This suggests that the interaction of triplets and po-

larons has a relatively higher saturation field than the other two processes and may

account for the 158 mT process visible in the protiated and deuterated AlQ3 devices.

4.5.6 Quantifying the effect of deuteration on organic mag-

netoresistance through the effect on spin interaction

processes

We have now reasonably identified the three spin interaction processes that charac-

terise the organic magnetoresistance effect. We considered the fundamental effect of

the hyperfine field in organic semiconductors and described how it might enable spin

mixing. Altering the hyperfine field through deuteration might be expected to affect

the magnetic field dependence of the spin interaction processes as they are depen-
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dent upon on spin mixing. We have given evidence for the Lorentzian magnetic field

dependence of those spin interaction processes. For each Lorentzian term there are

two fitting parameters: the magnitude of the term an and the magnetic saturation

field of the term Bn. It is the second parameter that is of most importance in this

thesis as it is this parameter that might be expected to be different in the magnetic

field response of the deuterated devices. The magnetic field response of the efficiency

was freely fitted to the triple Lorentzian function and the characteristic lineshape of

the data was successfully reproduced. Furthermore, we have begun to differentiate

the effect of deuteration.

Let us now consider the number of parameters in the triple Lorentzian function. It

was hypothesised that the saturation fields of the three spin interaction processes

should be constant in any organic material with increasing current density, regard-

less of device structure. This was shown to be more or less the case. Thus, it should

be possible to fix these values, thereby halving the number of free parameters in

the function from six to three. We proceed by fitting the magnetoresistance data —

starting with the efficiency data — to an averaged triple Lorentzian function where

the values of the saturation fields have been constrained to be constant.

Averaged triple Lorentzian fitting of the relative change in efficiency

The constrained saturation fields to be used in the the averaged fitting were calcu-

lated from the averaged values plotted in figure 4.22. Free fitting of the efficiency

data to the triple Lorentzian function hinted that the saturation field of the low field

spin interaction process — intersystem crossing between polaron pair states — was

different in the protiated material compared to the deuterated material. Indeed,

averaging the saturation field values of this process separately for the two materials

revealed an average value of B0 = 2.6±0.4 mT in the protiated material and B0 =

1.8±0.4 mT in the deuterated material. Thus, the saturation field of the first spin

interaction process in the averaged triple Lorentzian function will be constrained to

different values when fitting data from the protiated and deuterated devices. Con-

versely, there appeared to be no consistent difference between the saturation field

values of the high field spin interaction process — triplet polaron interactions. Thus,

an average value of B2=158±7 mT was calculated, to be used to fit the data from

both materials. The other low field spin interaction process — intersystem crossing

between excitons —demonstrated slight differences in the saturation field values of

the protiated and deuterated materials, however the averaged values calculated from

the two materials were within error of each other, and thus a value of B1=12±0.5 mT

could be used to fit the data of both materials. When these averaged values are sub-

stituted into the triple Lorentzian function and used to fit the efficiency data once
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more, the only free fitting parameters are the an parameters, i.e. the magnitudes of

each spin interaction process.

(a) P500 + TPD (b) P900 + TPD (c) P900

(d) D500 + TPD (e) D900 + TPD (f) D900

Figure 4.23: Averaged triple Lorentzian fits to relative change in efficiency data of
all protiated and deuterated devices at a constant current density of 20 A/m2.

The results of that fitting are summarised in the same manner as the single, specific

non-Lorentzian fits and free triple Lorentzian fits in figure 4.23 with one fit to one

data set from each device, measured at approximately the same current density in

each device. Despite there being only three free fitting parameters in the fitting

function — the magnitude of each spin interaction process — the averaged function

provides a good fit to not only each of the data sets shown here, but to every data

set from every device, in both protiated and deuterated devices, across the different

device structures. To illustrate this, figures 4.10, 4.11 and 4.12 have been reproduced

with averaged triple Lorentzian fits to each data set.
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(a) 23.5±1.5 A/m2 (b) 135±8 A/m2 (c) 770±11 A/m2

Figure 4.24: Averaged triple Lorentzian fits to the relative increase in efficiency of
500 Å AlQ3 and AlQ3-d18 devices with TPD at a low, mid and high current density.
The legend has been split across the figures.

(a) 21.1±0.2 A/m2 (b) 111±1 A/m2 (c) 830±30 A/m2

Figure 4.25: Averaged Triple Lorentzian fits to the relative increase in efficiency
data of 900 Å AlQ3 and AlQ3-d18 devices with TPD at a low, mid and high current
density. The legend has been split across the figures.

(a) 1.86±0.03 A/m2 (b) 7.25±0.04 A/m2 (c) 55±1 A/m2

Figure 4.26: Averaged Triple Lorentzian fits to the relative increase in efficiency
data of 900 Å AlQ3 and AlQ3-d18 devices without TPD at a low, mid and high
current density. The legend has been split across the figures.
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Figures 4.24, 4.25 and 4.26 show the averaged triple Lorentzian fits to be very consis-

tent and accurate in all device structures, in both materials at all current densities.

The finer details of the quality of the fits are not visible on such a scale, but the

same slight deviations of the fit from the data from 40 – 80 mT that were evident

in the free fits to the efficiency data are still evident here. Given the scatter of

data in figure 4.22 it is not surprising that the lineshape of the data is not always

reproduced perfectly, particularly at high fields where the fit can appear as a more

curvier or linear trend than the data itself. This is most evident in the two devices

without TPD.

We can quantitatively assess the quality of the averaged fits by studying the param-

eters and errors extracted from the averaged fits. These are given in figures 4.27,

4.28 and 4.29. Of course the values of the B0, B1 and B2 parameters which appear

on the bottom rows of each figure are kept constant in the averaged fits, though the

errors indicate the difference between the constrained saturation field and the data.

The first spin interaction process, consistent with intersystem crossing between po-

laron pair states, is characterised by the parameters a0 and B0. Free fitting indicated

that the saturation field of this process was altered by deuteration and so fitting the

data from the two materials to different B0 parameters (calculated from averages in

the free fitting) should reveal if this result is real. The results of the averaged fitting

of this spin interaction process are shown in figure 4.27.

The bottom row of subfigures in figure 4.27 show the saturation field of the first

spin interaction process and the error on the fit, plotted against increasing current

density through the different device structures. In each of the subfigures in the

bottom row of figure 4.27, but particularly so in figures 4.27d and 4.27f it can be

seen that the errors on the B0 values vary for the different device structures. The

errors can form up to 20% of the value, however the errors from fitting the data of the

protiated and deuterated materials do not overlap. There is a clear, consistent, and

reproducible difference between the saturation field values for this spin interaction

process between the protiated and deuterated samples.

The top row of subfigures in figure 4.27 show the magnitude of the first spin inter-

action process and the error on the fit, plotted against increasing current density

through the different device structures. Drawing parallels between this figure and

figure 4.19 which plotted data from free fitting, we find that the trends are now

much clearer. In the devices with TPD the magnitude of this process decreases

dramatically with increasing current density. In the devices without TPD the mag-

nitude of the process is constant with increasing current density, but much smaller.

The protiated and deuterated plots for each structure follow the same trend and

this spin interaction process is very similar in magnitude for both the protiated and
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(a) 500 Å+ TPD (b) 900 Å+ TPD (c) 900 Å

(d) 500 Å+ TPD (e) 900 Å+ TPD (f) 900 Å

Figure 4.27: Polaron pair intersystem crossing process. Comparison of protiated
and deuterated a0 & B0 fitting parameters from averaged triple Lorentzian fitting
to relative change in efficiency data of six devices

deuterated samples, though figure 4.27b indicates that this process may be slightly

higher in the protiated sample.

The second spin interaction process, consistent with intersystem crossing between

excitonic states, is characterised by the a1 and B1 fitting parameters, the data for

which are shown on the top and bottom rows of subfigures in figure 4.28, respectively.

Previously (see figure 4.20) data indicated that this process was not affected by

deuteration of the organic material and so an average saturation field of 12 mT was

used to fit this process in both materials. Looking at the data in the bottom row of

subfigures, it can be seen that the errors on this value consistently form 10 – 20%

of the value itself for both protiated and deuterated devices, indicating that the

saturation field for this process is either not affected, or not significantly affected by

deuteration.

The top row of subfigures plotting the a1 parameters reveal that the protiated and

deuterated plots for each device structure appear to follow the same trends. In

the devices with TPD the magnitude of the exciton intersystem crossing process
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(a) 500 Å+ TPD (b) 900 Å+ TPD (c) 900 Å

(d) 500 Å+TPD (e) 900 Å+TPD (f) 900 Å

Figure 4.28: Exciton intersystem crossing process. Comparison of protiated and
deuterated a1 & B1 fitting parameters from averaged triple Lorentzian fitting to
relative change in efficiency data of six devices

decreases slightly with increasing current density. The gradient of the decrease is less

than in the polaron pair intersystem crossing process. In the devices without TPD

the process increases at very low current densities, then the magnitude plateaus, as

with the polaron pair intersystem crossing process. Differences in the magnitude of

the second spin interaction process between the protiated and deuterated samples

are evident in all the subfigures. In figures 4.28a and 4.28c the magnitude of the

process in the deuterated sample is reduced by nearly 50%, though in figure 4.28b the

difference is much smaller at approximately 10%. Nonetheless, it could be surmised

that the magnitudes of the two low field spin interaction processes are affected

by deuteration. This result was unexpected as the literature had not suggested

that altering the hyperfine field would have an effect on the magnitude of any spin

interaction processes occurring, though of course such an effect was never ruled out.

The third spin interaction process, consistent with triplet polaron interactions is

characterised by the a2 and B2 fitting parameters, the data for which are shown on

the top and bottom rows of subfigures in figure 4.29, respectively. Looking at the top

row of subfigures, it can be seen that the magnitude of this spin interaction process
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(a) 500 Å+ TPD (b) 900 Å+ TPD (c) 900 Å

(d) 500 Å+TPD (e) 900 Å+TPD (f) 900 Å

Figure 4.29: Triplet polaron interaction process. Comparison of protiated and
deuterated a2 & B2 fitting parameters from averaged triple Lorentzian fitting to
relative change in efficiency data of six devices

behaves inversely with increasing current density in the devices with and without

TPD. In the devices with TPD, the magnitude of this process is significantly smaller

than the other two processes. In stark contrast, however, in the devices without TPD

the magnitude of this process is only slightly smaller.

As discussed previously in this chapter, in the section on characterising organic mag-

netoresistance through spin interaction processes, the relatively smaller magnitude

of this process increases the difficulty in fitting it. This is reflected in the error on

the saturation field values, plotted in the bottom row of subfigures in figure 4.29,

particularly so in the case of P500+TPD. The errors in the saturation field of this

process form approximately 25 – 40% of the values for both protiated and deuter-

ated samples.

In all three spin interaction processes, the magnitude of each process is strongly

dependent on the presence of a TPD layer. Though the current densities achieved

by the devices without TPD are much lower than those achieved by the devices

with TPD, the trends are obviously very different, even when compared on a similar
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scale of current density. The key difference is the poor injection of holes into the

active layer in the devices without TPD. Indeed, the balance of positive and negative

charge carriers in these devices will be exceptionally poor. As a direct consequence

there will be a lower population of polaron pair states and excitons, and a higher

ratio of polarons to excitons. This may explain why the magnitude of the triplet

polaron interaction process is not significantly smaller than the other two processes

in the devices without TPD, as opposed to in the two devices with TPD.

We have now demonstrated that it is possible to successfully characterise the rela-

tive change in efficiency data using the triple Lorentzian function when the number

of free fitting parameters is as low as three, with relatively small errors of ∼20%

on both the free and constrained fitting parameters. The scale of the error does

not change significantly or consistently with increasing current density, indicating

that these averaged values of saturation field are real constants in the magnetic field

responses of the processes occurring in the active layer.

For contrast, let us consider a different fitting function with fewer terms — the

double Lorentzian function. This function, or a function of similar form comprising

single Lorentzian and specific non-Lorentzian terms has been used previously in

the literature to provide an approximate fit to magnetic field effects with moderate

success [16, 70, 77, 123] although here it will be shown that such a fit may not be

considered to truly characterise the magnetic field effect to the same accuracy as

the triple Lorentzian function.

The double Lorentzian function is given in equation 4.4

f = a0
B2

(B2 +B2
0)

+ a1
B2

(B2 +B2
1)

(4.4)

The quality of the fitting is summarised in figure 4.30, where one data set from every

device structure has been fitted in the usual manner.

The functional form of the double Lorentzian function 4.4 is similar to that of the

specific non-Lorentzian function 4.2, thus the differences between the fit and the data

are similar. At all current densities the double Lorentzian function provides a good

fit at low magnetic fields, i.e. up to ∼20 mT. The fit falls below the data around

the point where saturation begins, rises above it from approximately 50 – 150 mT,

then falls below it again from 150 – 300 mT. Considering that the double Lorentzian

function features four free fitting parameters and is a poor fit to the data, the quality

of the averaged triple Lorentzian function with only three free fitting parameters is

quite remarkable and this could be considered further proof in the argument that

organic magnetoresistance can only be explained by three spin interaction processes.
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(a) P500 + TPD (b) P900 + TPD (c) P900

(d) D500 + TPD (e) D900 + TPD (f) D900

Figure 4.30: Double Lorentzian fits to relative change in efficiency data of all proti-
ated and deuterated devices at a constant current density of 20 A/m2.

Averaged triple Lorentzian fitting of the relative change in current

Thus far we have used the efficiency data to extract the saturation fields of the

three spin interaction processes that shape the magnetic field response, however

the same processes can also affect the current with the same magnetic field depen-

dence. Though they would not necessarily act with the same magnitude, it should

still be possible to fit the relative change in current data using the averaged triple

Lorentzian function if the magnitude parameters are free. The effect of spin in-

teraction processes on efficiency and current are briefly recapped here: intersystem

crossing processes have been shown to carry magnetic field dependence [16] and can

occur between pair states at both the polaron pair and exciton levels, affecting effi-

ciency because ultimately more singlet excitons are created and therefore more light

is emitted. At the excitonic level the singlet population is increased directly at the

expense of the triplet exciton population, though at the pair state level the process

is more indirect; a reduction in the population of triplet polaron pairs leads to re-
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duced formation of triplet excitons. Ultimately, the population of triplet excitons is

decreased by intersystem crossing processes, which decreases the probability of site

blocking of charge carriers, and increases charge mobility. Thus intersystem crossing

at the excitonic level has the same effect on current and efficiency as intersystem

crossing at the polaron pair level, but is saturated by a slightly higher magnetic

field.

Though the population of triplet excitons may be decreased by intersystem crossing

at both the polaron pair and excited state level, enough triplet excitons are present in

the active layer for them to have a considerable effect on the current not just through

site blocking, but also through triplet polaron interactions which have been shown by

Ern and Merrifield to have magnetic field dependence [38]. Some examples of such

interactions were described in detail in the introductory chapter. An interaction

can lead to several possible outcomes for the triplet exciton. In most outcomes the

polaron is scattered, affecting the current through the mobility. In the quenching

scenario, the population of triplets available to intersystem cross into singlets is

reduced, and thus quenching prohibits a radiative pathway. One might not expect

the triplet polaron interaction process to have the same magnitude of effect on

the magnetic field responses of the current and the efficiency, accounting for the

differences in the lineshapes of the responses.

It is worth noting that the processes described above do not explain the negative

component in the magnetic field effect on current visible in certain devices (partic-

ularly those with TPD) at low current densities. This negative process must act

in addition to the processes described by the triplet polaron interaction model that

form the three components of the triple Lorentzian function.

Free fitting the relative change in current data was previously avoided because of

this negative component. Indeed, upon attempting to fit current data from de-

vices which have shown a negative component, namely P500+TPD, P900+TPD

and D900+TPD, using the free or averaged triple Lorentzian function; one finds

the function to be completely inadequate. The function is not able to reproduce

the lineshape of the data properly until high current densities have been reached

in the devices, though the fit is still often slightly too low from 50 – 100 mT. This

can easily be understood as the lineshape of the data is no longer defined by just

three separate spin interaction processes each with positive magnetic field depen-

dence. Conversely, fitting the relative change in current data from the devices that

do not show a negative component should be simple. This is illustrated in figure 4.31

which shows one relative change in current data set from each device, fitted using

the averaged triple Lorentzian function, where the saturation field values have been

constrained to those calculated in fitting the relative change in efficiency data, and

the magnitudes of each process act as the free fitting parameters.
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(a) P500 + TPD (b) P900 + TPD (c) P900

(d) D500 + TPD (e) D900 + TPD (f) D900

Figure 4.31: Averaged triple Lorentzian fits to relative change in current data of all
protiated and deuterated devices at a constant current density of 20 A/m2.

At this current density the overall magnetic field effect on the current through each

device is positive, though the effects of the negative component are still visible as a

reduced magnitude of the overall magnetic field effect at low fields in those devices

that showed it, namely P500+TPD, P900+TPD and D900+TPD and arguably in

D500+TPD. Indeed, studying figures 4.31a, 4.31b, 4.31d and 4.31e, the response in

the devices with TPD is very different to that in the devices without TPD and it can

be seen that averaged triple Lorentzian fitting to the data is poor at low fields. Now

looking at figures 4.31c and 4.31f which plot data from relative change in current

measurements on the devices without TPD, fitted to the averaged triple Lorentzian

function, the fits appear to be very good. The lineshape of this data is very different

because the negative component is not present. Accordingly, the magnitude of the

response is much bigger.

To illustrate the quality of the averaged triple Lorentzian fit to relative change in

current data from the devices without TPD, figure 4.9 has been reproduced, now

fitted, in figure 4.32.
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(a) 1.86±0.03 A/m2 (b) 7.25±0.04 A/m2 (c) 55±1 A/m2

Figure 4.32: Averaged Triple Lorentzian fits to the relative increase in current data
of 900 Å AlQ3 and AlQ3-d18 devices without TPD at a low, mid and high current
density. The legend has been split across the figures.

The quality the averaged triple Lorentzian fitting to the relative change in current

data for the 900 Å devices without TPD can be quantified by again studying the

errors on the fitting parameters, shown in figure 4.33.

(a) a0 (b) a1 (c) a2

(d) B0 (e) B1 (f) B2

Figure 4.33: Fitting parameters from averaged triple Lorentzian fits to relative
change in current data of protiated and deuterated devices with 900 Å layers without
TPD.
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Naturally, the Bn parameters were constrained to the values extracted from the

efficiency data, with the value of the B0 parameter different for the protiated and

deuterated devices. The only free fitting parameters were the an parameters, i.e.

the magnitude of each spin interaction process.

The bottom row of subfigures in figure 4.33 show the values and errors of the Bn

parameters, extracted from averaged triple Lorentzian fits to the relative change in

current data from devices P900 and D900. In all plots in the three bottom row

subfigures it can be seen that the error forms approximately 10 – 20% of the overall

value, as was true in all of the averaged fits to the efficiency data. In figure 4.33d the

values and errors of the saturation field of this process in the protiated and deuter-

ated plots are clearly separated over the range of current density, again indicating

that there is a real and reproducible difference in the saturation fields of just one

spin interaction process — intersystem crossing between polaron pairs.

The top row of subfigures show the values and errors of the an parameters, extracted

from averaged triple Lorentzian fits to the relative change in current data from de-

vices P900 and D900. The first item of note is that the magnitude of each spin

interaction process seems to have approximately the same dependence on current

density; a slight increase followed by a plateau. It can also be seen that all three

processes have approximately equal magnitude, though there is obviously some dif-

ference in the magnitude of each process between the protiated and deuterated plots.

This is most obvious in figure 4.33b where the magnitude of the exciton intersystem

crossing process is up to 50% smaller in the deuterated material, though a difference

in magnitude between the protiated and deuterated plots could arguably be present

to a lesser degree in subfigures 4.33a and 4.33c.

4.6 Conclusions from this chapter

Hydrogen hyperfine fields are known to be present in organic materials. When

organic materials are used as the active layers in ambipolar organic devices, the

layer plays host to polarons and paired charge species such as polaron pairs, excitons,

and bound states of triplets and polarons. The spin states of these paired charge

species can evolve over time through interaction processes, ultimately changing the

overall population of different species. This can affect the characteristics of the

device under normal operating conditions, characteristics such as the current and

the efficiency. It is believed that the hydrogen hyperfine field allows this evolution

[40, 44, 56, 60, 63, 78] as both constituent spins are coupled to the hyperfine field,

i.e. the hyperfine field mixes the initial and final configurations of dynamic paired

charge species [15]. The hyperfine field is analogous to a local magnetic field in the
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active layer and so it can, in theory, be saturated by a strong external magnetic

field, saturating the interaction between the spins of the charge species [80].

This chapter began with the hypothesis that magnetic field effects would be altered

in devices where the active layer had been deuterated.

Literature [118] suggested that the average hyperfine field in a deuterated material

was likely to be lower. Indeed, it was suggested that the hyperfine coupling con-

stant is more than six times lower in deuterated material. It was expected that

deuterating the active layer of a device would alter the saturation field of any spin

interaction process, and be visible as an alteration to the magnetic field response

of the device. Using an empirical equation, the authors calculated that the char-

acteristic saturation field of the magnetic field response of the electroluminescence

would be reduced by a factor of four in the deuterated material. It was not known or

indicated if there might be an effect on the magnitude of spin interaction processes

in deuterated materials.

In this chapter six devices were grown, examined and compared. Two devices were

grown with TPD hole transport layers and 500 Å active layers of AlQ3 or AlQ3-d18.

Two devices were grown with TPD hole transport layers and 900 Å active layers of

AlQ3 or AlQ3-d18. Two single layer devices were grown with 900 Å active layers of

AlQ3 or AlQ3-d18. Current–voltage, voltage–luminance and efficiency characteristics

were presented which revealed no consistent differences between the protiated and

deuterated samples, though device structure affected the absolute current density

and luminance. The current density in the devices without TPD layers was signifi-

cantly reduced by over an order of magnitude. Over the course of the chapter it was

postulated that this might affect the balance of electrons and holes, the population

of pair states and the ratio of polarons to pair states.

Comprehensive magnetoresistance measurements were performed on the devices in

constant voltage mode, measuring the relative change in current, luminance, and

efficiency up to the maximum current density possible for the device, up to the

maximum possible magnetic field strength, 300 mT.

Studies of the relative change in current ∆I
I

revealed that the response changed

significantly at low current densities because some devices, particularly the devices

with TPD hole transport layers, displayed a negative component to the magnetic

field effect. This was attributed to exciton dissociation at the interface with the

hole transport layer. Despite this, at high current densities no consistent differences

in the magnetic field response between protiated or deuterated samples were noted,

apart from the difference in magnitude. The devices without TPD did not show a

negative component to the relative change in current, and so the lineshape was much
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more consistent with increasing current density. In these devices it was possible

to discern that the magnetic field effect is of a slightly greater magnitude in the

protiated devices. Thus, it could be stated that device structure strongly affects the

magnetic field response of the current, and deuteration may affect the magnitude,

though it was not possible to completely quantify the effect of deuteration without

analysis.

Studies of the relative change in efficiency ∆η
η

demonstrated that the magnetic field

response was unchanged by increasing current density and device structure. It was

found, however, that the magnitude of the relative change in efficiency was con-

sistently lower in the deuterated samples by ∼10%. Again, it was not possible to

completely quantify the affect of deuteration without analysis.

It was decided that analysis should begin with the efficiency data as this magnetic

field effect was not dependent upon current density or device structure. In the liter-

ature two equations have been suggested to describe the magnetic field dependence

of general spin interaction processes [55, 56]; however both the single Lorentzian

and specific non-Lorentzian functions proved to be unsuitable fitting functions, un-

able to reproduce the lineshape of the data beyond ∼20 mT. As was suggested

by the triplet polaron interaction model [71], three spin interaction processes were

discussed. These processes are intersystem crossing between polaron pair states,

intersystem crossing between excitons and the interactions between triplets and

polarons. It was described how each of these processes can have magnetic field de-

pendence [18, 38, 39], and can have an effect on the current as well as the efficiency

of a device. The nature of the Lorentzian theory of spin interaction processes [56]

allowed all three processes to be linearly summated [70], forming individual terms

in a single function referred to as the triple Lorentzian function. The coefficient

of each term defines the magnitude of each process in the overall effect and each

process has a characteristic saturation field, that is the field at which the process is

saturated by an external magnetic field.

Initial fits performed on the efficiency data were free, i.e. the magnitude and sat-

uration field parameters were not constrained. The individual saturation fields ex-

tracted from the free fits were approximately constant with increasing current den-

sity in a particular device structure. The individual saturation fields were relatively

constant over different device structures, the specific item of note here is that sat-

uration fields of spin interaction processes occurring in the active layer were not

affected by the hydrogen present in the TPD hole transport layer. The first average

saturation field in the protiated material was 2.6±0.4 mT. The first average satura-

tion field in the deuterated material was 1.8±0.4 mT. The second average saturation

field in the protiated material was 12.4±2.6 mT. The second average saturation field

in the deuterated material was 11.5±1.1 mT. The third and highest B2 saturation
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field averaged over both the protiated and deuterated materials was 158±7 mT.

These saturation field values were compared to studies on spin interaction processes

in the literature [16, 38, 72]; the spin interaction process with the lowest saturation

field was consistent with intersystem crossing between polaron pair states. The spin

interaction with the second lowest saturation field was consistent with intersystem

crossing between excitons. The spin interaction process with the highest saturation

field was consistent with triplet polaron interactions.

From the average saturation field values calculated it could be seen that the satura-

tion field of only one process was affected by deuteration; that was the process with

the lowest saturation field — intersystem crossing between polaron pairs.

Fitting the relative change in efficiency and current data to a triple Lorentzian

function with averaged saturation field values produced good fits, where the average

value of the saturation field of the polaron pair intersystem crossing process was

2.6 mT in the protiated samples and 1.8 mT in the deuterated samples; the average

value of the saturation field of the exciton intersystem crossing process was 12 mT in

both materials, and the average value of the triplet interaction process was 158 mT

in both materials. The error on the fits to the averaged values was consistently 10

– 20% for all three spin interaction processes, in all of the device structures in both

protiated and deuterated materials. Importantly, the errors on the polaron pair

intersystem crossing saturation field values were clearly separated for the protiated

and deuterated plots, indicating the difference in this process between the protiated

and deuterated materials was real and consistent. Relative change in current data

from the devices with TPD could not be well fitted by the function, as it could not

account for the negative magnetic field response.

Fitting the efficiency data to averaged values allowed us to examine the magni-

tudes of each spin interaction process in the different device structures, and how

the magnitude of each process changed with increasing current density. Here, stark

differences were noted between the devices with and without TPD. In the devices

with TPD, both the intersystem crossing processes were the dominant processes in

the active layer, but the magnitudes decreased with increasing current density. The

triplet polaron interaction process was 2 – 3 times weaker than the other two process,

but the magnitude increased with increasing current density. In the devices without

TPD each process had approximately equal magnitude, and was approximately con-

stant with increasing current density. The effects of deuteration were noted in the

magnitudes of the two low field spin interaction processes, particularly in the second

spin interaction process — exciton intersystem crossing — where the magnitude of

the process was up to 50% lower in the deuterated material. No differences were

noted in the high field process.
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To summarise, there were two ways in which deuteration might affect the magnetic

field response of an organic device, either through the saturation field of a spin

interaction process or through the magnitude of a spin interaction process. Three

spin interaction processes were found to be occurring in the magnetic field response of

the current and efficiency — intersystem crossing between polaron pairs, intersystem

crossing between excitons and triplet polaron interaction — but not all of these

processes were affected by deuteration. In the deuterated material, the saturation

field of the polaron pair intersystem crossing process was reduced by 30% compared

to that in the protiated device such that
BH

0

BD
0

= 1.4.

Comparing this result to the literature [108], recall that calculations were performed

which predicted that the characteristic saturation field in a deuterated material

would be four times lower than that in a protiated material, however magnetic

field effect measurements performed in that article consistently showed the ratio of

the characteristic saturation fields to be BH
x

BD
x
≈ 2, a similar result to that found in

this work, though there was no apparent effect on the magnitude of the magnetic

field effect in that work. In this work, the magnitude of one of the additional spin

interaction processes — the intersystem crossing process between excitons process —

was reduced in the deuterated material by up to 50%. The triplet polaron interaction

process was completely unaffected.

Within the limited magnetic field range presented by Vardeny’s group (± 40 mT),

it was not possible to discern if more than one spin interaction process was at play,

though differences between the data and the modelled data (based on one spin in-

teraction process) indicated that a single spin interaction process was not sufficient

to explain the magnetic field effect.

Recall that each spin interaction process requires a medium through which to inter-

act, previously assumed to be the hyperfine field. If alterations to this field are not

evident as alterations to the spin interaction processes, then those processes must

be interacting through some other medium. The results of this chapter strongly

suggest that other spin mixing mechanisms must be considered in combination with

the hyperfine interaction to explain the organic magnetoresistance effect.
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Chapter 5

The effect of a doped sensing layer

on organic magnetoresistance

In this chapter the characteristics and magnetic field effects on devices based on pure

AlQ3 are compared to AlQ3 devices that have been doped with a red triplet emitter,

Ir(PiQ)3. The dopant allows direct emission from triplets in the host layer but

also acts to deplete the population of triplets in the host layer. The motivation for

this work is ultimately to investigate if the presence and location of triplet excitons

in the active layer are important factors in the organic magnetoresistance effect.

This will be done by employing several different device structures which utilise the

triplet emitting properties of the dopant at a certain position in the active layer.

The chapter is separated into three sections in accordance with the different device

structures used. In the first section, the magnetic field response of triplet emission

will be measured and analysed, and the effect of triplet depletion from the active

layer on device characteristics and magnetic field response will be detailed. In the

second section, device characterisation and electroluminescence spectroscopy is used

to profile the triplet concentration in the active layer. In the final section the effect

of the location of triplet excitons on the magnetoresistance response is detailed and

analysed. This chapter concludes that triplets play an important role in the organic

magnetoresistance effect through their location. The impact of this conclusion is

discussed with regard to other suggested models for organic magnetoresistance.
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5.1 Motivation for this topic

The pioneers of the efficient dual layer organic light emitting diode, Tang and

VanSlyke, were eager to understand the properties that governed the efficiency of

a device, including the width of the exciton recombination zone and the length of

exciton diffusion. They did this by growing two different structures of doped device

[13]. In both cases, a pure layer of AlQ3 was used as the active layer. Within this

layer, a doped layer was present where the host material was the same as the active

material AlQ3, and the dopant was a highly fluorescent material. The first structure

featured the doped layer adjacent to the hole transport layer, and the width of the

doped layer was increased from there until it encompassed the entire of the active

layer. The second structure featured a doped layer that remained constant in width,

but transited the device starting adjacent to the hole transport layer, then moved

towards the cathode. This thin layer, at some distance x into the active layer, acted

as a sensing layer for the location and behaviour of excitons in AlQ3.

The insights gained from Tang and VanSlyke’s work explain the underlying physics

of the device structures used in this chapter, though the motivation for this work

is different. Tang and VanSlyke used fluorescent dopants to identify the location

of singlet excitons in the active layer; in this chapter we will use phosphorescent

dopants to determine if triplet excitons and their location play an important role in

the organic magnetoresistance effect.

Several studies have investigated the effects of fluorescent [95, 96] or phosphorescent

[49, 60, 65] dopants on the organic magnetoresistance effect, or have attempted to

measure magnetic field effects in devices based on pure phosphorescent materials

[69, 70], or materials with stronger spin – orbit coupling and therefore increased

phosphorescence [55, 77]. The majority of these studies tend to focus explanation of

the observed phenomena upon on the increased spin – orbit coupling in the active

layer. Despite this, very few of the articles give any detailed explanation of how

physical processes occurring in the active layer might be influenced by increased spin

– orbit coupling, leading to a change in the magnetic field effects. The work described

in this chapter differs from previous studies in the research field in that it does

not use phosphorescent materials to investigate the effects of spin – orbit coupling,

rather it utilises the spin – orbit coupling properties of phosphorescent materials

to investigate the magnetic field effect on previously invisible charge species, triplet

excitons.

The triplet polaron interaction model for organic magnetoresistance states that the

spin interactions of excitons with polarons are of key importance [71]. Their presence

and location can affect device current, and the efficiency of the device is related to

their population. In contrast, the bipolaron model places key importance on the

magnetic field dependent formation of bipolarons [78].
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As this mechanism is not dependent upon ambipolar charge transport, the magnetic

field effect would be expected to be visible provided only that there are charge

carriers present in the active layer, for example in unipolar devices. One might also

expect the effect to scale with current density. Furthermore, one might expect the

magnetic field response of the device to be little affected by the presence of a triplet

emitter in the active layer — provided that the dopant had no significant effect on

charge transport — and therefore independent of the location of that dopant.

The key difference between these two models for organic magnetoresistance is the

importance of excitons. A secondary difference is the question of the importance

of the location of the relevant charge species, particularly so in the triplet polaron

interaction model. This thesis aims to address these two key aspects and provide

evidence in favour of the triplet polaron interaction model, and a magnetic field

response that is dependent upon the profile of triplet excitons in the active layer.

5.2 Dopant material properties

The dopant used for this study is a phosphorescent iridium complex named Ir(PiQ)3

(iridium tris(1-phenylisoquinoline)) that emits in the red with a broad single peaked

electroluminescence spectrum at room temperature [117]. This small molecule (see

figure 1.11f) is structurally quite similar to AlQ3 but carries nearly twice the molec-

ular weight. Both singlet and triplet excited states may be transferred from the

host to the dopant, creating metal ligand charge transfer states on the dopant, and

simultaneously depleting the host layer of excitons. The heavy iridium atom at the

heart of the dopant complex creates strong spin – orbit coupling, which causes mix-

ing of the triplet and singlet states, though emission ultimately comes from triplet

metal ligand charge transfer states with a short lifetime of 2.8 µs [117]. At low

enough concentrations the dopant is not expected to have a significant effect on

charge transport [23, 31, 32] in the active layer of an OLED, but will have a signifi-

cant effect on the efficiency of a device as both triplet and singlet excitons may emit

light.

5.3 Structures of pure and doped devices

Several different doped device structures were grown and tested for this chapter and

compared to a device with a pure active layer. The doped layer was grown as a

coevaporated layer during the growth of the active layer by the method outlined in

the experimental methods chapter. The dopant concentration was maintained to be
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1% by evaporation rate which equates to approximately 0.57% by weight. A low

concentration was desirable in order to minimise any possible effects of the dopant

on charge transport, this was the lowest concentration achievable in the evaporation

system. The dopant concentration was not altered from 1% in any of the device

structures grown for this thesis, though the location and width of the doped layer

could be altered to any desired value as will be described.

Testing of the doped and pure devices comprised extensive characterisation through

electroluminescence spectroscopy as well as current–voltage, voltage–luminance and

efficiency characterisation.

Firstly, two devices were grown such that the effect of doping throughout the ac-

tive layer on device characteristics and magnetoresistance measurements could be

compared to those measurements in pure devices. The structure of those devices

were:

• ITO / TPD (500 Å) / AlQ3 (900 Å) / LiF (10 Å) / Al (1000 Å)

• ITO / TPD (500 Å) / 99% AlQ3 + 1% Ir(PiQ)3 (900 Å) / LiF (10 Å) /

Al (1000 Å).

The device structures will be referred to in the chapter as ‘Pure 900’ and ‘Doped

(x = 0− 900) 900’, respectively. Here, the variable x refers to the positional limits

of the doped layer in the active layer in Ångstroms. The number outside of the

brackets refers to the thickness of the active layer. x = 0 at the interface of the

AlQ3 with the TPD hole transport layer. The notation used here means simply that

the AlQ3 layer was doped with 1% Ir(PiQ)3 from x = 0, the interface of the AlQ3

layer with the TPD, to x = 900, where the full width of the active layer was 900 Å.

Thus, the dopant was spread throughout the entire of the active layer.

Following these devices, a second device structure was used where the dopant existed

as only a thin doped layer inserted into the active layer to act as a sensing layer for

the triplet location, just as in Tang and VanSlyke’s work [13]. The thickness of this

doped layer was restricted to 50 Å within an active layer of 900 Å. The structure of

these devices was:

• ITO / TPD (500 Å) / AlQ3 (x Å) / 99% AlQ3 + 1% Ir(PiQ)3 (50 Å) /

AlQ3 ((900− 50− x) Å) / LiF (10 Å) / Al (1000 Å)

The distance x of the doped layer into the active layer was increased from 0→400 Å in

100 Å increments and so these devices can be referred to using the same notation as

the previous devices described above. The first example of this is ‘Doped (x = 0−50)
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900’. An illustrated example of such a device structure was given in the experimental

methods chapter, figure 3.6.

The final device structures grown for this chapter featured thick 500 Å doped layers

inserted into an AlQ3 active layer 1000 Å thick. Devices of this structure were

necessary to properly illustrate the effect of the triplet location on the magnetic

field effect. The structures of these devices were:

• ITO / TPD (500 Å) / 99% AlQ3 + 1% Ir(PiQ)3 (500 Å) / AlQ3 (500 Å) /

LiF (10 Å) / Al (1000 Å)

• ITO / TPD (500 Å) / AlQ3 (500 Å) / 99% AlQ3 + 1% Ir(PiQ)3 (500 Å) /

LiF (10 Å) / Al (1000 Å)

These will be referred to as ‘Doped (x = 0−500) 1000’ and ‘Doped (x = 500−1000)

1000’ respectively. Note that the active layers in all the devices in this chapter are

of a greater-than-usual thickness, certainly greater than the exciton diffusion length.

This was done purposefully to completely avoid any possible effects from exciton mi-

gration to the cathode. The position of the dopant in the active layer of the doped

devices will be illustrated at the beginning of the relevant section for easy reference.

The reader is also referred to figure 3.6 for a more comprehensive representation of

the internal layering structure of a full OLED.

5.4 The effect of triplets on organic magnetore-

sistance

The dopant material has such a short lifetime, that when it is propagated through-

out the entirety of the AlQ3 layer, the population of triplets in the active layer is

considerably smaller compared to that in an equivalent undoped device. The effect

of the removal of triplets from the active layer can be analysed by comparing device

characteristics and magnetoresistance measurements. The two devices used in this

section feature 900 Å active layers of either pure AlQ3, or AlQ3 that had been doped

with 1% Ir(PiQ)3. These have been illustrated for reference in figure 5.1.
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(a) Pure 900 Å (b) Doped from x =
0− 900 of 900 Å

Figure 5.1: Structures of the devices used to assess the effect of triplet removal
on organic magnetoresistance. The active layer (900 Å thick) sits between the
aluminium cathode and the hole transport layer. The active layer is composed of
either pure AlQ3 or AlQ3 that has been doped throughout with 1% Ir(PiQ)3.

5.4.1 Current–voltage, voltage–luminance and efficiency char-

acteristics

(a) Current–voltage characteris-
tics

(b) Voltage–luminance charac-
teristics

(c) Luminance–current charac-
teristics

(d) Efficiency characteristics

Figure 5.2: Comparison of device characteristics of pure and doped devices Pure
900 and Doped (x = 0− 900) 900.

152



To check that the effect of the dopant on the properties of the device is not significant,

figure 5.2 compares the characteristics of a pure 900 Å device to a device where

Ir(PiQ)3 has been doped throughout the active layer. Figure 5.2a compares the

current–voltage characteristics. It can be seen that the two devices demonstrate

identical low leakage currents and both turn-on at approximately 2.1 V. Both plots

then show a rapid increase in current over several orders of magnitude as the devices

turn-on followed by a slight flattening. These characteristics are typical of standard

devices.

Both plots show the same trends in their behaviour, however the magnitude of the

current at comparable high voltages is lower in the doped device by a quarter to half

of an order of magnitude. Similar differences in the characteristics between pure and

doped devices are evident in the article by Tang and VanSlyke [13]. Although the

absolute positions of the HOMO and LUMO in Ir(PiQ)3 are not known, the dopant

emits photons of a lower energy than the host material and so it is likely that the

HOMO and LUMO of the dopant sit inside those of the host [23]. The dopant would

then act as a trap for transiting charges, which might lead to decreased mobility

and decreased current density, such as that observed here. Despite this, the effect

can be considered small when one concedes that this is the only device structure

in this chapter where the dopant is distributed throughout the entire of the active

layer. In the other structures the dopant will only be present in very thin layers or

in smaller areas.

Figure 5.2b compares the voltage–luminance characteristics. Both devices demon-

strate light output from approximately 2.3 V. The luminance then increases rapidly

by several orders of magnitude as voltage increases and the trend then flattens

slightly. It can be seen that the plots of the two devices almost completely over-

lay each other at low voltages, though at high voltages the plot of the doped de-

vice diverges slightly from the pure device. Plotting the luminance against current

density, figure 5.2c, reveals that luminescence from the doped device can be up

to half an order of magnitude higher than that of the pure device at comparable

high current densities, despite the devices appearing nominally identical in voltage–

luminance characteristics. Studying the electroluminescence intensity plots in Tang

and VanSlyke’s article reveals that the intensity at high voltages was equal in the

doped and pure devices, however the intensity was higher in the doped device at

low voltages, as is the case here.

Figure 5.2d compares the efficiency characteristics of the doped and pure devices.

The peak efficiency of the pure device is approximately 0.3%, which is comparable

to any standard device. The peak efficiency of the doped device is 3 – 4 times higher

than that of the pure device, approximately 1.1%. This is due to direct emission

from the triplet excitons. The roll-off in the efficiency with increasing current density
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is dramatically different between the two devices. The doped device demonstrates

a rapid decrease in the efficiency with increasing current density, much more rapid

than that of the pure device. Though this is due in part to the longer lifetime of

triplet excitons on the dopant molecules compared to singlet excitons in the host

material, the origin of efficiency roll-off is the subject of debate in the literature. The

two mechanisms most discussed are triplet triplet annihilation and triplet polaron

quenching [23]. Triplet triplet annihilation is considered unlikely here as the triplet

lifetime on the dopant molecule is short compared to the triplet lifetime in other

materials where triplet triplet annihilation is observed [117]. Another mechanism to

be considered here is that of saturation. As current density increases, the dopant

sites are occupied by triplet excitons which decay with a finite lifetime, however that

lifetime is still one hundred and fifty times that of the singlet lifetime in AlQ3. It is

entirely possible, particularly at these low dopant concentrations, that the Ir(PiQ)3

sites become saturated with triplets with increasing current density. If this were

the case one might expect the absolute magnitude of Ir(PiQ)3 emission to saturate,

or at least begin to saturate in measurements of the electroluminescence intensity

with increasing current density. Such behaviour is indeed demonstrated in the next

section, however we must also consider triplet polaron quenching as a possible cause

of the efficiency roll-off [22]. It is possible that during the triplet lifetime, polarons in

the host layer may be trapped by dopant molecules and interact with triplets on the

dopant molecules. Such interactions between triplets and polarons can proceed via

the mechanisms discussed in the introductory chapter, see figure 1.10. The event of

particular importance here is quenching, which annihilates the triplet and scatters

the polaron. The occurrence of such a process explains not only the roll-off in the

efficiency with increasing current density, but also the differences in the pure and

doped plots in the current–voltage characteristics.

To summarise, the dopant has a small effect on the mobility of charge carriers

through trapping and quenching mechanisms, however the effect of the dopant on

the efficiency is far more substantial. The addition of a dopant dramatically increases

the device efficiency because non-radiative triplets in the host layer are transferred

to the dopant where they are allowed to emit directly due to the strong spin – orbit

coupling in the dopant. At low current densities the population of triplets in the

host layer is expected to be relatively low as the dopant is an efficient emitter. At

high current densities it is likely that the population of triplets in the host layer

increases as the dopant sites become more occupied by triplets. Neither the effect of

the dopant on the current or the efficiency would be expected to influence magnetic

field effects as these are measured as relative changes.
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5.4.2 Electroluminescence spectroscopy characteristics

It is known that Ir(PiQ)3 emits in the red with a broad, single peak and AlQ3

emits in the green with a broad, single peak. Electroluminescence spectroscopy

allows us to easily distinguish the contributing components from the two materials

as they are separated by ∼100 nm. Electroluminescence measurements were carried

out on devices Pure 900 and Doped (x = 0 − 900) 900 by the method outlined in

the experimental methods chapter. Briefly, each device was operated at a constant

voltage and spectra were recorded from 400 – 800 nm. Spectra were recorded for a

range of voltages; commonly from 3.5 V when the signal is clear up to 10 V where the

active layer can be damaged by the high current densities and the device is said to

‘blow up’. The voltage is later converted to current density for better comparability

of devices.

Figure 5.3 shows a selection of electroluminescence spectra from devices Pure 900

and Doped (x = 0 − 900) 900. The three subfigures compare electroluminescence

spectra from the two devices at approximately the same current density. The current

densities selected for presentation represent low, mid-range and high current density

in the operating range of the devices.

(a) 0.7 A/m2 (b) 12 A/m2 (c) 64 A/m2

Figure 5.3: Electroluminescence spectra of pure and doped devices Pure 900 and
Doped (x = 0 − 900) 900 at a low, mid and high current density. In each figure
the spectra have been normalised to the peak at 540nm. The legend in the central
figure also applies to the left and right figures.

Each plot in figure 5.3 has been normalised to the peak of AlQ3 emission at 540 nm.

Normalising the data in this way renders the AlQ3 peaks in both the pure and doped

plots directly comparable and better illustrates the changes to the Ir(PiQ)3 emission

with increasing current density. Looking first at the spectra from the pure device,

it can be seen that the emission peak is unchanged by increasing current density.

Though these spectra have been normalised, the absolute magnitude of the peak

increases with current density. Looking now at the spectra from the doped device,

it should first be noted that the emission peaks from the AlQ3 and the Ir(PiQ)3 are
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indeed clear and easy to distinguish at 540 nm and 640 nm, respectively. The AlQ3

peak in the spectra from the doped device does not completely overlay that from

the pure device because it is convoluted with the peak from the Ir(PiQ)3.

It can be seen in these figures that the peak of the Ir(PiQ)3 emission decreases in

magnitude relative to the AlQ3 peak with increasing current density. In figure 5.3a,

at low current densities, the magnitude of Ir(PiQ)3 peak is five times that of the

AlQ3 peak. In figure 5.3c, at high current densities, the magnitude of the Ir(PiQ)3

peak has fallen to only three times that of the AlQ3 peak.

Figure 5.4: Peak absolute intensity of emission from AlQ3 and Ir(PiQ)3 with in-
creasing current density, taken from electroluminescence spectra of device Doped
(x = 0− 900) 900. The black lines are a guide to the eye.

Figure 5.4 shows the absolute magnitude of emission from both the host and the

dopant in the doped device. Though emission from the host material AlQ3 increases

linearly with increasing current density, emission from the dopant demonstrates sub-

linear behaviour, indicating a possible tendency towards saturation. Indeed, satu-

ration was suggested previously in this chapter, in the section on current–voltage,

voltage–luminance and efficiency characteristics, to explain the roll-off in the effi-

ciency, though the lifetime of the emitting species may also play a role here. Singlet

emissions from the AlQ3 host layer will occur very rapidly as the lifetime is of the

order of nanoseconds, however triplet emissions from the Ir(PiQ)3 are approximately

one hundred and fifty times slower as the lifetime is of the order of a few microsec-

onds. Emission at a slower rate will equate to a lower absolute number of emissions

over a finite time.

The increasing magnitude of the contribution from the AlQ3 host layer compared

to the contribution from the Ir(PiQ)3 dopant layer is also consistent with increased

quenching of triplets on the dopant molecules by polarons in the host layer. As the

current density increases, the population of excitons in the host layer increases, ex-

plaining the increasing absolute magnitude of AlQ3 emission, but also increasing the

probability of quenching of triplets in the Ir(PiQ)3. Indeed, in Tang and VanSlyke’s

work on devices that were doped with a fluorescent material throughout the active
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layer, the electroluminescence spectra showed that the absolute magnitude of emis-

sion of both host and dopant increase linearly with current density [13]. We would

not expect polarons in the host layer to quench singlets in the fluorescent dopant due

to their very short lifetime. Increased quenching may act in addition to the effects

of the triplet lifetime in Ir(PiQ)3, and the effects of saturation, but it is impossible

to discern the relative contribution of each process.

5.4.3 Magnetoresistance measurements

The triplet polaron interaction model for organic magnetoresistance [71] states that

triplet excitons are of particular importance due to their long lifetime, and therefore

potential for interaction with polarons, or evolution into singlet excitons through

excited state absorption, an intersystem crossing process.

Two scenarios were described in which triplets can affect current and efficiency.

Both scenarios began with the supposition that a polaron were about to hop onto a

site already occupied by a triplet exciton, see figure 1.10. The configuration of spins

determines the outcome of the interaction.

In the first scenario the exclusion principle prevents the polaron from occupying

the same site as the triplet pair state. Hopping transport to that particular site is

blocked. The magnetic field increases the intersystem crossing rate [16, 39], convert-

ing the triplet to a singlet pair state. This increases the light output, and decreases

the site blocking. In the previous chapter, in the section on verifying spin interaction

processes through their saturation fields, it was discerned that the magnetic field

dependence of this process is saturated by relatively low external magnetic fields,

2.6 mT at the polaron pair level and 12 mT at the exciton level.

In the second scenario, the polaron is spin-allowed to occupy the same site as the

triplet forming a bound state similar to a trion. The polaron can then be scattered

or the polaron can quench the triplet leaving a vibrationally excited molecule in

the ground state and a scattered polaron. Triplet polaron interactions decrease

charge mobility and therefore current. Quenching prevents a radiative pathway

for the triplet exciton to decay (intersystem crossing to the singlet state through

excited state absorption). The quenching process has been shown to carry magnetic

field dependence [38], and in the previous chapter in the section on verifying spin

interaction processes through their saturation fields, evidence was given suggesting

that the magnetic field dependence of the triplet polaron interaction process was

saturated by relatively high external magnetic fields in AlQ3, 158 mT.

Thus far in the chapter it has been suggested that interactions between polarons in

the AlQ3 and triplets in the Ir(PiQ)3 may carry magnetic field dependence, however
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it has not yet been possible to measure this directly. In a pure material such a process

is non-radiative, having only a secondary effect on the relative change in efficiency

through the quenching pathway. It is therefore difficult to prove. In a material

with a phosphorescent dopant, however, radiative triplet decay from the dopant is

allowed, and clearly separated from emission from singlets in the host layer. Any

interaction process that directly affects the emission with magnetic field dependence

should be visible in any experiment measuring light output, such as measurements of

the relative change in electroluminescence and efficiency. Magnetic field dependent

effects on the current in the AlQ3 host layer may not necessarily be affected by

the presence of the dopant as the concentration is so low, however the effects of a

reduction in the triplet population in the host layer by the dopant may be expected

to affect measurements of the relative change in current in a doped device, when

compared to a pure device.

Following this, magnetoresistance measurements were carried out on the pure and

doped devices by the same methods outlined in the experimental methods chapter.

Both devices Pure 900 and Doped (x = 0− 900) 900 were subject to measurements

of the relative change in electroluminescence, current, and efficiency at a constant

voltage, later converted to current density. A large range of voltages were tested

which range from very low current densities, where the devices had not yet turned

on, to very high current densities where the devices begin to break down.

Relative change in electroluminescence as a function of wavelength

(a) 500 nm (b) 580 nm (c) 640 nm

Figure 5.5: Relative change in electroluminescence intensity at a specific wavelength
in device Doped (x = 0− 900) 900 with averaged Lorentzian fits to the data.

Figure 5.5 plots the magnetic field effect on the electroluminescence of device Doped

(x = 0−900) 900, where each subfigure shows the relative change in electrolumines-

cence at a particular wavelength. The subfigures shown here should be considered

in conjunction with figure 5.3c, which showed the electroluminescence spectra from

the same device at a current density of the same order of magnitude. Each emission
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Figure 5.6: Relative change in luminescence from a pure AlQ3 device, Pure 900,
fitted to an averaged triple Lorentzian function.

wavelength selected here corresponds to a certain region in the electroluminescence

spectra of the device, specifically the sole emission of AlQ3 at 500 nm, figure 5.5a;

the predominant emission of Ir(PiQ)3 at 640 nm, figure 5.5c; or a combination of

AlQ3 and Ir(PiQ)3 emission at 580 nm, figure 5.5b.

Looking strictly at the data in figure 5.5a which shows the magnetic field response

of the AlQ3 in the doped device it can be seen that the response is very similar to

previous plots of the relative change in efficiency in this thesis, however in this plot

the magnetic field response saturates at ∼20 mT.

The second figure, 5.5b plots the magnetic field effect on the electroluminescence

at 580 nm. In the electroluminescence spectra of the doped device, figure 5.3c, this

wavelength corresponds to the dip in the spectra between the peaks of emission of

the AlQ3 and Ir(PiQ)3, thus there is an overlap of emission from both materials.

A high field component is evident in the magnetic field response here that was not

present at the peak of AlQ3 emission.

Looking now at figure 5.5c it can be seen that the relative change in electrolumines-

cence of the Ir(PiQ)3 is dramatically different. Firstly, the magnitude of the relative

change in electroluminescence of the Ir(PiQ)3 is three times greater than that of

the AlQ3. Secondly, the lineshape is very different. Kalinowski et al. also observed

that the relative change in efficiency was significantly altered in devices featuring

phosphorescent dopants [49]. Two components are visible in the lineshape of the

plot, a low field component occurring below 20 mT, and a dominating high field

component.

For comparison, figure 5.6 has been included. This figure shows the relative change in

luminance from a pure device, measured at approximately the same current density

as the measurements in figure 5.5. Measurements of the luminance are taken during

normal magnetoresistance measurements as the intensity of emission, over the full

emission spectrum. In this case, the emission is from pure AlQ3. The lineshape of

the magnetic field effect on the luminance, though dependent upon the magnetic

field effect on the current, is similar to the magnetic field effect on the efficiency,
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i.e. an initial rapid rise at low fields and a continued increase in the response up to

300 mT. Comparing the magnetic field response of the AlQ3 emission in the pure

device here to that in figure 5.5a, it is clear that the high field process is absent in

the doped device.

Lorentzian fitting of spin interaction processes in the host and dopant

In the previous chapter, in the section on averaged triple Lorentzian fitting to relative

change in efficiency data, it was shown that the magnetic field response of the current

and the efficiency of a pure device are usually comprised of three components; two

dominant low field components associated with site blocking which cause an initial

rapid rise in the magnetic field response, and a relatively weak high field component

associated with triplet polaron interaction that causes a gradual rise in the magnetic

field response up to ∼300 mT. As such, the data in figure 5.6 from device Pure

900 can be fitted by the averaged triple Lorentzian function, using the averaged

saturation fields calculated in the previous chapter. The results are excellent.

In the doped device, however, the population of triplets in the host AlQ3 is mod-

ulated by the presence of the dopant. Ir(PiQ)3 is an efficient triplet emitter and

so the population of triplets in the host material is comparatively small. All of the

spin interaction processes taking place in the host material are dependent upon the

triplet population, however the triplet polaron interaction process is the weakest in

magnitude and so this process is severely decreased by the presence of the dopant.

Hence, we may postulate that only the two dominating low field processes may be

evident in the magnetic field response of the electroluminescence of the AlQ3 in the

doped device. Thus, the data in figure 5.5a has been fitted using a double Lorentzian

function, 4.4. In the previous chapter, the saturation fields of the two low field pro-

cesses — intersystem crossing between polaron pair states and intersystem crossing

between excitonic states — were determined to be 2.6 mT and 12 mT, respectively.

These parameters were used to constrain the double Lorentzian fit, and it can be

seen that the combination of these two processes produces an excellent fit to the data.

It has been postulated that polarons in the host layer may interact with the triplet

metal ligand charge transfer states on the Ir(PiQ)3 molecules, and that this would

carry a magnetic field dependence. In the previous chapter, the saturation field of the

triplet polaron interaction process was found to be 158 mT in AlQ3, however previous

literature [38] found that the saturation field of the triplet polaron quenching process

in anthracene was∼70 mT. The saturation field of the interaction process in Ir(PiQ)3

should not be presumed to be identical to that in AlQ3 as they have different material

properties and different excited states. The results of the fitting of this plot will be

discussed later in this section.
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By measuring the relative change in electroluminescence intensity as a function of

wavelength, we have studied the magnetic field response of the emission of the two

materials separately and most importantly, we have measured the magnetic field

effect on triplets in the doped device directly. We can use this information to begin

to understand the combined response of both materials in measurements of the rel-

ative change in current and efficiency in doped devices.

Relative change in efficiency

(a) 0.85 ± 0.15 A/m2 (b) 3.9 ± 0.3 A/m2 (c) 65.5 ± 1.5 A/m2

Figure 5.7: Relative change in efficiency measurements of pure and doped devices
Pure 900 and Doped (x = 0− 900) 900 at a low, mid and high current density with
averaged Lorentzian fits to the data. The legend has been split across the figures.

Figure 5.7 compares the relative change in efficiency data from devices Pure 900 and

Doped (x = 0− 900) 900 over several different current densities representing a low,

mid-range and high current density in the operating range of both devices. Looking

specifically at the data, no negative components are observed in measurements of the

relative change in efficiency of either device. The lineshape of the response is very

different in the doped and pure devices. The lineshape of the efficiency magnetic

field response of the pure device is very similar to that of every device that has been

studied thus far in this thesis. The response comprises an initial rapid rise over

20 mT and a more gradual rise up to 300 mT. The lineshape does not change with

increasing current density, though the magnitude of the response decreases slightly

from 3.5→2.5%.

Following the method of averaged fitting outlined in the previous chapter, the data

from the pure device has been fitted using an averaged triple Lorentzian function, i.e.

a triple Lorentzian function of the form given in equation 4.3 where the saturation

fields of each component in the function have been constrained to those determined

in the previous chapter, i.e. the saturation field of the polaron pair intersystem

crossing process is 2.6 mT, the saturation field of the exciton intersystem crossing

process is 12 mT and the saturation field of the triplet polaron interaction process
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is 158 mT. The results of that fitting are shown in figure 5.7 as green lines, where

it can be seen that the quality of the fitting is excellent. Every efficiency data set

from this device was fitted in such a way.

(a) a0 (b) a1 (c) a2

(d) B0 (e) B1 (f) B2

Figure 5.8: Fitting parameters from averaged triple Lorentzian fits to relative change
in efficiency data of device Pure 900.

Figure 5.8 shows the fitting parameters and errors extracted from averaged triple

Lorentzian fits to relative change in efficiency data from device Pure 900. As the de-

vices have identical structures, the data in this figure may be considered in compar-

ison to similar fitting data from device P900+TPD, shown in the previous chapter,

figures 4.27b, 4.27e, 4.28b, 4.28e, 4.29b and 4.29e.

Comparing the errors on the saturation fields, shown here in the bottom row of

subfigures, the error on the B0 parameter forms about 10% of the overall value. The

error on the B1 parameter forms 15 – 20% of the overall value. The error on the

B2 parameter forms 25 – 30% of the overall value. These values are comparable

to the errors on the saturation fields from triple Lorentzian fitting of the nominally

identical device, demonstrated in the previous chapter.

Comparing the behaviour of the magnitudes of each spin interaction process, shown

here in the top row of subfigures, to those from the nominally identical device in
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the previous chapter, the magnitude of each process is similar in both devices, as

is the change in the magnitude with increasing current density. The errors on the

magnitude form a similar proportion of the overall value in both devices.

Looking now at the magnetic field response of the doped device in figure 5.7 and

comparing the lineshape here to those in figure 5.5, it is clear that the efficiency

response of the doped device is dominated by the dopant. The lineshape of the effi-

ciency magnetic field response is seemingly unaffected by increasing current density,

as is the magnitude of the response which is consistently ∼5.5%. Two components

are evident here, as they were in specific measurements of the magnetic field response

of the electroluminescence of the Ir(PiQ)3, figure 5.5c; a dominating high field com-

ponent with a small shoulder visible in the lineshape at approximately 20 mT. This

implies that two magnetic field dependent spin interaction processes may be at play.

In order to separate and characterise the behaviour of the two components, all of

the relative change in efficiency data from the doped device was freely fitted to a

double Lorentzian function of the form given in equation 5.1 using the method of

free fitting outlined in the previous chapter.

f = a1(Ir(PiQ)3)
B2

(B2 +B2
1(Ir(PiQ)3)

+ a2(Ir(PiQ)3)
B2

(B2 +B2
2(Ir(PiQ)3)

(5.1)

The free fits to a double Lorentzian function proved excellent in all cases, accurately

reproducing the full lineshape of the data including the shoulder element. This is

evidence that the overall response is comprised of two spin interaction processes.

Figure 5.9 shows the fitting parameters and errors from free double Lorentzian fits to

the relative change in efficiency data from device Doped (x = 0− 900) 900. The top

row of subfigures show the an (Ir(PiQ)3) magnitude of each spin interaction process

in the doped device. In the top row of subfigures it can be seen that the magnitude of

the high field process is ten times that of the low field process. The magnitude of the

low field process increases gradually with increasing current density, the magnitude

of the high field process decreases only slightly at high current densities. The gradual

changes in the magnitude of each process with increasing current density explain

why the lineshape and magnitude of the overall magnetic field response appear not

to change with increasing current density.

The bottom row of subfigures show the Bn (Ir(PiQ)3) saturation fields of each spin

interaction process in the doped device. The saturation fields of each process are

remarkably consistent with increasing current density, and the errors on each pro-

cess are small. Average Bn (Ir(PiQ)3) saturation fields were thus calculated to be

B1 (Ir(PiQ)3) = 5.89±0.49 mT, B2 (Ir(PiQ)3) = 183±2 mT.
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(a) a1 (b) a2

(c) B1 (d) B2

Figure 5.9: Fitting parameters from free double Lorentzian fits to relative change in
efficiency data from device Doped (x = 0− 900) 900.

The averaged values of the saturation fields were then used to constrain the double

Lorentzian fits to the relative change in efficiency and relative change in electrolu-

minescence data. These averaged fits form the blue lines in figures 5.7 and 5.5c.

The fits are excellent in all cases, reproducing the lineshape of both efficiency and

electroluminescence responses. The averaged double Lorentzian function reproduces

the high field component of both magnetic field responses and the shoulder in the

data at low fields.

Figure 5.10 shows the fitting parameters and errors from averaged double Lorentzian

fitting of the relative change in efficiency data of device Doped (x = 0 − 900) 900.

The bottom row of subfigures show the values of the saturation fields used to con-

strain the averaged fitting and the error on those values, indicating the difference

between the fit and the data. The error on the B1 (Ir(PiQ)3) saturation field con-

sistently forms ∼5% of the actual value, indicating the accuracy of the value. The

error on the B2 (Ir(PiQ)3) forms less than 2% of the overall value and is also rel-

atively consistent with increasing current density. The top row of subfigures show

164



(a) a1 (b) a2

(c) B1 (d) B2

Figure 5.10: Fitting parameters from averaged double Lorentzian fits to relative
change in efficiency data from device Doped (x = 0− 900) 900.

the magnitude and error of the two spin interaction processes. The error in both

plots is very small and the behaviour of the magnitude of each process remains as

described in discussion on the free fitting.

Thus, the magnetic field response of triplet excited states in the dopant is charac-

terised by two spin interaction processes. It has been postulated that the high field

process may arise from the magnetic field dependence of interactions between po-

larons in the host layer and triplet metal ligand charge transfer states on the dopant,

indeed the saturation field of this process in the Ir(PiQ)3, 183 mT, is of a similar

magnitude to the saturation field of that process in pure AlQ3, 158 mT, though

in the previous chapter, in the section on averaged triple Lorentzian fitting of the

relative change in efficiency, and in figure 5.8c it was noted that the magnitude of

this process in pure AlQ3 tends to increase with increasing current density. Here,

the magnitude of the process in Ir(PiQ)3 is approximately constant with increasing

current density. The magnitude of the process here is also ten times that in AlQ3,

however.
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The origin of the low field process is not obvious, though intersystem crossing pro-

cesses between singlet and triplet levels of pair states have been observed to occur in

pure AlQ3 with similar saturation fields. In pure AlQ3 the magnitude of the inter-

system crossing processes tends to decrease slightly with increasing current density.

In Ir(PiQ)3 the low field process is of a slightly lower magnitude, but tends to in-

crease with increasing current density. It is possible that the low field component in

the magnetic field response of the Ir(PiQ)3 may arise from some intersystem cross-

ing process that increases the population of triplet excited states on the dopant

molecules, indeed, literature [117] indicates that the energetic difference between

singlet and triplet excited states in Ir(PiQ)3 is small. It is worth noting that this

low field process is not consistent with triplet dissociation at the interface, described

in the “Aside on negative magnetoresistance” given in the previous chapter as in-

creased intersystem crossing decreases the triplet population and would therefore

lead to a negative component in the relative change in efficiency in the doped de-

vice, not a positive one.

Relative change in current

Measurements of the relative change in electroluminescence and efficiency allowed

us to visualise the magnetic field effect on the triplets in doped devices, however

the effects of the dopant on measurements of the relative change in current will be

harder to interpret as the overall magnetic field response of the device may comprise

that of both the host AlQ3 layer and the Ir(PiQ)3.

(a) 0.85 ± 0.15 A/m2 (b) 3.9 ± 0.3 A/m2 (c) 65.5 ± 1.5 A/m2

Figure 5.11: Magnetoresistance measurements of pure and doped devices Pure 900
and Doped (x = 0− 900) 900 at a low, mid and high current density. The legend in
the right hand figure also applies to the left hand and central figures.

Figure 5.11 compares the relative change in current data from devices Pure 900 and

Doped (x = 0− 900) 900 over several different current densities representing a low,

mid-range and high current density in the operating range of both devices.
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Before discussing the figures, it should be stated that at very low current densities

both devices show a negative component to the magnetic field effect on the current

which is increasingly dominated by a positive process at high magnetic fields as the

current density increases. The negative component in the magnetic field response

acts in addition to the three positive spin interaction processes and prevents mean-

ingful fitting of the data. This effect is most apparent in the plot from the doped

device in figure 5.11a where the negative effect is visible at a current density of

0.85 A/m2. The transition from negative to positive overall magnetoresistance is

demonstrated as one looks at the plots from the doped devices from figure 5.11a

to 5.11b to 5.11c. In the pure device the magnetic field effect is entirely positive

by 0.24 A/m2, which accounts for the positive polarity of the plots from the pure

device in each of the subfigures, though the effects of the negative component are

still visible in the overall effect as the lineshape of the response changes across the

subfigures. For an explanation of the cause of the negative magnetic field effect,

the effect on the lineshape of the magnetic field response and the impact it has on

interpreting results of measurements; the reader is referred to the “Aside on negative

magnetoresistance” given in the previous chapter.

Nonetheless, we can study some of the key features of the plots in figure 5.11c as these

will show the least effects from the negative process. Here it can be seen that the

lineshape of the magnetic field response is similar for both devices. At magnetic fields

less than 50 mT there is a rapid rise in the relative change in current, accounting for

approximately half of the overall magnetic field effect. From ∼50→300 mT there

is a more gradual rise in the magnetic field response. In contrast, the magnitude

of the magnetic field effect is much larger in the pure device, approximately 1.8%

compared to 1.0% in the doped device, nearly a factor of two difference.

As charge transport through the AlQ3 host layer dominates the overall charge trans-

port through the doped device, it is likely that the overall magnetic field effect on

the current in the doped device will be composed of the usual response of the spin

interaction processes occurring in the AlQ3 layer. The similar lineshapes of the plots

in figure 5.11c are consistent with this theory. As the triplet population in the host

layer is decreased by the dopant, this may cause a decrease in the magnitude of each

spin interaction process as they are all dependent upon the population of triplets,

however this may not necessarily reduce the relative change in current, caused by

the magnetic field.

5.4.4 Summary of this section

In this section we studied devices composed of pure AlQ3 and devices which had

been doped throughout the AlQ3 active layer with Ir(PiQ)3. The dopant is phos-
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phorescent, it acts to remove triplets from the surrounding host layer and allows

direct emission from triplet metal ligand charge transfer states at a characteristic

wavelength of 640 nm compared to the fluorescent singlet emission of pure AlQ3

at 540 nm. Comparing the characteristics of the pure and doped devices showed

that the current density is slightly reduced in the doped device at comparable drive

voltages. It was postulated that this may be due to charge trapping by the dopant

or interaction with triplet excited states on the dopant. Voltage–luminance charac-

teristics were not affected by the dopant however. The peak efficiency of the doped

device was ∼1.1% while the efficiency of the pure device was 0.3%.

In the doped device, AlQ3 emission increased linearly in intensity with increasing

current density. The increase in Ir(PiQ)3 emission with increasing current density

was found to be sub-linear. The peak electroluminescence intensity of Ir(PiQ)3

emission was initially five times that of the AlQ3 emission, but decreased with

increasing current density to only three times that of the AlQ3. Measurements of the

relative change in electroluminescence intensity as a function of wavelength in the

doped device revealed that the AlQ3 and Ir(PiQ)3 had very different responses to a

magnetic field due to different spin interaction processes occurring in each material.

The magnetic field responses of the efficiency and luminance in the pure device were

composed of three spin interaction processes and were well fitted by an averaged

triple Lorentzian function using the method and saturation field values determined

in the previous chapter, 2.6 mT, 12 mT and 158 mT. In the previous chapter, in the

section on verifying spin interaction processes through their saturation fields, these

processes were found to be consistent with intersystem crossing between polaron

pairs, intersystem crossing between excitons and triplet polaron interactions. The

magnitude of the relative change in the efficiency in this device decreased slightly

with increasing current density, and was generally much smaller than that in the

doped device.

The magnetic field response of the Ir(PiQ)3 dominated measurements of the relative

change in efficiency of the doped device. It was also noted that magnitude of the

relative change in the efficiency of the doped devices was approximately constant

with increasing current density. By free and then averaged fitting of the efficiency

data to a double Lorentzian function, two spin interaction processes with average

saturation fields of 5.89±0.49 mT and 183±2 mT were distinguished. The high field

process was consistent with interactions between triplets on the dopant molecules

and polarons in the host layer. The low field process was suggested to be related to

intersystem crossing processes on the dopant molecules.

The relative change in electroluminescence of the Ir(PiQ)3 in the doped device was

well fitted by an averaged double Lorentzian function where the saturation fields

were constrained to be the averaged values calculated from fitting the relative change
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in efficiency data, 5.89 mT and 183 mT. The relative change in electroluminescence

of the AlQ3 in the doped device was well fitted by a double Lorentzian function

where the saturation fields were constrained to be as those of the two low field

processes known to occur in AlQ3, 2.6 mT and 12 mT, consistent with the notion

that the dopant depletes the triplet population in the active layer, and subsequently

reduces the magnitude of the triplet polaron interaction in the host layer.

Measurements of the relative change in current through the pure and doped devices

were complicated by additional negative magnetic field effects at very low current

densities, as such, these data were not fitted. At high current densities the lineshape

of the response was similar for both devices, though the magnitude of the magnetic

field response was decreased by nearly a factor of two in the doped device. These

results were consistent with the notion that the dopant reduces the magnitude of the

three field-dependent spin interaction processes occurring in the AlQ3 active layer,

as they are all dependent upon the triplet population.

5.5 Profiling the triplet concentration using a doped

sensing layer

Excitons are created in the AlQ3 layer near to the interface with the TPD hole

transport layer where there is a high concentration of both electrons and holes, this

is referred to as the ‘recombination zone’ [13]. Once formed, singlet excitons decay

quickly and emit light. Triplet excitons have a sufficiently long lifetime that they

may diffuse back into the active layer towards the cathode, forming a concentration

gradient of triplet excitons that decreases with distance from the TPD interface. As

a dopant, Ir(PiQ)3 will only emit when excitons are present nearby in the active

layer. Thus, careful positioning of the dopant can allow us to profile the location of

triplet excitons in the active layer as a function of distance x away from the TPD

interface.

In this section, five devices were grown featuring a thin sensing layer doped with 1%

Ir(PiQ)3 in the AlQ3 active layer. The thickness of the doped layer in these devices

was kept constant at 50 Å, as Tang and VanSlyke suggested that this thickness would

encompass the width of the recombination zone in AlQ3 [13]. The structure of these

devices follows that of a standard device, i.e. a 900 Å active layer of AlQ3, with

the doped sensing layer present at some distance x into the active layer. Initially

the doped sensing layer is positioned at the interface between the AlQ3 active layer

and the TPD layer where x = 0, in each following device the doped layer is moved

100 Å further into the AlQ3 layer towards the cathode. The devices will be referred

to using the same notation as in the previous section on devices doped throughout

the active layer. The structure of these devices is depicted in figure 5.12.
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(a) Doped from
x = 0 − 50 of
900 Å

(b) Doped from
x = 100− 150 of
900 Å

(c) Doped from
x = 200− 250 of
900 Å

(d) Doped from
x = 300− 350 of
900 Å

(e) Doped from
x = 400− 450 of
900 Å

Figure 5.12: Structures of the doped devices used to profile the triplet concentration
in the active layer. The AlQ3 active layer sits between the aluminium cathode and
the hole transport layer. The total thickness is kept constant at 900 Å. Inserted at
some distance x into the active layer is a 50 Å thick layer which has been doped
with 1% Ir(PiQ)3.

The structures used in this section follow one of those used by Tang and VanSlyke in

[13]. In that work, Tang and VanSlyke demonstrated that the recombination zone

in AlQ3 falls within 50 Å of the interface with the hole transport layer, but also

demonstrated that exciton emission can continue to occur up to 400 Å towards the

cathode, calculating the exciton diffusion length to be 200 Å.

5.5.1 Current–voltage, voltage–luminance and efficiency char-

acteristics

(a) Current–voltage characteris-
tics

(b) Voltage–luminance charac-
teristics

(c) Efficiency characteristics

Figure 5.13: Comparison of characteristics of layered devices with 50 Å doped layers
present at varying depths in the 900 Å active layer. The legend in the central figure
also applies to the left and right hand figures.

Figure 5.13 shows the current–voltage, voltage–luminance and efficiency charac-

teristics from the five layered devices. Looking first at the current–voltage and

voltage–luminance characteristics, figures 5.13a and 5.13b, each device demonstrates

behaviour typical of a diode. No dependence on layer depth is observed here. At

170



comparable voltages after device turn-on, the current density and luminance in each

layered device is identical within half an order of magnitude.

Looking now at the efficiency characteristics for the devices, figure 5.13c, the peak

efficiency of each device varies significantly with the location of the doped layer.

In the previous section on devices doped throughout the active layer it was shown

that the efficiency of doped devices can be dramatically improved by the addition

of a phosphorescent dopant as emission is allowed from the triplet excitons as well

as singlet excitons. Vitally, there must be excitons in the vicinity of the dopant in

order for their emission to be visible. Recall that the peak efficiency of the device

Doped (x = 0 − 900) 900 was 1.1%, four times that of a pure device. Despite the

absolute quantity of Ir(PiQ)3 being eighteen times higher in that device than in these

layered devices; the peak efficiency is less than doubled, compared to a pure device.

This demonstrates that the positioning of the Ir(PiQ)3 is of utmost importance in

contributing to the efficiency of the devices.

The recombination zone (where pair states form) in the active layer is adjacent

to the TPD interface [13], where x = 0. We would reasonably expect that the

population of excitons decreases monotonically with increasing distance, therefore

the peak efficiency of each device would decrease with increasing x. This is not

the case in figure 5.13c. The peak efficiency, 0.6%, is shown by device Doped (x =

100 − 150) 900, where the doped layer is present 100 Å into the AlQ3 layer. In

the “Aside on negative magnetoresistance” it was postulated that triplets may be

dissociating at the organic interface. This may explain why the population of triplets

is lower directly at the interface than it is 100 Å into the active layer. On the

other hand, device reproducibility and the ‘nominally identical’ nature of standard

devices was also discussed extensively in the previous chapter, in the section on

device characteristics, such issues may be responsible for this result. Instead of

focussing on the particular order of the peak efficiencies of the different devices, we

should note that there is a mere factor of two difference between the highest and

lowest peak efficiencies, and observe that the peak efficiency does generally decrease

as the doped sensing layer is moved further from the TPD interface, as expected.

The lowest efficiency in the layered devices is difficult to discern exactly because

of noise in the data, however upon close inspection it can be seen device Doped

(x = 400 − 450) 900 demonstrates a peak efficiency of ∼0.3%. This is comparable

to the peak efficiency of Pure 900, and the roll-off in the efficiency with increasing

current density is also similar to that of a pure device. Comparisons can be drawn

here between the plots in this figure and those in figure 5.2d, where the efficiency

roll-off of the pure device was much more shallow than that of the doped device. In

device Doped (x = 100 − 150) 900 the dopant is positioned in a region where the

population of triplets is high and so there may be increased quenching of the triplet

excitons in the Ir(PiQ)3 by polarons in the AlQ3. In device Doped (x = 400− 450)
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900 the Ir(PiQ)3 is not positioned near to the population of triplet excitons and so

they are no longer visible, the peak efficiency is lower, and the quenching process is

no longer visible.

5.5.2 Electroluminescence spectroscopy characteristics

The characteristics of the layered devices in this section have already suggested that

it is possible to identify the maximum reach of triplet excitons in the active layer as

the efficiency characteristics of device Doped (x = 400− 450) 900 were comparable

to those of a pure device, however characterising the device in this way does not

allow us to distinguish the separate contributions of both the host and dopant. It is

important to identify Ir(PiQ)3 emission as this provides singular information about

the location of triplet excitons in the active layer.

Following this, electroluminescence spectroscopy was performed on each of the lay-

ered devices. The results are shown in figures 5.14, 5.15, 5.16, 5.17, and 5.18. Each

figure presents three spectra measured when the device was driven at a constant

voltage, later converted to current density. The data chosen for presentation repre-

sent a low, mid-range and high current density within the operating range of each

device, furthermore the presented spectra have been chosen such that the current

densities are comparable across the different device structures.

It is important to note that all of the spectra have been normalised to the peak of

AlQ3 emission at 540 nm, this has been purposefully done to allow better compara-

bility of the data and allow better analysis of the changes to Ir(PiQ)3 emission with

changing dopant position and current density.

(a) 1.5 A/m2 (b) 23 A/m2 (c) 214 A/m2

Figure 5.14: Electroluminescence spectra of layered device Doped (x = 0 − 50)
900 at a low, mid and high current density. In each figure the spectra have been
normalised to the peak at 540nm. The legend in the central figure also applies to
the left and right figures.
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(a) 1.6 A/m2 (b) 27 A/m2 (c) 189 A/m2

Figure 5.15: Electroluminescence spectra of layered device Doped (x = 100 − 150)
900 at a low, mid and high current density. In each figure the spectra have been
normalised to the peak at 540nm. The legend in the central figure also applies to
the left and right figures.

(a) 1.3 A/m2 (b) 22 A/m2 (c) 225 A/m2

Figure 5.16: Electroluminescence spectra of layered device Doped (x = 200 − 250)
900 at a low, mid and high current density. In each figure the spectra have been
normalised to the peak at 540nm. The legend in the central figure also applies to
the left and right figures.

In each of the figures 5.14, 5.15, 5.16, 5.17, and 5.18 the peak of AlQ3 emission

occurs at 540 nm and the peak of Ir(PiQ)3 emission occurs at 640 nm, though this

is only clearly visible in figures 5.14 and 5.15 for reasons that will be discussed. As

would be expected, the spectra here are comparable to that of the spectra from the

doped device in figure 5.3, where the dopant had been distributed throughout the

entirety of the active layer. No additional features have appeared in the spectra.

As was discussed in the previous section on devices doped throughout the active

layer, the magnitude of Ir(PiQ)3 emission decreases compared to the magnitude of

AlQ3 emission with increasing current density in all device structures. The absolute

magnitude of AlQ3 emission in the doped layered devices increases linearly with

increasing current density, the absolute magnitude of Ir(PiQ)3 emission continues

to be sub-linear but does not saturate.
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(a) 1.2 A/m2 (b) 19 A/m2 (c) 209 A/m2

Figure 5.17: Electroluminescence spectra of layered device Doped (x = 300 − 350)
900 at a low, mid and high current density. In each figure the spectra have been
normalised to the peak at 540nm. The legend in the central figure also applies to
the left and right figures.

(a) 1.5 A/m2 (b) 24 A/m2 (c) 254 A/m2

Figure 5.18: Electroluminescence spectra of layered device Doped (x = 400 − 450)
900 at a low, mid and high current density. In each figure the spectra have been
normalised to the peak at 540nm. The legend in the central figure also applies to
the left and right figures.

As the absolute amount of Ir(PiQ)3 in these devices is much less than in the doped

device used in the previous section, device Doped (x = 0−900) 900, correspondingly

the intensity of Ir(PiQ)3 emission is much lower compared to the intensity of AlQ3

emission. In device Doped (x = 0−900) 900 the magnitude of Ir(PiQ)3 emission was

up to five times that of the AlQ3 emission, however here the magnitude of Ir(PiQ)3

emission is only up to twice that of the AlQ3 emission.

Hao et al. studied devices of a similar structure to those studied in this section,

though the thin sensing layer used was pure rubrene (a fluorescent emitter) im-

planted at some distance x into an AlQ3 emission layer. Hao et al. also observed

that emission from the sensing layer decreased relative to emission from the sur-

rounding AlQ3 layers with increasing applied voltage [124]. Hao attributed this

effect to movement of the recombination zone from near the sensing layer through

the AlQ3 layer towards the interface with the hole transport layer with increasing
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applied voltage, though such a mechanism would not explain why this effect was

also observed in devices that have been doped throughout the active layer.

Figure 5.19: The change in the maximum (normalised) intensity of Ir(PiQ)3 emission
in the doped layered devices with changing depth of dopant layer. N.b., peak AlQ3

emission = 1.

Figure 5.19 plots the change in the maximum intensity of Ir(PiQ)3 emission as the

doped layer is moved from the organic/organic interface towards the cathode. The

values have been taken from the normalised data in figures 5.14a, 5.15a, 5.16a, 5.17a,

and 5.18a, as the Ir(PiQ)3 emission was greatest at low current densities.

The device showing the greatest Ir(PiQ)3 emission compared to AlQ3 emission is

Doped (x = 100 − 150) 900, which is consistent with the efficiency characteristics

of this device. Device Doped (x = 0 − 50) 900 shows Ir(PiQ)3 emission that is

1.8 times that of AlQ3 emission at low current densities. In these device structures

the Ir(PiQ)3 is positioned inside, or very near to the recombination zone of AlQ3,

as determined by Tang and VanSlyke [13] and the magnitude of Ir(PiQ)3 emission

compared to AlQ3 emission is nearly doubled in both devices. Within this region

it is likely that the dopant is emitting following the energy transfer of singlet as

well as triplet excitons from the host layer. In the next device structure, Doped

(x = 200− 250) 900, and indeed in each of the device structures following that, the

magnitude of Ir(PiQ)3 emission is a fraction (∼0.6) of AlQ3 emission, visible only

as a shoulder in the AlQ3 emission band in figures 5.16, 5.17, and 5.18, particularly

at high current densities. In addition to the decreased population of excited states

at this distance, it is likely that only triplet excited states are present and are being

transferred to the dopant.

Assuming that the population of triplet excitons at any distance x into the AlQ3

active layer is proportional to the magnitude of Ir(PiQ)3 emission; the profile of the

population of triplet excitons should match that in figure 5.19. From the interface

of AlQ3 with the the TPD hole transporting material where x = 0 Å, to x = 100 Å

into the active layer, the population of triplet excitons increases slightly. 200 Å into
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the active layer the population of triplet excitons has fallen by two thirds, but does

not decrease much further with distance. After 400 Å it is difficult to distinguish

emission from triplet states above singlet fluorescence from AlQ3, though we might

reasonably conclude that the population of triplet excitons is extremely small at this

distance.

5.5.3 Magnetoresistance measurements

By studying the electroluminescence spectra of the layered devices, we have dis-

cerned that the population of triplet excitons decreases dramatically with distance

x into the AlQ3 layer, where x = 0 at the interface of AlQ3 with the hole transporting

material TPD.

The triplet polaron interaction model for organic magnetoresistance states that the

presence of triplets in the active layer and the interaction of polarons with those

triplets is a key factor in the magnetic field response of the device, thus we may

expect magnetic field effects in a device to follow the triplet profile. The structure

of the layered devices employs a doped layer to ‘sense’ the presence of triplets by

allowing the dopant to emit them. Accordingly, any magnetic field dependent pro-

cesses occurring in the region of the sensing layer which affect triplet emission are

made visible. In the previous section on devices doped throughout the active layer

it was shown that the triplet processes in the Ir(PiQ)3 dominate the magnetic field

response of the device efficiency and reduce the magnitude of the magnetic field

response of the current through the device.

In these layered devices we might expect the magnetic field response of the dopant

to dominate the magnetic field response of the device when the doped sensing layer

is positioned where the population of triplet excitons is usually high, and to have

little effect on the magnetic field response when positioned where the population of

triplet excitons is usually low.

Following this, magnetoresistance measurements were carried out on the doped lay-

ered devices by the same methods outlined in the experimental methods chapter.

All of the devices with thin doped sensing layers were subject to measurements of

the relative change in current and efficiency at a constant voltage, later converted

to current density. A large range of voltages were tested which range from very low

current densities, where the devices had not yet turned on, to very high current

densities where the devices begin to break down.
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Relative change in efficiency

(a) 1.6 ± 0.2 A/m2 (b) 23 ± 3 A/m2 (c) 218 ± 24 A/m2

Figure 5.20: Relative change in efficiency measurements of devices with 50 Å doped
layers in the 900 Å active layer at a low, mid and high current density. Doped
(x = 0 − 50) 900, Doped (x = 100 − 150) 900, Doped (x = 200 − 250) 900, Doped
(x = 300− 350) 900, Doped (x = 400− 450) 900. The legend has been split across
the figures.

Figure 5.20 compares relative change in efficiency measurements from each of the

layered devices at approximately the same current density, over three different cur-

rent densities corresponding to a low, mid-range and high current density in the

operating range of each device. The relative change in efficiency is not complicated

by any negative component and so we can discuss the results of these measure-

ments directly. In each subfigure it can be seen that the plots from devices Doped

(x = 0− 50) 900 and Doped (x = 100− 150) 900 are very similar in their lineshape,

but are very different to the lineshape of plots from devices Doped (x = 200− 250)

900, Doped (x = 300 − 350) 900 and Doped (x = 400 − 450) 900, which are again

all very similar to each other.

Comparing these plots to those in figure 5.7 which plotted the relative change in

efficiency from devices Pure 900 and Doped (x = 0 − 900) 900 it can be seen that

the lineshape of the plots from Doped (x = 0− 50) 900 and Doped (x = 100− 150)

900 closely resemble that of Doped (x = 0 − 900) 900, which itself was found to

be dominated by the magnetic field response of the Ir(PiQ)3. Indeed, in devices

Doped (x = 0 − 50) 900 and Doped (x = 100 − 150) 900 the Ir(PiQ)3 has been

positioned where the population of triplets was highest and so it would be expected

that the magnetic field response of the dopant would dominate, however in figure 5.7

the magnitude of the magnetic field effect on the doped device was approximately

constant at each current density at 5.5%, whereas in figure 5.20 the magnitude of the

magnetic field effect on device Doped (x = 100− 150) 900 decreases from 6→4.5%

with increasing current density. Again, the magnitude of the effect of the dopant on

device Doped (x = 100−150) 900 is greater than that on device Doped (x = 0−50)

900 which is in keeping with the triplet profile. We might expect the magnetic

field effect on triplet dissociation at the interface to cause a negative component to

177



the overall magnetic field response of the efficiency of device Doped (x = 0 − 50)

900, but none is displayed here. The low field spin interaction process present in

the magnetic field response of the efficiency of device Doped (x = 0 − 900) 900 in

figure 5.7 is much more pronounced here in the magnetic field responses of devices

Doped (x = 0− 50) 900 and Doped (x = 100− 150) 900.

Looking now at the plots from devices Doped (x = 200 − 250) 900, Doped (x =

300− 350) 900 and Doped (x = 400− 450) 900 in which the Ir(PiQ)3 is positioned

where the population of triplets is low, the lineshape of these plots is compara-

ble to the plot of the pure device in figure 5.7 with a more pronounced high field

component; which would be expected as the magnetic field response of the device

incorporates both host and dopant materials and though the population of triplets

proximal to the dopant in these devices is low, it is not zero. Some magnetic field

response from the Ir(PiQ)3 is expected to be visible in the lineshape, just as it

was in the wavelength-dependent relative change in electroluminescence measure-

ments, see figure 5.5b. Correspondingly the magnitude of the magnetic field effect is

greater in these layered devices than in the pure device, decreasing from ∼4.5→2.5%

with increasing current density compared to a decrease from 3.5→2.5% in figure 5.7.

In the previous section on devices doped throughout the active layer it was shown

that the dopant dominated measurements of magnetic field effects on emission. The

Ir(PiQ)3 response was comprised of two components with different saturation fields,

compared to the response of the AlQ3 host layer which comprises three compo-

nents. Here, the absolute quantity of dopant is much smaller than in the device

doped throughout the active layer. The domination of the dopant decreases with

increasing distance into the active layer, and so it will be more difficult to discern

the relative contributions of the host and the dopant to the overall magnetic field

response of the device in any single device. Thus, the magnetoresistance data in

this chapter will not be fitted.

Relative change in current

Figure 5.21 compares relative change in current measurements from each of the lay-

ered devices at approximately the same current density, over three different current

densities corresponding to a low, mid-range and high current density in the operat-

ing range of each device. Before we discuss the results of figure 5.21, it should be

noted that devices Doped (x = 0− 50) 900, Doped (x = 200− 250) 900, and Doped

(x = 300−350) 900 demonstrated a negative component to the magnetic field effect

on the current at current densities less than 0.22 A/m2, 0.07 A/m2 and 0.17 A/m2,

respectively. Devices Doped (x = 100 − 150) 900 and Doped (x = 400 − 450) 900
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(a) 1.6 ± 0.2 A/m2 (b) 23 ± 3 A/m2 (c) 218 ± 24 A/m2

Figure 5.21: Magnetoresistance measurements of devices with 50 Å doped layers in
the 900 Å active layer at a low, mid and high current density. Doped (x = 0− 50)
900, Doped (x = 100−150) 900, Doped (x = 200−250) 900, Doped (x = 300−350)
900, Doped (x = 400− 450) 900. The legend has been split across the figures.

showed only a noisy magnetic field effect on the current until current densities of

0.21 A/m2 and 0.09 A/m2 were reached, respectively, though the lineshape contin-

ues to change with increasing current density, indicating the effects of a negative

component in the overall response. Just as in the previous section, we will discuss

only the plots in figure 5.21c where the current density through each of the devices

is high enough such that the negative component in the magnetic field response is

negligible.

In figure 5.21c it can be seen that the lineshape of the plots from each of the devices

is approximately the same. The presence and location of the dopant appears to have

little effect on the magnetic field dependence of the active layer, though these results

indicate that it can still have an effect on the magnitude of the overall magnetic field

response, as in the previous section.

Figure 5.22: The change in the maximum magnitude of the relative change in current
from the doped layered devices with changing depth of dopant layer.

Figure 5.22 plots the change in the maximum magnitude of the relative change in

current for the layered devices, as the doped layer is moved from the organic/organic
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interface towards the cathode. The values have been taken from the data in fig-

ure 5.21c. Devices Doped (x = 400 − 450) 900, Doped (x = 300 − 350) 900 and

Doped (x = 200−250) 900 all show approximately the same magnitude of magnetic

field effect, 2.5%. The magnitude of the magnetic field effect is reduced in devices

Doped (x = 100−150) 900 and Doped (x = 0−50) 900 to 2% and 1.5%, respectively.

Comparing the plots from the doped layered devices in figure 5.21c to those in fig-

ure 5.11c which plotted the relative change in current measurements from devices

Pure 900 and Doped (x = 0−900) 900, we can draw parallels between the magnetic

field response of the device doped throughout the active layer and the devices doped

towards the organic interface. Also, between the pure device and the devices doped

towards the cathode. The magnitude of the magnetic field response is, in general,

greater in these layered devices at 2.5% compared to 1.8% in the pure device. Just

as in figure 5.11c though, the difference between the highest and lowest magnitudes

is nearly 50%. The device showing the lowest magnitude is not Doped (x = 0− 50)

900, but Doped (x = 100 − 150) 900. This is in accordance with the profile of

the triplet population as described by the efficiency and electroluminescence spec-

troscopy measurements.

5.5.4 Summary of this section

In this section we were able to profile the triplet population in the active layer

using devices which featured a thin (50 Å) phosphorescent doped sensing layer. The

sensing layer allows us to directly visualise the magnetic field effects on triplets

occurring at a certain depth into the active layer. The sensing layer was initially

positioned adjacent to the interface between the AlQ3 and the TPD hole transport

layer, and then moved in 100 Å increments towards the cathode, until the sensing

layer was 400 Å deep into the 900 Å active layer.

The current–voltage and voltage–luminance characteristics of the devices were near

identical in all the devices, irrespective of the position of the doped layer, though

the peak efficiency was observed to change. The highest efficiencies were presented

by the devices with the doped sensing layer adjacent to the TPD interface. The

efficiency roll-off was also steepest for these devices. Using efficiency characteristics

and electroluminescence spectroscopy it was found that the triplet population de-

creased dramatically from 100 Å into the active layer to the limit measured by the

layered devices — 400 Å — however the results indicated that the population of

triplets at the interface was less than the population of triplets 100 Å into the active

layer. It should be noted that such an effect is consistent with the mechanism that

was discussed in the previous chapter in the “Aside on negative magnetoresistance”.

In the Aside it was suggested that triplets may dissociate at the interface between
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the active layer and the hole transport layer and a mechanism through which such

a process would give rise to a negative magnetic field effect on the current at low

current densities was also suggested. We might expect this process to contribute a

negative component to the relative change in efficiency measurements of the devices

doped towards the interface as the magnetic field decreases the triplet population,

though none was observed.

The magnetic field effect on the current and efficiency of the layered devices was

measured and the results were interpreted with reference to the fully doped and

pure devices from the previous section. In measurements of the relative change in

efficiency it was observed that when the dopant is positioned in the area of the active

layer that has the highest population of excitons the magnetic field response appears

to be dominated by that of the Ir(PiQ)3 dopant. When the dopant is positioned

400 Å into the active layer, the population of triplets is sufficiently low such that

emission from the Ir(PiQ)3 is also very low, however the lineshape of the magnetic

field response of the efficiency does not match that of a pure device as a high field

component is present. The magnitude of the magnetic field effect was observed to

decrease with increasing current density in all devices and change in lineshape.

In most of the devices the magnetic field effect on current was complicated by

an additional negative component, however when the effect was measured at high

current densities it was found that when the dopant is positioned in the active

layer where the population of triplet excitons is low, the presence of the dopant has

very little effect on the magnetic field response, compared to pure devices with no

Ir(PiQ)3 present. When the dopant is positioned in the area of the active layer that

has the highest population of excitons and the excitons are thus depleted in this

area, the magnitude of the magnetic field response of the current is reduced and

resembles that of a device which has been doped throughout the active layer.

Thus, the magnetic field response of devices doped towards the organic interface

appears dominated by the dopant, indicating that magnetic field effects on triplets

are dominant here. That domination decreases with increasing distance between the

interface and the doped layer, and is dependent upon the current density through

the device. Recall that the doped sensing layer in these devices is quite thin com-

pared to the full width of the active layer and so the magnetic field effect on the host

layer is not insignificant in comparison to the magnetic field effect on the dopant. As

the magnetic field response is then composed of several components from different

materials, it was not fitted.
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5.6 The effect of triplet location on organic mag-

netoresistance

In the previous section it was demonstrated that the profile of the organic magne-

toresistance effect can be illustrated by careful positioning of a doped sensing layer.

Magnetoresistance measurements on these devices indicated that the magnetic field

effect followed the profile of the triplet population. Despite the majority of the

triplet population existing in the first 150 Å of the active layer adjacent to the or-

ganic interface, the magnetic field effects measured in thin sections of this region

could not account for the full magnetic field effect on devices doped throughout the

entirety of the active layer. This may be due to the absolute quantity of dopant in

the layered devices being too small. In order to demonstrate convincingly that the

magnetic field effects observed in any doped device are due to the presence and loca-

tion of triplets in the active layer, we should be able to reproduce the magnetic field

effect characteristics of pure and fully doped devices by demonstrating the different

magnetic field responses at different points in the device. For this, it is necessary to

use a significant quantity of the dopant.

Following this, two further doped devices were grown, this time featuring a thick

doped layer in the active layer. In the previous section on devices with thin doped

sensing layers, electroluminescence spectroscopy measurements showed that the

triplet population exists almost completely in the first 150 Å of the active layer

adjacent to the TPD hole transport layer, though emission from the Ir(PiQ)3 re-

mained evident 400 Å into a 900 Å active layer of AlQ3. It was expected that the

population of triplet excitons at 500 Å would be exceptionally low, and so in this

section the total active layer thickness is increased to 1000 Å. Initially, the front

half of the active layer of the device is doped with 1% Ir(PiQ)3, encompassing the

majority of the triplet population in the active layer. Then, the rear half of of

the active layer of the device adjacent to the cathode is doped with 1% Ir(PiQ)3,

where the triplet population is substantially reduced. The notation used to refer to

these devices is thus Doped (x = 0− 500) 1000 and Doped (x = 500− 1000) 1000,

respectively. The structure of these devices is depicted in figure 5.23.

It should be stated at this point that magnetic field effect measurements have been

performed on a device structure such as that in figure 5.23a [96], though the moti-

vation or particular purpose for using such a device structure was not mentioned in

that article.
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(a) Doped from x =
0− 500 of 1000 Å

(b) Doped from x =
500−1000 of 1000 Å

Figure 5.23: Structures of the doped devices used to assess the effect of triplet
location on organic magnetoresistance. The active layer sits between the aluminium
cathode and the hole transport layer and the total thickness is 1000 Å. Either the
front half (near the interface with the hole transport layer) or the rear half (adjacent
to the cathode) of the active layer is doped with 1% Ir(PiQ)3.

5.6.1 Current–voltage, voltage–luminance and efficiency char-

acteristics

(a) Current–voltage characteris-
tics

(b) Voltage–luminance charac-
teristics

(c) Efficiency characteristics

Figure 5.24: Comparison of characteristics of devices with 500 Å doped layers present
at the front and rear in 1000 Å active layers.

The characteristics of the thick layered devices are displayed in figure 5.24, where it

can be seen in the current–voltage and voltage–luminance plots that both devices

show the behavior typical of a standard diode.

In figure 5.24a it can be seen that device Doped (x = 0 − 500) 1000, which has

been doped in the front half of the active layer, has a high leakage current. The

reader is referred to the previous chapter in the section on device characteristics,

where leakage currents were discussed in detail. In the previous chapter it was also

described how leakage currents can mask the turn-on voltage of the device and this

plot is a good example of such an event. Device Doped (x = 500− 1000) 1000 turns

on at approximately 2.1 V, though device Doped (x = 0− 500) 1000 appears not to

turn on until ∼2.3 V. Despite this, the two devices can still be compared following

device turn-on.
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All of the characteristics visible here are comparable to the characteristics of the

genuinely pure and doped device structures used in the first section of this chap-

ter — Pure 900 and Doped (x = 0− 900) 900 — despite both devices being doped

throughout only half of the active layer. When the dopant is positioned in the half of

the active layer which contains the majority of the triplet excitons, the characteris-

tics of the device are as those of a device where the dopant is distributed throughout

the active layer. The current density is reduced at comparable voltages despite the

luminance not being affected, and the efficiency of the device is considerably higher,

combined with a steep roll-off in the efficiency. The only difference of note is the

peak efficiency of the device. The peak efficiency of the device doped towards the

organic interface, at 0.7%, is not as high as the device doped throughout the active

layer. In contrast, when the dopant is positioned in the half of the active layer which

is largely free of triplet excitons, the characteristics of the device are as those of a

device which contains no dopant at all. The efficiency of the device (0.35%) and

each of the other characteristics could be described as being very similar to those of

a standard pure device.

5.6.2 Electroluminescence spectroscopy characteristics

The difference in the triplet population in each section of these devices is also high-

lighted in their electroluminescence spectra, shown in figure 5.25.

(a) 1.25 ± 0.1 A/m2 (b) 9.1 ± 1 A/m2 (c) 52 ± 3 A/m2

Figure 5.25: Electroluminescence spectra of doped devices Doped (x = 0 − 500)
1000 and Doped (x = 500− 1000) 1000 at a low, mid and high current density. In
each figure the spectra have been normalised to the peak at 540nm. The legend in
the central figure also applies to the left and right figures.

The spectra in figure 5.25 have been normalised to the peak of AlQ3 emission so

that it is easier to compare changes to the relative intensity of Ir(PiQ)3 emission

with increasing current density. The absolute magnitude of AlQ3 emission increases

with increasing current density in both devices, the absolute magnitude of Ir(PiQ)3

emission remains sub-linear.
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Comparing the spectra from the two devices in figure 5.25 and recalling that Ir(PiQ)3

emission can only occur when the excitons are proximal to the dopant molecules,

emission from the Ir(PiQ)3 at 640 nm is dominant in the device doped towards the

interface, and measurable only as a shoulder in the AlQ3 emission in the device

doped towards the cathode. Again, these spectra are comparable to the spectra

from the genuinely doped and pure devices in figure 5.3. In all the spectra the mag-

nitude of Ir(PiQ)3 emission decreases relative to the magnitude of AlQ3 emission

with increasing current density. In the spectra from device Doped (x = 0 − 900)

900 the intensity of Ir(PiQ)3 emission decreased from five to three times that of the

AlQ3 emission with increasing current density. Ir(PiQ)3 emission from device Doped

(x = 0−500) 1000 ranges from seven to five times that of the AlQ3 emission, despite

the measurements being performed at similar current densities. There is no obvi-

ous explanation for this, particularly as the efficiency of the fully doped device was

much higher than this partially doped device. Nonetheless, the quantity of Ir(PiQ)3

in these devices forms a significant fraction of the host material, but positioning of

that material in the active layer determines how much emission can be seen from it.

5.6.3 Magnetoresistance measurements

The two devices in this section contain an identical quantity of dopant, however they

have been structured differently such that in one device — Doped (x = 0 − 500)

1000 — the dopant is positioned in the front half of the active layer adjacent to the

interface with the TPD hole transport layer, and therefore encompasses the majority

of the triplet population in the active layer. The population of triplets in the active

layer is significantly affected in this device. Emission from the triplets in the dopant

is much higher in magnitude than emission from singlets in the host material, which

increases the efficiency of the device but the effect on other device characteristics

is minimal. In the second device — Doped (x = 500 − 1000) 1000 — the dopant

is positioned in the rear half of the active layer adjacent to the cathode. In this

half of the active layer the population of triplets is exceedingly small, though some

emission from the Ir(PiQ)3 is still visible in the electroluminescence spectra. The

relative impact of the dopant on the population of triplets over the entirety of the

active layer is minimal, and this is reflected in the device characteristics. It would

thus be expected that magnetoresistance measurements on these devices would be

similar to those shown in the first section of this chapter, taken from measurements

on genuinely pure and doped devices.
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Relative change in efficiency

(a) 1.25 ± 0.1 A/m2 (b) 9.1 ± 1 A/m2 (c) 52 ± 3 A/m2

Figure 5.26: Relative change in efficiency measurements of devices with a 500 Å
doped layer at the front or rear of a 1000 Å active layer at a low, mid and high
current density. Doped (x = 0 − 500) 1000, Doped (x = 500 − 1000) 1000 with
averaged Lorentzian fits to the data. The legend has been split across the figures.

Figure 5.26 shows the relative change in efficiency for both devices Doped (x =

0 − 500) 1000 and Doped (x = 500 − 1000) 1000 taken at approximately the same

current density, over a range of current densities representing low value, a mid-range

value and a high value of current density in the operating range of both devices.

Looking strictly at the data, across all of the subfigures the lineshapes of the two

plots are very different.

The lineshape of the magnetic field effect on the efficiency of the layered device doped

towards the organic interface is comparable to that of the device doped throughout

the active layer, Doped (x = 0 − 900) 900. Both show a small shoulder in the

magnetic field response visible at ∼20 mT and there is curvature in the lineshape of

the plot from 200 – 300 mT, indicating two components in the magnetic field effect.

The shoulder component forms a similar proportion of the overall magnetic field

effect in both those devices. In the device doped throughout the active layer the

overall magnetic response was relatively constant at 5.5% with increasing current

density, this is also the case here.

The lineshape of the magnetic field effect on the efficiency of the layered device

doped towards the cathode is comparable to that of a pure device with no dopant

present at all, Pure 900. Both show a rapid increase over 50 mT and then a grad-

ual increase up to 300 mT. The decrease in the overall magnitude of the relative

change in efficiency of the two devices is also comparable. In the layered device,

however, there appears to be an additional high field component which decreases

in magnitude with increasing current density, changing the lineshape of the overall

magnetic field response slightly. This high field component could be attributed to

the magnetic field response of residual triplets on Ir(PiQ)3 molecules. The electrolu-

minescence spectra from this device, figure 5.25, indicated that emission from these
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states decreased with increasing current density, though this does not completely

explain why the relative emission from these states also decreases.

It has been postulated that the majority of the magnetic field effect in the device

doped throughout the active layer arises from the triplets present in the half of the

active layer adjacent to the interface with the hole transport layer. Furthermore, as

there are comparatively few triplets in the half of the device adjacent to the cathode,

positioning the dopant here should have relatively little effect on the magnetic field

response of the device. We would expect then that the magnetic field response of

the efficiency of device Doped (x = 0 − 500) 1000 would be composed of the same

spin interaction processes with the same saturation fields and similar magnitudes

as in Doped (x = 0− 900) 900, and the magnetic field response of the efficiency of

device Doped (x = 500 − 1000) 1000 would be composed of the same spin interac-

tion processes with the same saturation fields and similar magnitudes as in Pure 900.

Identifying spin interaction process location by Lorentzian fitting

Following this, the efficiency magnetic field effect data from device Doped (x =

0− 500) 1000 has been fitted to an averaged double Lorentzian function of the form

given in equation 5.1 where the Bn (Ir(PiQ)3) parameters have been constrained

to be 5.89 mT and 183 mT, in accordance with the averaged double Lorentzian

fitting of device Doped (x = 0− 900) 900. The efficiency magnetic field effect data

from device Doped (x = 500 − 1000) 1000 has been fitted to an averaged triple

Lorentzian function of the form given in equation 4.3 where the Bn parameters have

been constrained to be 2.6 mT, 12 mT and 158 mT, in accordance with the averaged

triple Lorentzian fitting of device Pure 900.

Looking now at the fits in figure 5.26, it can be seen that the plots from device

Doped (x = 0 − 500) 1000 are well fitted by the averaged double Lorentzian func-

tion and the plots from device Doped (x = 500 − 1000) 1000 are well fitted by

the averaged triple Lorentzian function. The quality of the fitting is comparable to

that from the pure and doped devices from the first section of this chapter, figure 5.7.

Figure 5.27 shows the fitting parameters and errors from averaged double Lorentzian

fitting of devices Doped (x = 0−500) 1000. This figure also contains the parameters

from the averaged double Lorentzian fitting of device Doped (x = 0− 900) 900, pre-

viously shown in figure 5.10, for comparison. The bottom row of subfigures show the

averaged value of the Bn (Ir(PiQ)3) saturation fields with increasing current density,

the errors in these figures give an idea of the difference between the saturation fields

used in the fit and the data. In both plots and indeed in both subfigures it can be

seen that the errors are small, consistently forming less than 5% of the overall value.
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(a) a1 (b) a2

(c) B1 (d) B2

Figure 5.27: Comparison of fitting parameters from averaged double Lorentzian fits
to relative change in efficiency data from devices Doped (x = 0 − 900) 900 and
Doped (x = 0− 500) 1000.

Looking now at the top row of subfigures which show the magnitude of each spin

interaction process, it can be seen that the plots from the two devices are again very

similar. In the plots from both devices and indeed in both subfigures, the magnitude

of each spin interaction process demonstrates the same trend with increasing current

density. In figure 5.27a it can be seen that the magnitude of the low field process

is approximately 20% lower in the doped layered device than in the device doped

throughout the entirety of the active layer, though this difference decreases with

increasing current density. Importantly, each spin interaction process is of the same

order of magnitude in both devices, which means that the ratio between them is

maintained.

Figure 5.28 shows the fitting parameters and errors from averaged triple Lorentzian

fitting of devices Doped (x = 500 − 1000) 1000. This figure also contains the

parameters from the averaged triple Lorentzian fitting of device Pure 900, previously

shown in figure 5.8, for comparison. The bottom row of subfigures show the averaged

value of the Bn saturation fields with increasing current density, the errors in these

figures give an idea of the difference between the saturation fields used in the fit
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(a) a0 (b) a1 (c) a2

(d) B0 (e) B1 (f) B2

Figure 5.28: Comparison of fitting parameters from averaged triple Lorentzian fits to
relative change in efficiency data from devices Pure 900 and Doped (x = 500−1000)
1000.

and the data. In figures 5.28d and 5.28e it can be seen that the errors on the values

of saturation fields are comparable in both devices, forming ∼15% of the value. In

figure 5.28f there is a marked difference between the two devices regarding the error

on the saturation field; in the pure device the error on the B2 saturation field is large,

forming 25 – 30% of the value. In the doped device the error on the saturation field

is less than 10%. This result must be considered in conjunction with information

about the magnitude of that spin interaction process, given in figure 5.28c.

Indeed, figure 5.28c demonstrates a clear difference in the behaviour of this spin in-

teraction process between the pure and doped devices. Recall that this process has

been stated to be consistent with triplet polaron interactions in AlQ3. In the pure

device the magnitude of this spin interaction process is small in comparison to the

magnitude of the two other spin interaction processes, shown in figures 5.28a and

5.28b. It increases with increasing current density. In the doped device however,

the magnitude of this process is much greater than the other two processes, and

decreases with increasing current density. It is worth noting that there is also some

slight change in the behaviour of the two low field processes with increasing current
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density; in the doped device, both processes tend to be more linear with increasing

current density rather than decreasing in magnitude, though the difference is not

more than ∼25%.

Electroluminescence measurements on the doped device, shown in figure 5.25, demon-

strated that it was still possible to measure emission from Ir(PiQ)3 despite the

dopant being positioned 500 Å away from the organic interface where excitons are

formed. As the saturation fields of the high field and low field processes in the

dopant are of the same order of magnitude as the high field and low field processes

respectively in the AlQ3, it is possible that in device Doped (x = 500−1000) 1000 we

are measuring a convolution of the AlQ3 and Ir(PiQ)3 processes. Consider the mag-

nitude of the low and high field Ir(PiQ)3 processes shown in figures 5.27a and 5.27b,

and their behaviour with increasing current density. If these processes are convolved

with the low and high field AlQ3 processes shown in the plots from the pure device

in figures 5.28a and 5.28b, then 5.28c respectively, it may explain the behaviour of

the processes in the doped device here. Though the magnitude of Ir(PiQ)3 emission

is very small, the high field process is quite strong. The low field process in the

Ir(PiQ)3 is comparable in strength to the two low field processes in AlQ3, and so it

is not unreasonable to postulate that the behaviour displayed by the doped device in

the top row of subfigures in figure 5.28 is the result of magnetic field effects on weak

Ir(PiQ)3 emission in conjunction with magnetic field effects on strong AlQ3 emission.

Relative change in current

(a) 1.25 ± 0.1 A/m2 (b) 9.1 ± 1 A/m2 (c) 52 ± 3 A/m2

Figure 5.29: Magnetoresistance measurements of devices with a 500 Å doped layer
at the front or rear of a 1000 Å active layer at a low, mid and high current density.
Doped (x = 0− 500) 1000, Doped (x = 500− 1000) 1000. The legend in the central
figure also applies to the left and right figures.

Figure 5.29 shows the relative change in current for both devices Doped (x = 0−500)

1000 and Doped (x = 500 − 1000) 1000 taken at approximately the same current
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density, over a range of current densities representing low value, a mid-range value

and a high value of current density in the operating range of both devices.

Before the results of these measurements are discussed it should be noted that both

the devices tested in this section and indeed most of the devices tested in this thesis

display a negative component to the magnetic field effect on current at very low

current densities (<1.2 A/m2 and 0.75 A/m2, respectively). As such, this data has

not been fitted. The origin and impact of such an effect was discussed in the previous

chapter in the “Aside on negative magnetoresistance”. The reader is referred there

for this discussion. Nonetheless, at high current densities the negative component is

negligible in the overall magnetic field response and so we can discuss the magnetic

field effect on the current in these thick layered devices in studying figure 5.29c.

In figure 5.29c it can be seen that the lineshape of the magnetic field response is

similar in both plots. Both devices Doped (x = 0 − 500) 1000 and Doped (x =

500 − 1000) 1000 demonstrate a rapid rise in the relative increase in current over

<50 mT before a more gradual rise up to 300 mT. Though the lineshapes of the

magnetic field responses are similar, the overall magnitude of the magnetic field

effect is greater in the device doped towards the cathode, Doped (x = 500 − 1000)

1000, at 1.7% compared to that of the device doped towards the interface, Doped

(x = 0 − 500) 1000, at 1.4%. Comparing the plots in this figure to those from the

genuinely pure and doped devices in figure 5.11c, it can be seen that the lineshapes

of all the plots are similar. In that figure, the magnitude of the magnetic field

response of the pure device was 1.8%, approximately equal to that of device Doped

(x = 500− 1000) 1000. The magnitude of the magnetic field response of the device

doped throughout the active layer, 1.1%, was reduced by nearly a factor of two

compared to the pure device. In this figure, the magnitude of the magnetic field

response of the device doped towards the interface is reduced, but to a lesser degree.

In the first section of this chapter, the effect of triplets on organic magnetoresistance

(relative change in current), it was discussed how the dopant may reduce the triplet

population in the host layer, and this may reduce the magnitude of certain spin

interaction processes, though it may not necessarily affect the relative change in

current, which is caused by the magnetic field. Here, it is clear that the relative

change in current characteristics of the device doped towards the organic/organic

interface are similar to those of a device doped throughout the entirety of the active

layer. It is also the case that the relative change in current characteristics of the

device doped towards the cathode are similar to those of a pure device, with no

dopant present at all. We would expect the population of triplets in the device

doped towards the organic/organic interface to be depleted to a similar degree as in

the device doped throughout the entirety of the active layer, thus we may reasonably

attribute the decreased magnitude of magnetic field effect to the reduced triplet

population, and not the mere presence of the dopant.
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5.6.4 Summary of this section

In this section two devices were grown with an active layer of AlQ3 1000 Å thick. In

each device 500 Å of the active layer was doped with 1% Ir(PiQ)3 meaning that both

devices contained an equal absolute quantity of Ir(PiQ)3, however the position of

the dopant was changed in the two devices; in the first device, Doped (x = 0− 500)

1000, the first 500 Å of the active layer adjacent to the TPD hole transport layer

was doped. In the second device the second 500 Å of the active layer extending from

the centre of the active layer to the cathode was doped.

Characterisation of these devices revealed that the current density was slightly re-

duced in the first device at comparable voltages, however at comparable current

densities the efficiency of the first device was much higher at 0.7% compared to

0.35% in the second device. The roll-off in efficiency was much steeper in the first

device. Electroluminescence spectroscopy revealed that emission from the triplets

in the doped layer by the Ir(PiQ)3 was clear and up to seven times the intensity of

singlet emission from AlQ3 in the first structure, however Ir(PiQ)3 emission from

the second device structure was much weaker than the AlQ3 emission, indicating

that the majority of the triplet population exists within the first 500 Å of the active

layer.

Magnetoresistance testing of the devices revealed that the lineshape of the relative

change in efficiency was very different for the two devices. As the thick doped

layers formed a more significant proportion of the active layer than in the devices

with thin doped layers it was expected that the magnetic field responses of the

host and dopant materials would be more easy to distinguish, and so the data

was fitted using averaged Lorentzian functions. The magnetic field response of the

device doped towards the organic/organic interface was dominated by the magnetic

field response of the Ir(PiQ)3. The magnetic field response of the device doped

towards the cathode was dominated by the magnetic field response of the AlQ3,

though was convoluted weakly with the magnetic field response of the Ir(PiQ)3.

The magnitude of the magnetic field effect on the efficiency was constant at 5.5%

in the first device, it did not change with current density. The magnitude of the

magnetic field effect on the second device decreased from 4→3% and the lineshape of

the response also changed slightly with increasing current density as the high field

component (suggested to arise from the magnetic field response of the Ir(PiQ)3)

decreased with current density.

The lineshape of the magnetic field response of the current was similar in both

devices, however the magnitude of the magnetic field effect was reduced from 1.7%

in the device doped towards the cathode to 1.4% in the device doped towards the

interface with the TPD. This was attributed to the effect of the dopant on the

triplet population, reducing the magnitude of the spin interaction processes in the

host layer.
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All of these results were compared to the genuinely pure and doped devices tested

in the first section of this chapter. The characteristics and magnetic field responses

of the device doped towards the interface with the TPD are similar to the device

doped throughout the active layer. The characteristics and magnetic field responses

of the device doped towards the cathode are similar to those of a pure AlQ3 device.

5.7 Conclusions from this chapter

This chapter began with the hypothesis that the triplet excitons are of key impor-

tance in the organic magnetoresistance effect, as suggested by the triplet polaron

interaction model [71]. One of the mechanisms through which triplets can affect

current and efficiency in organic devices is through interaction with polarons in the

active layer [38]. The population of triplets in the active layer is strongly dependent

upon distance into the active layer as the arrangement of energy levels in these de-

vices means that excitons can only form near the interface between the AlQ3 electron

transporting/active layer and the TPD hole transport layer [13] and are prevented

from diffusing into the hole transport layer [24]. If triplets are indeed important

in the organic magnetoresistance effect, we might reasonably expect the effect to

demonstrate a dependence upon the profile of the population of triplet excitons in

the active layer.

There is precedent in the literature [13] for the use of a doped sensing layer to

determine the location and behaviour of excitons, though such a device structure

has never been subject to magnetic field effect measurements. The dopant selected

for these measurements was an organic iridium complex named Ir(PiQ)3. This

phosphorescent small molecule, when doped into an AlQ3 active layer, depleted

the active layer of triplet excitons by permitting them to emit directly from the

dopant molecules at an emission wavelength of 640 nm [117]. The fact that emission

from the triplets was visible in these devices allowed us to visualise magnetic field

effects on them in measurements of the relative change in electroluminescence and

efficiency in the doped device. Of course, magnetic field effects on the current were

more difficult to interpret as multiple processes are occurring in the active layer of

the doped device between the host and the dopant which contribute towards changes

to the current, though depletion of triplets from the active layer and the subsequent

reduction in the magnitude of triplet interactions in the active layer was expected

to have a significant effect on the magnetic field effect measurements on the doped

devices.
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To understand the effects of the dopant on device characteristics and on the magnetic

field response of the device, two device structures were compared; a pure device with

an active layer thickness of 900 Å and a device of the same structure that had been

doped throughout the entirety of the active layer with 1% Ir(PiQ)3. It was found that

the effect of the dopant on the current–voltage and voltage–luminance characteristics

of the device was minimal [23, 31, 32], though it was postulated that the dopant

may have some trapping or scattering effect on charges [18] as the current density

at comparable voltages was reduced slightly. The efficiency of the doped device

was nearly four times higher that of a pure device; this is a direct result of the

triplet emission allowed by the dopant. Electroluminescence spectroscopy showed

that emission from the Ir(PiQ)3 in the doped device was also significantly higher

than that from the AlQ3. In the layered devices, though the dopant positioning

had no effect on the current–voltage and voltage–luminance characteristics, device

efficiency and electroluminescence of the Ir(PiQ)3 relative to emission from the AlQ3

were observed to vary with the position of the doped layer. In all the doped device

structures the emission of the Ir(PiQ)3 decreased relative to emission from the AlQ3

with increasing current density.

It was possible to separate the magnetic field dependence of spin interaction pro-

cesses occurring in the the host and dopant by performing magnetic field effect

measurements of the relative change in efficiency data and the relative change in

electroluminescence as a function of wavelength, then fitting the data using the

Lorentzian fitting function [56, 70]. The magnetic field response of the pure AlQ3

device was composed of the same three processes with the same three saturation

fields as discovered in the previous chapter — polaron pair intersystem crossing at

2.6 mT, exciton intersystem crossing at 12 mT and triplet polaron interactions at

158 mT. The magnetic field response of the Ir(PiQ)3 was composed of two compo-

nents with two saturation fields. The origin of the low field component was suggested

to be intersystem crossing at a pair state level [39], and the the high field component

was consistent with magnetic field dependent triplet polaron interactions between

polarons in the host layer and triplets in the dopant [38]. In the doped device

the magnetic field response of the efficiency was dominated by the magnetic field

response of the Ir(PiQ)3. Following the depletion of the triplet population in the

active layer, the relative change in electroluminescence of the AlQ3 was described

solely by the two low field processes at 2.6 mT and 12 mT.

It was not possible to resolve contributions from the two materials in measurements

of the relative change in current as the responses of the pure and doped devices were

complicated by an additional negative component, though it was possible to identify

characteristic differences. The lineshape of the magnetic field effect on current was

visibly similar in both pure and doped devices. The only difference that arose due

to the dopant was a decrease in the magnitude of the magnetic field effect, by
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nearly a factor of two. This was attributed to the effect of the dopant on the triplet

population, and not to the presence of the dopant on charge transport properties.

Electroluminescence spectroscopy performed on the devices with thin doped sens-

ing layers revealed that the triplet profile in the active layer increases slightly from

0→100 Å before decreasing rapidly, though it was still possible to identify the pres-

ence of triplets 400 Å into an active layer 900 Å thick.

Having profiled the triplet population and characterised the magnetic field response

of the dopant, magnetic field effect measurements were made on the devices with

thick doped sensing layers. In these devices the absolute quantity of dopant was kept

constant, however the position of that doped layer was carefully chosen such that

it either encompassed the majority of the triplet population or avoided it. When

the dopant was positioned towards the front of the active layer adjacent to the

interface between the hole transport layer and active layer, the triplet population

was efficiently emitted by the dopant, and so the population of triplets in the active

layer and indeed throughout the entire device was comparatively reduced. When

positioned towards the rear of the active layer adjacent to the cathode, the dopant

was in a region of the active layer where the population of triplets was low. The

change to the triplet population over the entirety of the active layer caused by doping

of half of the active layer was minimal. As expected, the magnetic field effect on a

device doped throughout the entirety of the active layer predominantly originated

from the area of the device adjacent to the organic interface. Doping the device

towards the rear of the active layer had very little effect on the magnetic field effect

characteristics of the device, compared to those in a pure device.

All of the device characteristics and magnetic field effects were consistent with the

triplet polaron interaction model for organic magnetoresistance [71], which consid-

ers interactions between triplets and polarons in the normal operation of a device,

and the magnetic field dependent rates of those interactions [38]. Such interactions

were described in detail in the introductory chapter. Allowing triplet emission by

introducing the dopant rendered the interaction process visible. Indeed, the mag-

nitude of this interaction was found to be approximately five times higher in the

Ir(PiQ)3. The quenching aspect of the interaction may explain the increased roll-

off in the efficiency at high current densities [22, 23], and the decreased Ir(PiQ)3

emission relative to AlQ3 emission with increasing current density. Comparing the

saturation field of the interaction process to the literature [38], it was suggested

that the magnetic field dependence of the triplet polaron interaction process taking

place between polarons in the active layer and triplets on dopant molecules carried

a slightly different saturation field in the AlQ3 and in the Ir(PiQ)3, though not by

more than 15%.
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The fact that the magnetic field dependence of triplet interactions was measurable

in itself in doped devices and was measurable as a component of the magnetic field

response of pure devices is strong evidence for importance of triplets in the organic

magnetoresistance effect. In combination with this result it is important to note

that the magnetic field effect is not universal across the entire width of the active

layer, but instead follows some profile defined by the depth into the active layer.

Any potential model for organic magnetoresistance must be able to explain this ob-

servation. It has been argued here triplet excitons define the profile of the magnetic

field effect, though other charge species such as polaron pairs could also be consid-

ered.
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Chapter 6

Conclusions

Organic materials can vary widely in their characteristics, but in general it is known

that many different charge species can exist in driven devices and there is potential

for many spin processes to occur simultaneously and interactively. As such, an

array of models have been proposed [44, 60, 64, 71, 78] to explain the magnetic field

effects on charge and light in organic light emitting diodes that focus on different

charge species; polaron pairs, excitons and bipolarons. Aside from disagreement

over the key charge species in each model, some of the operating processes in each

model are quite similar. Most models are based on a magnetic field dependent

mechanism that acts on bound charge species in some way, ultimately resulting

in emissive recombination of charge states and/or the release of charge. In the

polaron pair mechanism [44] the charge is bound to not produce light or contribute

to current in triplet polaron pair states. The singlet and triplet polaron pair states

may mix through the hyperfine interaction [15] and the magnetic field acts to lift the

degeneracy of the triplet states. It is stated that this prevents intersystem crossing to

two of the states in the triplet manifold, thereby increasing the singlet polaron pair

population and subsequently emission of light from singlet states and the current

from dissociation of singlet states. In the bipolaron model [78] charge is bound in

the bipolaron state. A bipolaron is a doubly occupied site and is necessarily a spin

singlet. The hyperfine field present at any location in the active layer acts to enable

the formation of bipolarons by mixing spin states [80]. An external magnetic field

saturates the effect of the hyperfine field and reduces the formation of bipolarons,

thereby increasing current, though a mechanism to increase light output is not clearly

discussed in this model. Note that both of these models explain the magnetic field

effect through a single process, however the triplet polaron interaction model [71]

acknowledges that more than one field dependent process can operate in a device

[16, 70, 98]. In this model two components are described, each affecting both current

and light with triplet excitons playing the pivotal role in both components. In the

first component the triplet excitons spin block the transit of charge [18], however
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the magnetic field increases the intersystem crossing rate [16, 39] to the singlet

state, thereby increasing light output and alleviating the spin blocking effect of

triplets on charge transport. This process could also occur at the polaron pair level

[20]. In the second component charge is bound in a state with a triplet exciton.

This charged triplet state can evolve over time as the constituents interact with

each other through their spin, leading to possible dissociation or quenching events

[19, 20]. The magnetic field increases the rate of that interaction [38], increasing

both current and light, though triplet states themselves are non-radiative.

Each of these models rely on some mechanism of spin mixing. The initial and final

states of an interaction between charge species must be allowed to overlap, in terms

of their wavefunctions, in order for evolution of the pair to occur. The triplet po-

laron interaction model makes no assumption about what this interactive medium

may be, though the hyperfine interaction [15, 80] is a common feature in both the

polaron pair model and the bipolaron model. Another critical difference that dis-

tinguishes the triplet polaron interaction model is the role that triplet excitons play

on the current and efficiency over time. As such, the importance of the hyperfine

interaction as a spin mixing mechanism and the question of whether triplet excitons

play an important role in the organic magnetoresistance effect were the two topics

chosen for investigation in this thesis. Research was carried out using OLED struc-

tures based on the ubiquitous emissive organic material, AlQ3.

In order to investigate the hyperfine topic, new organic material was fabricated that

altered the hyperfine properties of the AlQ3. Each of the hydrogen protons in the

AlQ3 molecule were replaced with deuterons. Though the mass of the molecule

was increased, no other effects on the material properties of the AlQ3 were noted,

nor the characteristics of the OLEDs that were grown from the deuterated AlQ3

[115], though the hyperfine field in the new material was expected to be reduced

[109]. Correspondingly, literature [108] suggested that the saturation field of any

spin interaction processes responsible for the organic magnetoresistance effect would

be reduced by a factor of four.

Measurements of the relative change in current and efficiency were performed on de-

vices of different structures with protiated and deuterated active layers. In order to

extract information about the saturation fields of the spin interaction processes oc-

curring it was necessary to characterise the magnetic field response using the method

of data fitting pioneered by the group at Iowa [55] and continued by the group at

Queen Mary [123]. It was found that no less than three spin interaction processes,

each a separate component of the triplet polaron interaction model with Lorentzian

magnetic field dependence, were required to reproduce the magnetic field effects

on both efficiency and current. Those processes were intersystem crossing between

polaron pair states [16, 20, 39], intersystem crossing between excitons [16, 18, 39],
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and triplet polaron interactions [19, 20, 38]. The saturation fields of the first two

processes were relatively low and were consistent with the saturation fields of the

same processes measured in relative change in electroluminescence and photolumi-

nescence measurements on AlQ3 samples [16, 72]. The triplet polaron interaction

process has a relatively high saturation field [38], this was confirmed in the second

topic of this thesis.

It was found that only one process was affected by altering the hyperfine field of the

active layer, the intersystem crossing between polaron pairs. The saturation field

of that process, B0, was decreased in the magnetic field response of the deuterated

devices such that
BH

0

BD
0

= 1.4. The magnitude of one other process — the intersystem

crossing between excitons — was also affected such that the ratio of the magnitudes

of the same process in the two materials
aH1
aD1
≤ 2, however such an effect was not

predicted and has not yet been explained. As only one of the spin interaction

processes was affected by altering the hyperfine interaction in the way predicted by

theory [108], this thesis concludes that hyperfine interactions do not play the only

role in spin interactions. Similar results have been found in studies on the effects of

deuteration on spin relaxation [125], where the deuteration of a molecule was also

noted to have no effect on that process.

In early literature it was assumed that the hyperfine interaction is the underlying

process responsible for the organic magnetoresistance effect because the majority of

the magnetic field effect occurred over magnetic fields comparable to the strength

of the hyperfine field [40, 44, 56, 60, 63, 78]. Other effects in organic materials

that can affect spin interaction processes such as spin – orbit coupling were disre-

garded [45, 61, 74, 80, 96, 113, 126], because, it was claimed, the atomic masses

present in organic materials were too low, or the effect was not expected to carry

any magnetic field dependence. Evidence exists indicating that increased spin – or-

bit coupling in organic materials leads to dramatic changes to magnetic field effects

[49, 60, 63, 65, 69, 70, 77]. A small number of studies [67, 97] indicate that it should

play an important role in ordinary, supposedly weakly coupled, organic semicon-

ducting material due to the energy scale of the effect. Despite this, the effect of spin

– orbit coupling has still not been properly investigated by the organic community

until recently [127] where it was indeed found to be the case that the effects of spin

– orbit coupling are measurable in ordinary organic materials. In either case, it is

clear that other spin mixing effects must now be considered in order to fully explain

the organic magnetoresistance effect.

In order to investigate the triplet topic a phosphorescent red dopant named Ir(PiQ)3

was strategically positioned in the active layer of AlQ3 based OLEDs. The phospho-

rescent dopant has stong spin – orbit coupling and allowed emission from the triplet

excitonic state in the active layer. This allowed us to visualise any magnetic field
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dependent processes related to triplets in these devices. Such a device structure was

used previously by Tang and VanSlyke [13]. The effect of the dopant on the operat-

ing characteristics of the device was minimal, apart from the effect on the efficiency

of the device, which increased dramatically depending upon the positioning of the

dopant relative to the interface between the emissive layer and the hole transport

layer. A slight trapping effect of charge by the dopant molecules was noted, as was

an effect on the roll-off of the efficiency, consistent with quenching of triplets on the

dopant molecules by polarons in the host layer [22, 23]. Devices with doped sensing

layers were used to profile the triplet population in the active layer and it was found

that the triplet population is highest in the first 150 Å of the active layer adjacent

to the organic interface, but is still measurable 500 Å into an active layer 1000 Å

thick, consistent with the results of Tang and VanSlyke [13].

It was possible to isolate and characterise the magnetic field response of the triplet

polaron interaction in Ir(PiQ)3 [19, 20, 38] by measuring the relative change in

electroluminescence as a function of wavelength in a doped device, and using data

fitting methods [55, 123]. Using the information gathered about the triplet profile, it

was determined that the triplet polaron interaction dominates the overall magnetic

field response of doped devices. Therefore, this thesis concludes that the majority of

the magnetic field effect in doped devices arises from the section of the active layer

adjacent to the organic interface, where the triplet population is highest.

Secondary to this conclusion it is important to note, in and of itself, that the organic

magnetoresistance effect follows a profile. While this thesis concludes that this pro-

file is defined by the triplet population, the population of other charge species may

also be considered. The existence of the magnetic field effect profile may begin to

explain the thickness dependence of the organic magnetoresistance effect described

in the literature. The thickness of the active layer has been observed [61, 64, 72] to

have an effect on the polarity of the organic magnetoresistance effect in very thin

devices ∼150 Å, postulated to be due to the dynamics of excitons at the organic in-

terface with the cathode. This is in contrast to thickness studies performed by other

groups [53, 54, 88] who have not yet found the organic magnetoresistance effect to

display any thickness dependence. It should be noted however that the active layer

thicknesses in those studies ranged from 650 – 3500 Å, possibly too thick for the

effect to be seen. If it is the case that magnetic field effects follow the triplet popu-

lation, and that proximity to the cathode can affect the triplet population, then the

thickness dependence observed in the literature may only arise when the thickness

of the active layer is comparable to the ‘width’ of the triplet zone in the active layer,

as was suggested in [72].
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Chapter 7

Future Work

“I was born not knowing and have had only a little time to change that here and

there.” — Richard P. Feynman

Much of the work in this thesis has relied upon fitting to extract results. This has

been done based on the assumption that the Lorentzian equation, describing the

magnetic field dependence of spin interaction processes, is correct. In the magnetic

field effects chapter it was described how this equation was derived first from some

simple theories of classical magnetoresistance [55] and was later derived by con-

sidering the Hamiltonian of the dynamics of a single spin subject to the hyperfine

interaction [56], and later spin – orbit coupling [70]. The use of the Lorentzian

function is validated by such derivations, furthermore it was considered to be an

equation describing the magnetic field dependence of any general spin interaction

process [123]. The Lorentzian equation has indeed proved useful and adaptable to

multiple spin interaction processes [16, 72, 77], however more theoretical work is

required to fully explore the physical origins of the function. It was suggested in

this thesis that the hyperfine interaction is not the only spin mixing mechanism that

mediates magnetic field effects. Aside from the obvious question that must be asked

— what other spin mixing mechanisms are occurring? — it is also important to

ask if other spin mixing mechanisms would also lead to Lorentzian magnetic field

dependence of different spin interaction processes.

Through use of the Lorentzian function it was made clear that altering the hyperfine

interaction in an organic material affected the magnetic saturation field of certain

(but not all) spin interaction processes. Two equations were cited in the literature

relating the hydrogen hyperfine coupling constant to the saturation field, one de-

rived [68] when considering the effect of the hyperfine interaction on recombination

of polaron pairs, equation 2.4, and one empirical, equation 2.7 [110], however it was

not clear if either equation were more applicable or correct when considering general
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spin interaction processes. Furthermore, it was not clear how the saturation field

should change in deuterated material [108]. Though such a topic warrants investi-

gation in itself, it was also made clear in this thesis that the magnitude of certain

spin interaction processes was also affected by altering the hyperfine interaction.

Such an effect was not predicted and so the origin of the magnitude effect should

be considered in parallel with the saturation field effect. Again, such work might be

best explored theoretically.

In the chapter on the effect of a doped sensing layer on organic magnetoresistance

it was suggested that the measured magnetic field effects on the dopant molecules

occur as triplets on the dopant molecules interact with polarons in the host layer

[19, 20], and the magnetic field increases the rate of that interaction [38]. Accord-

ingly, the lifetime of the triplet exciton on the dopant molecule would be expected

to decrease in a magnetic field. The exploration of this notion could be continued

by measuring the lifetime of emission from the dopant in both electroluminescence

(therefore with polarons present) and photoluminescence (without polarons present)

experiments, both with and without an external magnetic field. Photoluminescence

measurements also present a more attractive option for measuring spin interaction

processes as there is less risk of device degradation.

It was further suggested in this thesis that the profile of the triplet population in

the active layer and triplet dynamics at the cathode may account for the thickness

dependence of magnetic field effects in thin organic devices [61, 64, 72]. Though

thickness dependence has not yet been fully characterised in the literature, the

method of utilising phosphorescent dopants to visualise triplet effects and deplete

the triplet population in the active layer could prove useful in investigating the effect.

In the work on fitting in this thesis, spin interaction processes were identified through

their saturation fields, but rarely was the magnitude of any spin interaction process

discussed. Oftentimes it was observed that the magnitude of any spin interaction

process changed with increasing current density, though the origin of such an effect

was not postulated on. It has been stated many times that properties of organic de-

vices may scale with increasing current density, and it has been noted that magnetic

field effects changed with increasing current density [44, 52, 54, 60, 62, 63, 72, 77, 91].

As changes to the magnitude of a spin interaction process with increasing current

density will affect the lineshape and magnitude of any magnetic field effect, further

studies into the origin of the scaling of magnetic field dependent spin interaction

processes are necessary to understand the nature of the magnetic field effect.
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Throughout this thesis, measurements of the relative change in current have been

plagued by an effect which causes a negative magnetic field response at low current

densities. It was suggested that triplets may dissociate at the interface between the

active layer and the hole transport layer. It was further suggested that this process

is decreased by a magnetic field through changes to the intersystem crossing rate,

and subsequent population changes. As it was possible to gain understanding about

relevant topics by analysis of the relative change in efficiency data, investigations

into the negative current process were beyond the scope of this thesis. Such an

effect has not yet been observed in the literature and hence deserves more thought,

particularly as it may help to distinguish between the different models for organic

magnetoresistance.
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[6] H. Bässler. Charge transport in disordered organic photoconductors — a

Monte Carlo simulation study. physica status solidi b — basic research,

175(1):15–56, January 1993.

[7] H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bechgaard,

B. M. W. Langeveld-Voss, A. J. H. Spiering, R. A. J. Janssen, E. W. Meijer,

P. Herwig, and D. M. de Leeuw. Two-dimensional charge transport in self-

organized, high-mobility conjugated polymers. Nature, 401(6754):685–688,

October 1999.

[8] A. Miller and E. Abrahams. Impurity conduction at low concentrations. Phys-

ical Review, 120(3):745–755, November 1960.

[9] A. B. Walker, A. Kambili, and S. J. Martin. Electrical transport modelling

in organic electroluminescent devices. Journal of Physics: Condensed Matter,

14(42):9825–9876, October 2002.

205



[10] R. G. Kepler, P. M. Beeson, S. J. Jacobs, R. A. Anderson, M. B. Sinclair,

V. S. Valencia, and P. A. Cahill. Electron and hole mobility in tris(8-

hydroxyquinolinolato-N1,O8) aluminum. Applied Physics Letters, 66:3618,

1995.

[11] M. A. Baldo, M. E. Thompson, and S. R. Forrest. High efficiency fluores-

cent organic light emitting devices using a phosphorescent sensitizer. Nature,

403(6771):750–753, February 2000.

[12] M. A. Baldo, D. F. O’Brien, M. E. Thompson, and S. R. Forrest. Excitonic

singlet/triplet ratio in a semiconducting organic thin film. Physical Review B,

60(20):14422–14428, November 1999.

[13] C. W. Tang, S. A. VanSlyke, and C. H. Chen. Electroluminescence of doped

organic thin films. Journal of Applied Physics, 65:3610, 1989.

[14] M. A. Baldo and S. R. Forrest. Transient analysis of organic electrophospho-

rescence: I. Transient analysis of triplet energy transfer. Physical Review B,

62(16):10958–10966, October 2000.

[15] K. Schulten and P. G. Wolynes. Semiclassical description of electron spin

motion in radicals including the effect of electron hopping. The Journal of

Chemical Physics, 68(7):3292–3297, April 1978.

[16] Sijie Zhang, Jingyao Song, T. Kreouzis, and W. P. Gillin. Measurement of the

intersystem crossing rate in aluminum tris(8-hydroxyquinoline) and its modu-

lation by an applied magnetic field. Journal of Applied Physics, 106(4):043511–

6, 2009.

[17] A. Köhler and H. Bässler. Triplet states in organic semiconductors. Materials

Science and Engineering: R: Reports, 66(46):71–109, November 2009.

[18] V. M. Agranovich, D. M. Basko, K. Schmidt, G. C. LaRocca, F. Bassani,

S. Forrest, K. Leo, and D. Lidzey. Charged frenkel excitons in organic crystals.

Chemical Physics, 272(2-3):159–169, October 2001.

[19] W. Helfrich. Destruction of triplet excitons in anthracene by injected electrons.

Physical Review Letters, 16(10):401, March 1966.

[20] M. Wittmer and I. Zschokke-Gränacher. Exciton/charge carrier interactions

in the electroluminescence of crystalline anthracene. The Journal of Chemical

Physics, 63:4187, 1975.

[21] J. Y. Song, N. Stingelin, A. J. Drew, T. Kreouzis, and W. P. Gillin. Effect of

excited states and applied magnetic fields on the measured hole mobility in

an organic semiconductor. Physical Review B, 82(8):085205, 2010.

206



[22] M. A. Baldo, C. Adachi, and S. R. Forrest. Transient analysis of organic

electrophosphorescence: II. Transient analysis of triplet triplet annihilation.

Physical Review B, 62(16):10967–10977, October 2000.

[23] S. Reineke, K. Walzer, and K. Leo. Triplet exciton quenching in organic

phosphorescent light emitting diodes with Ir based emitters. Physical Review

B, 75(12):125328, March 2007.

[24] C. W. Tang and S. A. VanSlyke. Organic electroluminescent diodes. Applied

Physics Letters, 51:913, 1987.

[25] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay,

R. H. Friend, P. L. Burns, and A. B. Holmes. Light emitting diodes based on

conjugated polymers. Nature, 347(6293):539–541, October 1990.

[26] T. M. Brown, J. S. Kim, R. H. Friend, F. Cacialli, R. Daik, and W. J. Feast.

Built-in field electroabsorption spectroscopy of polymer light-emitting diodes

incorporating a doped poly(3,4-ethylene dioxythiophene) hole injection layer.

Applied Physics Letters, 75(12):1679–1681, September 1999.

[27] Th. Kugler, W. R. Salaneck, H. Rost, and A. B. Holmes. Polymer band align-

ment at the interface with indium tin oxide: Consequences for light emitting

devices. Chemical Physics Letters, 310(56):391–396, September 1999.

[28] T. M. Brown, R. H. Friend, I. S. Millard, D. J. Lacey, J. H. Burroughes,

and F. Cacialli. LiF/Al cathodes and the effect of LiF thickness on the device

characteristics and built-in potential of polymer light-emitting diodes. Applied

Physics Letters, 77(19):3096–3098, November 2000.

[29] L. Schulz, L. Nuccio, M. Willis, P. Desai, P. Shakya, T. Kreouzis, V. K.

Malik, C. Bernhard, F. L. Pratt, N. A. Morley, A. Suter, G. J. Nieuwenhuys,

T. Prokscha, E. Morenzoni, W. P. Gillin, and A. J. Drew. Engineering spin

propagation across a hybrid organic/inorganic interface using a polar layer.

Nature Materials, 10(3):252–252, March 2011.

[30] M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M. E. Thomp-

son, and S. R. Forrest. Highly efficient phosphorescent emission from organic

electroluminescent devices. Nature, 395(6698):151–154, 1998.

[31] Y. Q. Zhang, G. Y. Zhong, and X. A. Cao. Concentration quenching of elec-

troluminescence in neat Ir(ppy)3 organic light emitting diodes. Journal of

Applied Physics, 108:083107, 2010.
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[53] T. L. Francis, Ö. Mermer, G. Veeraraghavan, and M. Wohlgenannt. Large

magnetoresistance at room temperature in semiconducting polymer sandwich

devices. New Journal of Physics, 6:185–185, December 2004.
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