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ABSTRACT

After 20 years of development, conjugated polymers have been extensively applied
in organic light emitting diodes (OLED), solar cells, transistors, and chemical or bio-
sensors. Recently it is discovered that magnetic field can tune the electroluminescence
intensity and conductivity in OLEDs, leading to the development of organic magneto-
optoelectronics. However, the underlying mechanisms are still unclear.

In this dissertation, we investigated a wide range of conjugated polymers and low
molecular weight molecules and proposed that the magnetic field effect on
electroluminescence and magnetoresistance arise from the magnetic field enhanced
polaron pair dissociation and reduced triplet-charge reaction. The final magnetic field
effects are determined by the sum of the two contributions.

The magnetic field effect on polaron pair dissociation can be tuned by varying the
spin-orbital coupling of the organic semiconductor. Stronger spin-orbital coupling leads
to the reduction of magnetic field effect on both electroluminescence and
magnetoresistance. Phosphorescent dye doping can also tune the magnetic field effects
through energy transfer process and intermolecular interaction.

Triplet-charge reaction can be largely controllable by manipulating the bipolar
injection. It has found that unbalanced bipolar injection enhance the triplet-charge
injection, leading to more positive magnetoresistance and more negative magnetic field
effect on electroluminescence. Balanced bipolar injection reduces triplet charge reaction,

resulting in more negative magnetoresistance and more positive magnetic filed effect on
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electroluminescence. The triplet-charge reaction can also be morphologically tuned. In
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) based OLEDs, low energy crystalline domains
can be induced in PFO amorphous matrix by either high boiling point solvent or
annealing treatments. The low energy domains can both spatially confine both excitons
and charges to enhance the triplet-charge reaction. Consequently the enhanced triplet-
charge reaction reduces the magnitude of magnetic field effects

Our study successfully built a bridge between the magnetic field effects and the spin
dependent excitonic processes in OLEDs. Scientifically, the excitonic processes, e.g.
intersystem crossing, triplet-charge reaction, can be investigated by simply measuring the
magnetic responses. Technically, this tunable magnetic field effects have the potential to

be used to in new generation smart screens, magnetic sensors.
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1. INTRODUCTION

Conjugated high-molecular-weight polymers or low molecular-molecular-weight
molecules have alternating single-double carbon-carbon bonds in their structures. The
carbons on the backbones are sp2 hybridized, leaving one unhybridized p, orbital sticking
up out of the molecular plane and overlapping shoulder by shoulder to form delocalized
n-electron bonding' %, as shown in Figure 1.1°. The delocalized 7 electrons form valence
and conduction bands, respectively, through bonding and anti bonding configurations.
The difference between the highest occupied molecular orbitals (HOMO, top of valance
band) and the lowest unoccupied molecular orbital (LUMO, bottom of the conduction
band) determines the width of energy gap and the color of light emission for a conjugated
organic materials®. As a result, conjugated organic molecules can be treated as soluble
semi-conductive materials to fabricate a wide range of semiconductor devices with

attractive mechanical and optoelectronic properties'>*.

O~ ==

Figure 1.1 P, orbital sticking up out of the molecular plane and form delocalized nt-
electron bonding in a typical poly (p-phenylene vinylene) (PPV) type backbone
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1.1 Development history of organic semiconductors

Organic Electroluminescence (EL) was first reported in 1960s from an anthracence
based device’ . Because of limited understanding of intrinsic electronic processes, decent
EL can only be observed at a very high voltage, usually several hundred volts, in those
primary organic devices. After a long and slow development®’ till late 1980s, Tang and
Slyke® in Kodak demonstrated a low-voltage (several volts) drivable organic light
emitting diode (OLED) of small molecule tris-(8-hydroxylquinoline) aluminum (Alqs)
with transparent indium tin oxide (ITO) and Mg/Al alloy as anode and cathode,
respectively. The sandwich design: the emitting layer located between a high-work-
function ITO anode and a low-work-function metal cathode has built a solid foundation
for later development of organic optoelectronic devices. In parallel with the development
of small molecule-based OLEDs, polymer EL was discovered in 1990 by Cambridge
University, based on the semi-conductive polymer: poly (p-phenylene vinylene) (PPV)°’.
However, the PPV film has to be thermally converted from its precursor due to its
insolubility in common organic solvents. In 1991, Heeger group successfully synthesized
the soluble PPV derivative, poly(2-methoxy-5-(2'-ethyl-hexoxy)-p-phenylene vinylene)
(MEH-PPV) which can form excellent thin film simply by using spin coating technique
without further thermo-conversion as required in case of PPV'’. They also spin cast the
MEH-PPV onto poly (ethylene terephthalate) (PET) plastic substrate and fabricated a
flexible OLED. At that stage the organic semiconductors are limited to only fluorescent
materials, which have lower light emitting efficiencies due to the limited formation of

singlets under electrical excitation. Baldo et al. then developed an electro-phosphorescent



OLED by doping Alq; with PtOEP molecules and improved the external and internal

11,12

quantum efficiency to 4% and 23%, respectively °, taking advantage of the radiative

emission from triplets. Their work initiated the research of using triplet for light emitting
applications'**'*,

After a decade development of OLEDs, the efficiencies have been dramatically
enhanced and the longevity was largely improved. In addition, a wide range of organic

semiconductors have been synthesized with every emitting colors in the entire visible

spectrum. Furthermore, organic semiconductors have also been successfully explored in

15,16 17,18

the applications of organic thin film transistors , photovoltaic cells , memory

19,20

devices , and organic sensors” .

1.2 Operation principle of organic light emitting diodes (OLED)

A typical structure of an OLED comprises of a light-emitting layer and two electrodes
(anode and cathode) as shown in Figure 125 A transparent ITO is usually used as an
anode for hole injection, while a thin layer of a low workfuction metal (or alloy) such as

Ca, Al or Mg/Al is commonly used as a cathode for electron injection.

Metal

Organic semiconductor

ITO

Glass substrate

Figure 1.2 Typical structure of an OLED
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Figure 1.3 The operation principle of an OLED. It can be divided into four steps:

charge injection, charge transport, charge recombination, and light generation

The operation principle of a typical OLED can be described in Figure 1.3. Basically,
it can be divided into four steps: 1. injection of electrons from cathode and holes from
anode; 2. charge transport; 3. charge recombination; 4. radiative decay to generate light

emission.

1.2.1 Charge injection

Operation of an OLED requires both hole and electron injection since intrinsic
organic semiconductors possess very limited charge carriers. Holes are injected into
HOMO of an organic semiconductor from a high work function anode (positively biased
electrode) while electrons are injected from low work-function metal cathode (negatively

biased electrode) to its LUMO.



1.2.1.1 Charge injection barriers

Usually, the energy barrier for hole injection is estimated to be the difference in
energy levels between the work-function anode and HOMO of organic semiconductor,

B, = HOMO,, . —®

organic

Accordingly the electron injection barrier is estimated by the

anode *
energy difference between cathode work-function and LUMO of the organic

-LUMO

organic *°

semiconductor, B, =® However, the actual height of injection

cathode
barrier, especially the barrier for electron injection, may be different to the above
simplified estimation based on the electrode work-function and the energy levels of the
organic semiconductors, due to the presence of interfacial layers and surface states in an
organic semiconductor film**. The effective energy barrier for charge injection can be

determined by internal photoemission spectroscopy™.

1.2.1.2 Charge injection models

Due to the existence of injection barriers, sufficient electrical field is required for
electrons and holes to either surmount over or tunnel through those barriers and inject
into organic layer by either thermionic emission or tunneling processes, respectively.
According to thermionic emission theory the injected current can be calculated by

qVg BT
J=J,(e """ 1) Equation 1.1

where q is the electron charge, n the ideality factor, Vi applied voltage, and kg the
Boltzman constant®*.
According to Fowler-Nordheim tunneling theory, electrons tunnel through the energy

the barrier and injection current can be calculated by



J=(C/¢,)V/d) exp[-Bg,” I(V/d)] Equation 1.2

where C = ¢’ /87h, B=8x(2m")"* /3hq , V is the applied bias, d is the thickness of the

organic film, and m* is the relative effective mass®*°.

Marks?’” successfully applied Fowler-Nordheim tunneling theory to fit the current-
voltage characteristics of ITO/PPV/metal devices at high field range. The obtained barrier
heights are consistent with the expected value based on the metal work-functions and the
HOMO of PPV?’. Parker thoroughly studied MEH-PPV based OLEDs with a wide range
of metal electrodes and concluded that both electron and hole are injected through
Fowler-Nordheim process®®?. The calculated injection barriers are basically consistent
with the expected value. Gmeiner and coworkers successfully applied Schottky
thermionic emission theory to fit the ITO/PPV/Al devices by considering the OLED as a
serials circuit of resistive and capacitive components’. Friend used thermionic emission
theory and tunneling theory to interpret current-voltage characteristics of ladder poly(p-
phenylene)s based on OLED for low field and high field range, respectively’".

Nevertheless, neither thermionic emission theory nor Fowler-Nordheim tunneling
theory can fully describe the current-voltage behavior at full range for a typical
OLED'"?* without considering build-up of charge in the region near electrode, low
charge transport mobility of organic semiconductors, or existence of traps in organic
films. The later two effects are directly related to bulk effects in an OLED. Therefore, it
is not sufficient to describe current-voltage characteristic in an OLED by only

considering injection effects including both thermionic emission and tunneling processes.



Therefore, the bulk effects will be introduced in next section to better understand the

current-voltage behavior in an OLED.

1.2.2 Charge transport

In inorganic semiconductor crystals, the strong interaction between constituting atoms
and the long range order lead to the delocalization of electronic states. The mobility of
charges can be 100 to 10* cm®V™'s™", much higher than their organic counterparts®>. The
transport of the free charge carriers can be described by classical band theories ™ .
However, in organic solids, the mobility of charge is quite low due to their intra- or inter-
intra-molecular interaction and the existence of traps. Thus the space charge limited
current theory needs to be used to describe the charge transport behavior in low-mobility

materials>*.

1.2.2.1 Low mobility in organic semiconductors

In organic semiconductors, intra-molecular interaction is mainly covalent, but the
intermolecular interaction is typically due to weak van der Waals force®. Different from
inorganic semiconductors, the charge transport in organic semiconductors usually occurs
through hopping between molecular sites in small molecular semiconductor based
devices or between different polymer segments in polymer based devices*®*’. Besides,
the chemical impurities and structural defects inevitably exist in organic semiconductor
thin films and act as different types of charge traps inside organic films which further
reduce the charge carrier mobility. A complete picture of trapping sites for disordered

materials has been given as shown in figure 1.4%. Brutting and coworkers® have



determined the depth of the traps to be from 0.1ev to 0.8ev, using a thermally stimulated

current (TSC) measurement. Those traps further reduce the charge transport mobility.
Usually charge transport behaviors in those low mobility organic semiconductor

films show space-charge-limited characteristics, which has been confirmed by several

25,35,38
groups”~7
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Figure 1.4 Complete picture of trapping sites for disordered molecular materials.
The deep tail sites act as continuous, pseudo-exponential trap distributions. Chemical
impurities or structural defects form relatively discrete, isoelectronic trapping levels in

the carrier energy gap (reference 25).



1.2.2.2 Basic space-charge-limited current theory

According to the space-charge-limited current (SCLC) theory™, the relationship
between the electrical field and the local charge density can be expressed by the Poisson
equation,

ar _ 4 (p.(x)+ p,(x)) Equation 1-3
dx  &,€

Where q is the electron charge, g is the permittivity of free space, &, is the dielectric
constant of the organic film, x is the distance form film edge and p. and p; are free charge
and trapped charge respectively.

The current density can be calculated by

J =qu(F)F(x)P(x) Equation 1.4
where p(F) is the field dependent mobility, x is the depth.

Combined with equation 1.3 and 1.4, current-voltage characteristic can be described

by the following differential equation.

dF(x) _ J L4
B e u(FF() 20,

p,(x) Equation 1.5

The boundary condition is F(x=0)=0 and the applied voltage} = Iod F(x)dx , where d

is the film thickness. p,(x)is the distribution of trapped charges. By solving the above

differential equation, current-voltage characteristics can be described in different systems
with different space charge distributions, e.g. discrete trap distribution and continuous
exponential®’**’. Detailed calculation and more complicated behaviors are beyond this

dissertation, which can be referred in the references* .



1.2.2.3 Comparison between charge injection and charge transport

In an OLED, it is difficult to disentangle charge injection limited current-voltage
characteristics from that of transported limited. Depending on charge injection height,
charge carrier mobility and trap distribution, current-voltage characteristics can be either
injection limited or bulk limited, or even both. Generally, when charge carriers supplied
by electrode, under electrical field, outnumber those can be transported through the
organic film in unit time, the current is bulk limited and the space-charge-limited current
theory can be applied to express the current-voltage characteristics. Otherwise the
injection process, either thermionic or tunneling process, would be the dominating
process. Empirically the bulk limited behavior is expected when the charge injection
barrier height is less than 0.2ev*>. However, even in the case of charge injected limited,
space charge effects still need to be considered to better describe current-voltage behavior.
For example, build-up of space charge may alter the local electrical field near an organic

film/electrode interface and vary the effective height of a charge injection barrier™.

1.2.3 Recombination

After electron and hole are injected into conduction band (CB) and valence band
(VB), respectively, negative and positive polarons will be formed in organic
semiconductor molecules or chains. Under electrical field, they migrate to opposite
electrodes till they meet each other. This process is referred to as electron-hole

recombination.
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1.2.3.1 The nature of polaron

Electron injection can be considered as reduction of organic semiconductor molecules
or segments while hole injection can be considered as oxidation of the molecules (extract
an electron from the semiconductor). During redox process, the molecules are ionized
accompanied with a change in equilibrium geometry. In other words, the ionized state
(after redox process) of an organic molecule usually has different equilibrium geometry
from that in ground state (before redox process). For example, Baughman reported that
biphenyl in Rb'(biphenyl) complex has a benzenoid-like structure in ground and a
quinoid-like structure in ionized state**.

During ionization, the energy change involved in the transition of chemical geometry
from ground state (A) to ionized state (C) can be illustrated in Figure 1.5*. After gaining
energy Epp.y, the molecule vertically transits from stable ground state A to ionized state B
without chemical geometry change since electronic motions are much faster than nuclear
motion (Frank-Cordon principle)*®. Then the molecule in ionized state relaxes to lowest
energy level of ionized state by releasing a relaxation energy E.j, accompanied by a
chemical geometry change. This process can also be considered as an alternative way.
First the molecule distorts to the geometry same as the one in ionized state (A-D). This
process requires a distortion energy Egs. Then it vertically transits to the equilibrium
ionized state C by obtaining an energy Epp.q*. Therefore the relaxation in ionized state
and distortion in ground state lead to an upward shift Ae of the highest occupied
molecular orbital (HOMO, top edge of the valence band) and downward shift Ae of the

lowest unoccupied molecular orbital (LUMO, bottom of conduction band) as shown in-
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Figure 1.5 Illustration of the energies involved in a molecular ionization process

Figure 1.6. The formed charge associated with a lattice distortion is named a polaron. In
chemical terminology, the polaron is a radical ion with a lattice distortion.
The presence of polarons can be proven by electron-spin-resonance (ESR)

. 47,48,49
studies*”*%

since a polaron has spin quantum number of 1/2 and optical absorption
measurements’->'*>* because of the presence of two additional energy levels in the
energy gap and three possible transitions (w1, ®2, ®3) as shown in Figure 1-6".
Yakushi® indeed observed three additional transitions located at 0.7, 1.4, 2.1ev within
Vp-Cp transition 3.2ev in a doped polypyrrole system in an optical absorption
measurement.

Similarly, in OLED processes, a positively charged polaron forms after hole injection
(losing an electron) while a negatively charged polaron forms after electron injection

53,54,55

(obtaining an electron) . In this dissertation, the positive and negative polaron are

sometimes also conveniently called hole and electron, respectively.
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Figure 1.6 Band structure of a positive polaron and three possible optical transitions

below the Vy-Cy, transition

1.2.3.2 Formation of excitons

After charge injection, the formed positive polarons and negative polarons move
towards opposite electrodes until they collide with each other to form coulombically bind
polaron pairs (P"P). Each polaron has a spin ', either spin down or spin up. Therefore in
a polaron pair, there are four possible spin configurations: one singlet (S) and three
triplets (T-, To, T.) (Figure 1.7). Singlet/triplet polaron pairs further internally convert to
singlet/triplet excitons. Statistically the ratio of formed singlet and triplet exciton would
be 1:3°°. However, in conjugated polymer based OLEDs, the exact value of singlet/
triplet ratio g, is still in controversy” ", due to their possible different formation cross
sections and existence of intersystem crossing between singlet and triplet excitons.
Formation cross section of singlet and triplet excitons

Although the spin states during forming excitons do not change, the cross section of
forming singlet excitons (o, ) might be different from that of forming triplet excitons
(o, ). The singlet/triplet ratio can be calculated by equation 1-6

13



Og

Fsr =

Equation 1-6
30,

If the cross sections of forming singlet and triplet exciton are same, o¢=0,, then the
singlet ratio 7, will be 1:3, obeying the simple spin statistics. However, it is known that

the singlet exciton is ionic while the triplet exciton has a large covalent character™. Since
both parent negative and positive polarons are ionic, the most likely outcomes of polaron
recombination are ionic products, favoring formation of ionic singlet excitons®. Hence,

it is very possible that o, >0, leading to r,,>1/3. Indeed, Wohlgenannt experimentally

determined that the singlet/triplet ratio can vary from about 0.6 to 1.6 depending on

61

optical gaps of different materials®®. Y. Cao observed very efficient

electroluminescence in an OC1C10-PPV/PBD composite based devices and the singlet

162

triplet/ratio r,, was determined to be 1°>. Burin® and Shuai® theoretically calculated the

singlet/triplet ratio and found the ratio is possible to be larger than 1/3.
Intersystem crossing between singlet and triplet excitons

Besides, the singlets and triplets can mutually convert to each other through an
intersystem crossing. For organic semiconductors, singlet-triplet intersystem conversion
rate can be determined by hyperfine interaction and spin-orbital coupling. Hyperfine
interaction is the interaction between nuclear spin and electron spin. Because the proton
dipole moment in the hyperfine interaction is much weaker than the electron orbital
dipole involved in the spin-orbital coupling, spin-orbital coupling is essentially the
determining factor for intersystem crossing. To better understand the spin-orbital

coupling effect, a Bohr model was used to describe the motions of the electrons in-
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Figure 1.7 Vector representation of the triplet state and singlet state

molecules. The electron has both an orbital motion surround a nuclear and a spin motion,

as shown in Figure 1.8. The spin motion of an electron generate a magnetic moment u

which interacts with magnetic field B generated by the orbital motion. The spin orbital
coupling is proportional to the atomic number of the nuclear. Heavier atoms have
stronger spin-orbital coupling.

Now let us discuss how the spin-orbital coupling leads to the transition between
singlets and triplets. A singlet exciton has anti-parallel spin configuration with 180° out
of phase while the triplet has parallel configuration. As shown in Figure 1.9, once the
electron and hole experience a slight different magnetic field B, with direction parallel to
the axis z, the velocities of the electron and hole become different because they
experience different torques due to magnetic field B,. Consequently, their phase
difference changes and it is no longer 180° out of phase. The singlet exciton gains a

triplet characteristic. If the phase gets same, then the singlet exciton completely-
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Figure 1.9 Schematic representation of spin rephrasing (a) and spin flip (b)
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converts to a triplet exciton. It is called rephrases process. If the direction of the magnetic
field By perpendicular to the axis z, a spin flip would occur, leading to a transition from
singlet exciton to triplet exciton. This is called spin flip process. Similarly, it is also
possible for a triplet to convert to a singlet exciton.

Besides, it is known that two triplet excitons can also generate one singlet through

triplet-triplet annihilation (TTA) process64, which further changes the singlet/triplet ratio

1.2.4 Exciton decay

The Pauli principle requires that any ground state configuration must be a ground singlet,
thus the two electrons in any orbital are spin anti-parallel paired as can be visualized as in
Figure 1.10. In excited states, the two electrons are in different orbital (HOMO and
LUMO) and they may have either parallel or anti-parallel spin configurations (Figure
1.10). For a singlet exciton, they have an anti-parallel spin configuration while a triplet
exciton has a parallel configuration. Since molecules in the ground state have a singlet
spin configuration, the transition from singlet exciton to singlet ground is allowed,
leading to a radiative decay and giving off light emission (fluorescence). However, the
transition from triplet exciton to singlet ground state in fluorescent materials is forbidden
due to their different spin configuration. Therefore the triplet excitons decay non-
radiatively to generate heat without light emission. Since only singlet exciton can
generate light emission, any process causing the loss of singlet exciton needs to be
suppressed for light emitting application. Such processes basically include intersystem
crossing from singlet to triplet exciton, exciton-exciton fusion, and exciton migration to

quenching sites (charges or defects).

17



Mo ——— & e
oo S0 & &

Ground State Singlet Excited state Triplet Excited State

Figure 1.10 Schematic representation of spin configurations for ground state, singlet

excited state, and triplet excited state

1.2.5 Summary of electroluminescence processes

In summary, the full view of electroluminescence can described as Figure 1.11.
Firstly negative and positive polarons forms in the organic films close to the electrodes.
Then under electrical field, they migrate through hopping process to meet each other and
form polaron pairs which either dissociate back to free polarons or further relax into
excitons including both singlet and triplet excitons. Only singlet exciton can decay
radiatively to generate light in fluorescent materials. Singlet and triplet excitons can also
convert to each other through intersystem crossing, and triplet can also react with another
triplet exciton to generate one singlet exciton though TTA process. The fluorescence
from TTA comes out later than the fluorescence directly from singlet excitons; therefore

it is also called delayed electroluminescence.
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Figure 1.11 The formation of electroluminescence and the evolution scheme of excited
species. e, h are electron and hole; 'PP and *PP are singlet and triplet polaron pairs; kisc
is intersystem crossing rate in polaron pair states; P; and P; are the formation rate of
generate singlet and triplet polaron pairs; S; and T; are singlet and triplet exciton; k’is is
intersystem crossing rate in the exciton states; TTA represents triplet-triplet annihilation;

Sy is singlet ground state.
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1.3 Determination of light emission efficiency of OLEDs

For the application of light emitting, the quantum efficiency7 of an OLED is one

of the most important parameters. A lot of efforts have been put to understand and solve
the limited factors for the device efficiency.

The quantum efficiency 77 has been defined as the number of generated photons per

100 electrons and it can be given by

n=7rx.4- Equation 1-7
where y is exciton formation fraction of electron-hole recombination, y,, =—5 3 is the
For +

ST
singlet exciton fraction, q is the efficiency of radiative decay'. The exciton formation

fraction y and radiative decay efficiency q can be optimized by balancing electron and

hole injection and optimized OLED device design. To enhance the balance of electron
and hole injection can be fulfilled by inserting a thin hole-transport-electron-blocking
layer between anode and a thin electron-transport-hole-blocking layer between emitting
layer and cathode. This two additional layers on one hand optimize the effective barriers
for both electron and hole injection and balance the number of injected electrons and
holes. On the other hand, they are also able to confine the injected electrons and holes
inside the emitting layers, facilitating the recombination process and enhancing emission
efficiency. Besides balancing charge injection and increasing semiconductor purity also
reduce the non-radiative decay e.g. exciton-charge reaction and enhance the radiative

decay q.
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Essentially, singlet exciton fraction y, is the most critical issue which determines

the final efficiency limit of an OLED. How to control and take advantage of the

s constantly attracts the interests from both industrial and academic fields. Mainly,
there are three ways to manipulate the fraction y, : utilize phosphorescent materials;

control spin orientation of injected charge carriers including both electrons and holes;
tune the intersystem crossing between singlets and triplets. Utilizing phosphorescent
materials is the most straightforward. Due to the strong spin-orbital coupling, the
transitions from triplet excited states to singlet ground state are allowed, consequently
both singlet and triplet can be harvested to generate light emission and the quantum
efficiency could reach 100%. However, the phosphorescent materials, especially blue
phosphorescent polymers, are still challenging to synthesize. An alternative way to
manipulate the singlet/triplet ratio is to control the spin orientations of electrons and holes
and form singlets or triplets preferentially, which is also the foundation for
spintronics®>®. In spintronic devices, ferromagnetic electrodes are utilized to inject spin
polarized electrons and holes into the organic layer. Electrons and holes can be paired
with either parallel or anti-parallel orientations to form triplets or singlets by adjusting an
external magnetic field (direction and strength). Therefore, spin injection and transport
are the critical factors in determination of singlet/triplet ratio in spintronic devices.
Currently, the mismatch of conductivity of metal electrodes and organic semiconductors

67,68, 69

is the major problem in the realization of spin injections . Later on, it was

discovered that without ferromagnetic electrodes, external magnetic field still can vary
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EL intensity and conductivity in non-magnetic OLEDs through tuning intersystem

crossing, which will be further discussed in the following sections.
1.4 Magnetic field effect on excitonic processes

As discussed above, the spin-dependent processes such as singlet-triplet intersystem
crossing, spin-dependent exciton dissociation and exction-charge reaction, are extremely
important in determining maximum efficiency of an OLED. However, critical
understanding of those spin-dependent electronic and optical processes is still lacking.

The magnetic field is believed to be an effective tool to elucidate those spin
dependent excitonic processes. It has been found that an external magnetic field can
affect electroluminescence (EL) and resistance and photoconductivity in organic
semiconductor based optoelectronics, namely magnetic filed effect on EL (MFE),
resistance (magnetoresistance, MR), and photoconductivity (MFP), respectively. MFE,

MR, and MFP are defined as equations 1.8, 1.9, 1.10, respectively.

MFE :M Equation 1.8
0
vy
R,-R I, I, I,—-1I
MR=—1—20=--1__0_-0 Equation 1.9
R, v I,
]0
MFP :M Equation 1.10

0
where EL, R, I, PC are electroluminescence intensity, resistance, current, photocurrent,

respectively. H and 0 represent with or without an external magnetic field.
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Magnetic field effect was first studied in the anthracene in 1960s by Merryfield and

0,71
Johnson’%’

. It was found that the delayed fluorescence is enhanced by a low magnetic
field, but it decreases at a higher field to a value even lower than its original value.
Frankevich observed an external magnetic field can enhance photocurrent to several
percentages in polymer photovoltaics72. Recently, with the development of OLEDs, the
study of magnetic field effects was rejuvenated””” *, but mainly on electroluminescence
and device resistance. It was observed that an external magnetic field can increase EL
intensity and reduce resistance in a non-ferromagnetic OLED. Although the mechanism
for this magnetic field dependence is still not clear, some excitonic processes such as
triplet-triplet annihilation, intersystem crossing, exciton dissociation, triplet-charge

reaction may be involved in those magnetic phenomena. Those processes will be fully

discussed in this dissertation.

1.4.1 Magnetic filed effect on triplet-triplet annihilation (TTA)
Two triple excitons T can fuse into one singlet exciton S and a molecule in ground

state Sy through triplet-triplet annihilation.

T+T% :l 2(TT)2 :2 2S+ S, +hy Equation 1-11*'

where k; is the formation rate of a pair state and k, is the TTA rate causing delayed
fluorescence. Accordingly, k| and k., are their dissociation rates. In TTA two interacting
triplets would have nine partially degenerated pair states since each triplet has three

different components. The annihilation rate to generate singlets can be calculated by

y :lk ikz—Sf Equation 1-12 77!
9 Sk 4k, S,
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where 1 means ith pair state. Since the delayed fluorescence comes from generated singlet

exciton, its intensity is proportional to the TTA constanty,,, . 7, i1s greater when the

more uniformly the singlet characters spread over the triplet pairs’. At zero field only
three out of nine triplet pairs have singlet characters. The presence of an external
magnetic field can cause the mixing of the zero-field states, resulting in singlet characters
spreading over more triplet pairs, leading to an enhanced TTA rates. Consequently, the
delayed fluorescence intensity increases with increasing magnetic field strength.
However, at a high magnetic field, where the external-field-caused Zeeman splitting is
larger than zero-splitting, the number of triplet pairs having singlet components decreases
to two out of nine triplet pairs. As a result, the fluorescence intensity decreases to value
even lower than the zero-field value. Recently, Davis” and Belaid’* also applied this
theory to explain the observed magnetic field effect on electroluminescence in Alqs- and

Anthracene-based OLEDs, respectively.

1.4.2 Magnetic field effect on intersystem crossing

After electrons and holes are injected into the organic layer from cathode and anode
in an organic semiconductor, they further relax into singlet and triplet polaron pairs: ('PP)
and (CPP) which can be considered as precursors of singlet excitons and triplet excitons.
The main difference among free charge carriers, polaron pairs and excitons is the distance
between positive and negative polarons. If the distance is larger than the Coulomb
capture radius, the positive and negative polarons will not interact with each other and
they can be considered as free charges. Once the distance is smaller than the Coulomb

radius, they form polaron pairs, in which both charge and spin become important. The
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polaron pairs further decay into singlet or triplet excitons where the distance is so small
that the wave-functions of negative and positive polarons can overlap.

The singlet and triplet polaron pairs can convert to each other though intersystem
crossing. It was found that an external magnetic field can affect the conversion between
singlet and triplet polaron pairs as follows. At zero-field, since singlets and triplet polaron
pairs are degenerate, they are mutually convertible and the conversion rate is mainly
determined by hyperfine effects. In the presence of external magnetic filed greater than
hyperfine strength, triplet states are split into three non-degenerate states (3PP+, 3PPy, *PP.)
due to the external magnetic field caused Zeeman effect, in which only 'PP and *PP are
still mutually convertible while the conversion between 'PP and *PP-, or *PP. are blocked.
As we know, EL comes from singlet excitons in fluorescent materials and its intensity is
proportional to the population of singlet excitons. Hence magnetic field enhances singlet
polaron pairs and final singlet excitons by partially blocking the conversion from singlet

to triplet polaron pairs’”.

1.4.3 Magnetic field effect on exciton dissociation

Excitons can be also formed in organic semiconductors by photo-excitation as
shown in Figure 1.12. After absorbing higher energy photons, electrons in the molecules
jumped directly from ground state into the singlet excited states, forming singlet excitons.
Some of them convert to triplet excitons through intersystem crossing. Others can either
decay radiatively with light emission (photoluminescence) or further convert to polaron
pairs®. The polaron pairs can further dissociate into free positive polarons or negative

polarons similar to the reverse processes of exciton formation in electroluminescence.
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Figure 1.12 The scheme for generation of photoluminescence and photocurrent. S1, T1
are singlet and triplet excitons, respectively; SO is ground state; ISC and TTA represent

intersystem crossing and triplet-triplet annihilation, respectively.

If the organic film is put between two electrodes, the polarons can generate electricity
(photocurrent) which is the basic principle of photovoltaic.

It was found that a low external magnetic field can enhance the photocurrent to a few
percentages. As discussed in above section, magnetic field can enhance the formation of
singlet polaron pairs. Since the singlet polaron pairs have larger dissociation rate
compared with that of triplet polaron pairs®, the enhanced singlet polaron pairs lead to
enhancement in the total photocurrent. Thus investigation of magnetic field effect on
photocurrent also gives information of the transition between singlet and triplet excited

states.
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1.4.4 Magnetic field effect on triplet-charge reaction

In the presence of magnetic field, especially high magnetic field, the degenerate
triplet excitons or polaron pairs can be split into three different states: Ty, Ty, T,
according to Zeeman Effect. These three triplet states are unevenly populated due to
different decay rates. At same time, there always exist free charges trapped in the
semiconductor layer which can further react with excitons. In principle, both triplets and
singlets can react with those charges; however, triplets live much longer than singlets so
that triplets are more likely to react with charge carriers®*. Consequently, spin-polarized
charge carriers including both electrons and holes can be generated through triplet-charge
reaction. At high field, the spin-polarized charge carriers will be aligned with the same
orientation, facilitating further formation of triplet excitons instead of singlet excitons,
leading to a decrease in electroluminescence. Meanwhile, the triplet-charge reaction
reduces the average lifetime of triplets by increasing non-radiative transition, resulting in
a decrease of MR (enhanced conductance). This mechanism is plausible to explain
magnetic field-reduced electroluminescence; however, it is difficult to explain the

enhanced EL at low field as frequently observed by other groups®'>*.

1.4.5 Magnetic field effect on light emitting efficiency.

Lupton®’studied magnetic field effect on both fluorescence and phosphorescence in
a ladder-type poly(p-phenylene) (PhLPPP), and found positive magnetic effects on both
fluorescence and phosphorescence at same time. Therefore, it was concluded that the
magnetic field effects are basically due to the enhanced radiative decay efficiency of both

singlet and triplet while their spin polarizations are conserved®. It was claimed that no
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magnetic field dependent mutual-conversion between singlet and triplet occurs under
electrical field for their devices. This completely new conclusion challenges the popular
concepts about conversion of singlet and triplet concepts.

We also noticed that Clle® proposed that the magnetic field can influence the
charge balance factor by facilitating the minority charge injection through the study of
instantaneous electroluminescence, delayed electroluminescence and phosphorescence in
Algs- based devices. The EL efficiency enhancement is basically due to the optimized

exciton formation fraction y in equation 1.7. According to this mechanism, the numbers
both singlet and triplet exciton would increase due to the enhanced y , thus both

fluorescence of singlet excitons and phosphorescent from triplet excitons should increase.
However, in the same measurement, no change from phosphorescent was detected with
variation of an external magnetic field. Therefore this mechanism still has problems to
fully explain the magnetic field effect on electroluminescence without further
modification.

Wohlgenannt groups’ % *’

extensively investigated magnetoresistance of a series
organic light emitting diodes including both conjugated polymers and small molecules.

Their results basically invalidated all the existing theories but unfortunately they have not

reported a possible mechanism so far.
1.5 Research objective

Based on the observations in the literature, an external magnetic field does change
electroluminescence intensity and conductivity and it is possible that a magnetic field can

modify the singlet and triplet formation ratio through intersystem crossing, TTA, triplet-

28



charge reaction or even enhanced decay rate without any change of the singlet/triplet
ratio. Apparently, as briefly discussed in above, these existing mechanisms are still
speculative and even self-contradictory in explaining the newly-observed magnetic field
effects although they might be valid in certain systems at certain conditions. Therefore, it
is fairly reasonable to conclude that no existing mechanism so far is available to fully
understand the magnetic field effect on the electroluminescence and magnetoresistance.
In this dissertation, we will further investigate the critical factors that control the
magnetic field effect on electroluminescence and magnetoresistance and develop a
reasonable model to explain how a magnetic field can affect the electroluminescence and
conductivity in non-magnetic OLEDs. The understanding of the magnetic phenomena
will also shed more light on the excitonic processes, charge injection and transport in an
OLEDs. Consequently it will benefit the better design and optimization of organic
semiconductor based optoelectronics not only OLEDs but also photovoltaic cells, organic
memories, organic lasers, and organic transistors. Furthermore, based on the
understanding of the magnetic field phenomena, we will be able to tune both the
magnitude and sign of the magnetoresistance and magnetic field dependent
electroluminescence, leading to the formation a new branch of organic optoelectronics:

Organic Magneto-Optoelectronics.

1.6 Outline of thesis

The outline of these is as the following. The basically properties of organic
semiconductors and operation of OLEDs were reviewed in chapter 1. Our own results

about magnetic field phenomena, especially magnetoresistance and magnetic field effect
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on electroluminescence, will be presented in chapter 2. Meanwhile, a possible model will
be proposed to explain the observed magnetoresistance and magnetic field dependent
electroluminescence. In that model, we consider that the magnetoresistance and magnetic
field dependent electroluminescence arise from the consequence of magnetic field
influenced excitonic processes in an OLED, e.g. intersystem crossing, spin-orbital
coupling, and exciton-charge reaction. By proper manipulation of these factors, both
magnitude and sign of magnetoresistance and magnetic field effect on
electroluminescence are possible to be tuned. The spin-orbital coupling effects including
both internal and external spin-orbital coupling effects will be further discussed in
chapter 3. In chapter 4, a tunable magnetic field effects will be presented by fabrication
of fluorescent polymer/phosphorescent dye composites based- OLEDs. The transport
properties, interfacial spin-orbital coupling and energy transfer processes will be
investigated to understand how those processes affect the magnetic field effects in an
OLED. In chapter 5, a thin insulating layer will be inserted between an electrode and
emitting layer to manipulate either electron or hole injection. Thus the balance of bipolar
injection can be tuned by controlling the thickness of the insulating layer. Subsequently
the bipolar injection effect on magnetoresistance will be investigated to test the validity
of the proposed model. In chapter 6, the morphology effects on magnetoresistance and
magnetic field dependent electroluminescence will be elucidated in the PFO based-

OLEDs. Chapter 7 will summarize the whole dissertation.
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2 MAGNETIC FIELD EFFECT ON
ELECTROLUMINESCENCE AND
MAGNETORESISTANCE IN ORGANIC LIGHT EMITTING
DIODES

2.1 Introduction

Magnetic field effect on electroluminescence and current in an Alq; based OLED
was first reported by Kalinowski’®. Davis studied the same type OLED with a variety of
different electrodes and found similar phenomena’®. These phenomena were also
confirmed by Frankevich®® in the a poly(phenylene-vinylene) (PPV) type polymer based
OLED. Wohlgenannt group”* thoroughly studied a wide range of OLEDs based on
different organic semiconductors and introduced the concept of magnetoresistance (MR)
in this organic optoelectronics field. However, the exact mechanism for this
magnetoresistance and magnetic field effect on electroluminescence (MFE) is still not
clear.

In this thesis, we designed a series of experiments to study the same phenomena by
prudently select different types of organic semiconductor with different spin-orbital
coupling, energy gaps, different charge mobility and morphologies. Our goals were to
understand the mechanisms behind these magnetic phenomena and develop effective

techniques to tune the magnitude of these effects for future magnetic applications.
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2.2 Experimental

All the chemicals in our studies were purchased from Aldrich or American dye
sources. The devices were fabricated and characterized in our lab. The general procedure
of experiments comprises of organic thin film formation, deposition of electrodes, and

characterization of OLEDs, as shown in Figure 2.1.

2.2.1 Organic semiconductor materials

Two types of organic semiconductors used in this work include conjugated high
molecular-weight polymer and low molecular-weight molecules. Conjugated polymers
are basically a series of polymers with different energy gaps. The emission colors cover
the whole visible light spectrum, e.g. blue polymer poly (9-vinylcarbazole) (PVK), blue
polymer  poly(9,9-dioctylfluorenyl-2,7-diyl)  (PFO), green polymer poly(m-
phenylenevinylene)-co-(2,5-dioctoxy-p-phenylenevinylene)] (PmPV), and red polymer-

[Thermo—evaporation]
for polymers for molecules

N v

Organic thin film

Evaporate cathodes

[ MR, MFE, MFP measurements]

Figure 2.1 Procedure for device fabrication and characterization
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poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene]  (MEH-PPV).  Small
molecules include both fluorescent materials and phosphorescent, tris-(8-
hydroxylquinoline) aluminum (Alqs), tris(2-phenylpyridine) iridium(III) (Ir(ppy)s). The
chemical structures are list in Figure 2.2. PVK, MEH-PPV, PmPV, Alq; were purchased
from Aldrich company, while PFO and Ir(ppy); were purchased from American Dye

Sources company.

2.2.2 Device fabrication

The device fabrication mainly includes three major steps: substrate cleaning;
organic layer formation and metal electrode deposition. The basic structure of OLED
used in this work is single layer architecture as shown in Figure 2.3. A metal electrode
typically aluminum (Al) thin layer serves as electron injector while a transparent indium
tin dioxide (ITO) layer works as a hole injection layer. The emitted light comes out form
ITO side. For some cases, additional layers will be added between emitting layer and
electrodes to manipulate charge injection. The fabrication method for such multilayer

device will be presented specifically where it is discussed.

2.2.2.1 Substrate cleaning

The ITO surfaces are easily contaminated by grease and dust during transporting and
handling processes. Since the ITO is the hole injector, the cleaning of the surface is
critical for the performance and longevity of the device. In our experiments, the ITO
glasses were ultrasonic in acetone for 30mins. Then the ITO glasses were cleaned by

detergent for another 30mins ultrasonic, followed by de-ionized water cleanse.
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Figure 2.2 Chemical structures of some organic semiconductors used in experiments
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Organic layer

ITO

Figure 2.3 Basic single-layer OLED

2.2.2.2 Deposition of organic layer

Polymeric thin films and molecule thin films are formed by spin coating and
vacuum deposition, respectively. Figure 2.4 shows the principle of spin-coating. First,
polymer powders were first dissolved in chloroform (CHCl;) to make a polymer solution.
The concentrations were usually 5-15mg/ml. Then several drops of the polymer solution
were put on the top of the pre-cleaned ITO glass substrates. With the presence of a
vacuum, the ITO glass was sucked against the head of spinner. During the fast rotation of
the spinner, excess solution was spun off the substrate and the solvent in the remaining
solution evaporated quickly, leaving a thin polymer film on top of the ITO substrate.
Generally, the thickness of the polymer film was controlled by controlling the solution
concentrations, spin speeds, spin time and the type of solvent. Lower concentration,
higher spin speed, and longer spin time lead to a thinner film, while high boiling point
solvent evaporates slower and gives thinner film. The thicknesses of the films were
measured by a Dektak thickness profiler. A typical thickness of the polymer thin layer

was controlled to be about 100nm in our experiments.
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film
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Figure 2.4 Formation of polymer thin film by spin coating

Small molecules films can not be made by spin coating due to low viscosity of their
solutions. In stead, they can be formed by vacuum deposition as shown Figure 2.5. First
the molecule powders were put into the heating boat in the vacuum chamber, while the
ITO glass substrates were located on the bottom of the substrate holder. Then at a
vacuum of 2x 107 torr, the boat was heated up until the molecules started evaporation.
The molecules deposited on top of the ITO glass forming an organic layer. The
evaporation speed was controlled at 2A/s. The thickness of the layer was monitored by
the thickness detector located beside the substrate as shown in Figure 2.5. The
thicknesses of the molecule films were also characterized by the same Dektak thickness

profiler as used for polymer films.
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Figure 2.5 Thermal evaporation of molecule based thin films

2.2.2.3 Deposition of electrodes

The ITO glasses with deposited polymer films or molecule films were transferred
into a glove-box which was filled with nitrogen gas. Then they were assembled into pre-
patterned masks. After that, the masks were put beneath the substrate holder and
aluminum (Al) wire was put into the boat in the thermal evaporator for thermal
evaporation. The thermal evaporation for metal electrode was similar to that for the
evaporation of molecules. A typical 20nm thick of Al electrode was deposited on top of
the organic layer with pre-patterned shape, which finished the fabrication of an ITO,

metal electrode sandwiched single layer OLED.
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Figure 2.6 Setup for the magnetic field dependent electroluminescence,

photocurrent and magnetoresistance measurements

2.2.3 Devices characterization

The fabricated devices were put between the poles of an electrical magnet for
magnetic measurements as shown in Figure 2.6. The magnetic field direction was parallel
to the device plane. The magnetic field strength was adjusted by the current supplied by a
power supply which was controlled a Labview program. The magnetic field strength is
proportional to the supplied current and the exact value of magnetic field was calibrated

by a gauss meter.

For the magnetic field effect on electroluminescence measurement, there were two
modes to supply current to operate the OLED, namely constant voltage mode and
constant current mode. In constant voltage mode, a constant voltage was applied on the

OLED by Keithley 2400 electrometer (Figure 2.6) and the electroluminescence was
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conducted through an optical fiber to a Fluorog fluorescence detector where both the
intensities and spectra were recorded. In constant voltage mode, the applied voltage was
kept constant and the electroluminescence intensity change and current change were
recorded to calculate the MFE and MR (equations 1.8, 1.9). Generally the magnitudes of
MFE are different at constant current mode and voltage mode, which will be further
discussed in the next section.

For the photoluminescence measurement, the photo-excitation was supplied by the
same Fluorog spectrometer through the other optical fiber to illuminate the sample
(Figure 2.6). The photoluminescence intensity and spectrum were recorded by the same
way as the electroluminescence measurements. Under photo-excitation, the photocurrent
were also measured by the same Keithley 2400 electrometer. The photocurrent change at
zero bias with the external magnetic field was recorded to calculate the magnetic field
effect on photocurrent, MFP (equation 1-10). This dissertation mainly focuses on the
magnetic field effect on electroluminescence and magnetoresistance. The photocurrent

measurements are used to support our arguments in certain cases.

2.3 Universality of MR and MFE

In this dissertation, magnetic field effects have been investigated in a wide range of
polymers and molecules based OLEDs. Figures 2.7 and 2.8 list the results from some
selected devices. It can be seen that an external magnetic field can either increase or
reduce the electrical resistance, leading to a positive or negative MR (Figure 2.7) while
the magnetic field usually enhances electroluminescence, namely positive MFE,

whatever the sign of the MR (Figure 2.8). The general trend of both MR and MFE is that
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they change quickly with a low magnetic field until around 30-50mT, then they gradually
saturate with the higher magnetic field. MR and MFE do show universality in almost all
the measured florescent materials as claimed by Wohlgenannt”. However, there are some
critical issues need to be pointed out. Unlike fluorescent materials, some phosphorescent
materials e.g. Ir(ppy)s show very negligible magnetic field on both electroluminescence
and magnetoresistance.

Furthermore, a positive MFE accompanied with a negative MR is frequently
reported in the literature; however, the positive MFE unusually accompanied with a
positive MR has never been reported so far.

Based on these results, there are several questions need to be answered. Why can an
external magnetic affect the electroluminescence and conductivity in these non-magnetic
materials? What is the relationship between MFE and MR? Why can an external
magnetic field enhance electroluminescence while the driving current is actually
decreasing? Why does a phosphorescent material show almost zero magnetic field
dependence? And what is the reason causing different magnitude in different materials?
Now we try to answer theses questions through selecting two systems as representatives

for negative MR and positive MR systems.

2.4 Similar magnetic field effects between electroluminescence and
resistance
Figure 2.9 shows the magnetic field effect on electroluminescence (MFE) and

magnetoresistance (MR) in an ITO/PmPV (100nm)/Al OLED at liquid nitrogen

temperature. MFE were measured at both constant current density of 20mA/cm” and
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constant 22V targeted to the same current density of 20mA/cm’. The MR was measured
at the same voltage mode. It can be seen that electroluminescence intensity increases
rapidly with magnetic field in the low field range and then slowly saturates in the range
from 50mT to 150mT. Meanwhile, the MR decreases with magnetic field following a
similar trend. Since the decrease of magnetoresistance corresponds to the increases of
driving current at same voltage, it is very natural to conclude that MFE actually comes
from MR. However, the enhancement of constant current mode EL is about 6% at
150mT while the voltage mode magnetic field effect EL is about 8.5%. The difference of
2.5% is roughly same to the magnitude of the magnetoresistance (-2.6%).

It is also worthy to mention that the magnetic field can not change the
electroluminescence spectrum and the both photoluminescence intensity and spectrum

are not sensitive to external magnetic field.
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Figure 2.9 Magnetic field effect on electroluminescence and magnetoresistance in

an ITO/PmPV/Al device
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2.5 Opposite magnetic field effect on electroluminescence and resistance

In an ITO/MEH-PPV/AI device, the MR and MFE at both constant voltage and
current at current density of 20mA/cm” were also measured as shown in Figure 2.10. The
MFEs at both forward and reverse bias increase with the magnetic field, however, the
MR also show a positive value, which means the electroluminescence increase with
magnetic field while the current actually decreases with the same magnetic field at
constant voltage mode. Therefore, MFE should not be determined by MR.

Detailed study shows the magnitude of MFE at constant current density of
20mA/cm?’ is 3.9 % at 150mT while the MFE at constant voltage mode is about 3.4%,
smaller than that in current mode. The value of MR at same voltage mode is +0.4%,
equilibrium to a 0.4% decrease of current density. The value is also similar to the

difference of voltage mode and current mode MFE (3.9%-3.4%=0.5%).
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Figure 2.10 Magnetic field effect on electroluminescence and magnetoresistance in

an ITO/MEH-PPV/AI device
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2.6 The relationship between magnetic field effect on

electroluminescence and resistance

From above discussion, it is obvious that the MFE is not due to MR since in MEH-
PPV system electroluminescence actually increases with the external magnetic field with
the resistance increases (current decreases) with the same field. Actually the
electroluminescence can be expressed as

EL cn(B)I(B) Equation 2-1

where 1 is the quantum efficiency and I is the current flowing through the devices.
Accordingly, the electroluminescence enhancement comes from two parts: efficiency and
current change. Indeed, in the constant current mode, electroluminescence intensity
increases with magnetic field indicating the enhancement of electroluminescence
efficiency n. However, the current changes are different in PmPV and MEH-PPV
systems. In PmPV system, resistance decreases with magnetic field and accordingly
current increases with the field. Therefore, the voltage mode MFE is larger than that in
constant mode. In MEH-PPV system, at constant voltage mode, the MFE comprises of
efficiency enhancement and current decease. The voltage mode MFE is smaller than that
of constant current mode. Hence, it is clear that magnetic field effect on EL and current
are two independent processes, which might be caused by similar mechanism since the

magnetic field dependence is very similar.
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2.7 Mechanisms for MR and MFE

It has been shown that the MFE is not due to MR. Then what is the exact reason
causing both MFE and MR? Now let us start from the existing possible models in the

literature to explore the mechanism for MFE and MR.

2.7.1 Failure of triplet-triplet annihilation (TTA) mechanism

TTA rate has been proven to be sensitive to external magnetic field”’. It is true that
a low field enhances the formation of singlets, leading to enhancement of
electroluminescence. However, TTA only contributes to the delayed fluorescence which
accounts less than 0.1% in total emission®'. In case of PmPV, about 6% EL enhancement
was detected under a magnetic field of 150mT at current density of 20mA/cm?. If it were
due to TTA, the TTA rate should increase more than 6000% which is unreasonable.

Therefore, the increase of singlet is unlikely due to TTA.

2.7.2 Magnetic field enhanced singlet polaron pairs

Kalinowski” attributed the enhanced electroluminescence to the magnetic field
enhanced singlet number. It was assumed that the singlet and triplet polaron pairs are
degenerated and they can mutually convert to each other at zero magnetic field. With the
presence of an external magnetic filed, the three components of the triplet polaron pairs
split and the conversion of singlet polaron pairs to triplet polaron pairs is partially
blocked. As a result, the singlet polaron pairs actually increases with magnetic field.
Consequently the singlet exciton and electroluminescence increases with a magnetic field.

However, there are at least two issues this model is hard to explain.
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Firstly, since the singlet and triplet polaron pairs are degenerated, a magnetic field
blocks the transition from singlet but at same time it also blocks the transition from the
triplets to singlets. Because the singlet polaron pairs have a larger conversion rate to relax
into excitons, dynamically the mutual conversion of singlet and triplet benefits the
formation of singlet excitons. Therefore the magnetic field effect should lead to a
decrease of electroluminescence after the magnetic field blocked the transition between
singlet and triplet polaron pairs.

Secondly, even it is true that singlet exciton increases with a magnetic field, it is
still hard to explain the enhanced electroluminescence with enhanced resistance in MEH-
PPV system and enhanced electroluminescence with reduced resistance in PmPV system
at the same time. Therefore, this model only partially explains the MFE and MR and

obviously it is not a universal model to explain the observed magnetic phenomena.

2.7.3 Magnetic field enhanced reaction yield

Lupton® investigated the magnetic field effect on both fluorescence and
phosphorescence in PhLPPP based- devices. It was concluded that magnetic filed can not
change the intersystem crossing and the enhanced electroluminescence is basically due to
the magnetic field enhanced reaction yield if considering the light emission process as
chemical reactions.

S, = S, +hy(fluorescence) Equation 2.2
I, > S, + hy(phosphorescence) Equation 2.3

It is true that the magnetic field does increase the efficiency of the

electroluminescence. As shown in Figure 2.9 and 2.10, at constant current mode, the
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electroluminescence intensities in both PmPV and MEH-PPV systems increase with
magnetic field, supporting this argument. However, the enhancement can either come
from the enhanced number of singlet exciton or enhanced radiative decay of singlet
exciton with its population unchanged. Lupton model actually claims the second
possibility. To investigate the second possibility, magnetic field dependent
photoluminescence was also measured for PmPV and MEH-PPV. No detectable
magnetic field effect on photoluminescence can be observed, consistent with the findings
of other groupsgg. In the photoluminescence, the intersystem crossing is negligible since
both PmPV and MEH-PPV are basically hydrocarbon materials with very small spin-
orbital coupling. Thus the number of the singlet exciton would not change in this
measurement. According to the enhanced reaction yield model, the photoluminescence
efficiency should increase since the radiative decay of singlet exciton would increase,
which is contradictory to the experimental observation.

Furthermore, it is also hard to interpret why the enhanced reaction yield can lead to
either reduced or enhanced current flowing through the device at constant voltage mode
without any change in the number of singlet and triplet excitons. Therefore it is also
unlikely to be reason for MFE and MR.

According to the magnetic field enhanced minority injection model proposed by
Céllegl, the electroluminescence would increase with more balanced electron-hole
injection with magnetic field. However, in MEH-PPV based devices, the current clearly
decreases with an external magnetic field while the electroluminescence intensity
increases. Therefore, there is no existing model can fully account for the magnetic field

dependent electroluminescence and magnetoresistance.
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2.8 Possible mechanism

In this section, we will try to develop a possible mechanism based on the results

obtained in this dissertation and theories developed in the literature.

2.8.1 Determination of magnetic field effects on polaron pair or exciton states

It was observed that the PL intensity shows a negligible dependence on magnetic
field strength (Figure 2.11). As we know in photoluminescence process, singlet exciton
forms directly with illumination of excitation, which can weakly convert to triplet exciton
by intersystem crossing. If the intersystem crossing in this stage were sensitive to external
magnetic field, PL intensity would be changed by the field, which is contradictory to our
experimental results. One may argue that the intersystem in PmPV or MEH-PPV is week;
the photoluminescence change may be too smaller to be detected. To further inspect this
possibility, magnetic field effect on photoluminescence of 5,10,15,20-Tetraphenyl-
21H,23H-Porphine (TPP) was also measured since TPP has a much larger intersystem
crossing rate from singlet to triplet”. Still, no clear MFE on photoluminescence can be
detected. Therefore, the intersystem crossing between singlet and triplet excitons should
not be sensitive to an external magnetic field.

Based on the same device, the MFE on photocurrent was observed at zero bias with
the illumination of 350nm light, corresponding to the maximum absorption of PmPV.
The photocurrent increases with magnetic field to about 1.5% at 150mT. Similar effects
were also reported in other systems’**2. As we know the photocurrent comes from the
polaron pair states while the photoluminescence from exciton states. It has been reported

that magnetic field can enhance the formation of singlet polaron pairs and reduce triplet-
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Figure 2.11 Magnetic field effect on photoluminescence and photocurrent in

ITO/PmPV/AI device

polaron pair states though intersystem crossing. Since the singlet polaron pair has larger
dissociation rate into free charges than that of triplet polaron pairs. Thus the net result of
the magnetic field effect on intersystem crossing causes the enhancement of photocurrent.
Therefore, it can be concluded that magnetic field does have significant effects on the
intersystem crossing between singlets and triplets in polaron pair states, but not in exciton

states.

2.8.2 Excited states related magnetic field effect on electroluminescence and
magnetoresistance
Photocurrent results provide a possibility that the observed MFE and MR may be

also related to intersystem crossing between polaron pair states. Obviously, there exist
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similar polaron pair states in electroluminescence process. To clarify the MR is also
related to the excited states, the voltage dependent MR was studied in ITO/PmPV/Al
device, as shown in Figure 2.12.

In Figure 2.12, below the threshold voltage no electroluminescence can be detected
since the electroluminescence requires bipolar injection (both hole and electron injection).
Below threshold voltage, only week hole current flow through the device since the barrier
for hole injection is lower and the hole mobility is larger than that of an electron. Beyond
threshold, both hole and electron injection occur and electroluminescence can be detected.
From Figure 2.12, it can be seen that the magnetoresistance is negligible below the
threshold and increases rapidly with applied voltage beyond the threshold. Colle®! also
reported that no magnetoresistance can be observed in an Al/Alqs/Al device, where only
electron current can go through the device and polaron pairs cannot form. Therefore,
from the voltage dependent magnetoresistance, it can be concluded that the

magnetoresistance is also related to excited states.
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Figure 2.12 Voltage dependent magnetoresistance
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2.8.3 Mechanism for magnetic field effect on electroluminescence

Based on the magnetic field effect on photocurrent, electroluminescence and
magnetoresistance, we propose that the magnetic field can modify the intersystem
crossing by considering the exchange energy between singlet and triplet, as shown in
Figure 2.13. Once the polaron pairs have defined spin configurations and the electron and
hole feel each others’ spin, there exists an exchange energy. The exchange energy
between singlet and triplet exciton has been determined to be around 0.7ev'*. Since a
polaron pair has a longer distance than its exciton, the exchange energy should be less
than the exchange energy between singlet and triplet exciton. Thus a mediate magnetic
field as used in our study can manipulate the transition between singlet and triplet polaron
pairs through an external Zeeman Effect.

Without an external magnetic field, triplet polaron pairs have lower energy than the
singlet polaron pairs. The transition between the singlet and triplet polaron pairs is due to
hyperfine interaction”. With the presence of an external magnetic field, the Zeeman
Effect causes the *PP. tilt upward and at certain field, the singlet polaron pair 'PP and
’PP. are degenerate. The transition between them is allowed at this condition. Since the
singlet polaron pairs have larger decay and dissociate rate due to its ionic characteristic®,
dynamically, more triplet polaron pairs convert to the singlet polaron pairs. Accordingly
both electroluminescence and photocurrent show positive magnetic field dependence, as
commonly observed in our experiments®.

The lack of MFE on photoluminescence might be due to a relatively large exchange
energy between singlet and triplet exciton in which moderate magnetic field would not be

able to modify the intersystem crossing rate; however, in the polaron pair stage the-
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Figure 2.13 Proposed magnetic field effect on the intersystem crossing between

singlet and triplet polaron pairs

exchange energy is much smaller and more sensitive to weak or moderate external
magnetic field as used in our work. Thus, the magnetic field effect can be observed in

electroluminescence but not in photoluminescence.

2.8.4 Mechanism for magnetoresistance

In electroluminescence process, the formed polaron pairs after charge injection can
also dissociate to form free charges, which is similar to the case in the photocurrent
process’’. A low magnetic field can enhances the transition from triplet to singlet polaron
pairs due to Zeeman splitting and leads to an increase of singlets and a decrease triplets.
This magnetic field effect causes two consequences to the magnetoresistance. First, the
increase of singlets not only leads to an increase of EL intensity but also dissociate into
more free charges due to the fact that singlet polaron has a larger dissociation rate than
that of the triplet polaron pair’'. The dissociated electron and hole drift to anode and

cathode interface, respectively, resulting in a reduced build-in field and enhanced charge
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injection (-MRg). On the other hand, the decrease of triplets reduces the triplet-charge
reaction yieldgz’93 and generates less free charges, giving a positive magnetoresistance
(+MRy). As a result, the observed magnetoresistance might reflect the sum of these two
opposite components, as illustrated in Figure 2.14. The observed positive
magnetoresistance  suggests that the triplet-charge reaction dominates the
magnetoresistance in the MEH-PPV OLEDs, while for the negative MR, e.g. in PmPV

system, the dissociation mechanism might be the dominating process.
2.9 Summary

In this Chapter, a wide range of organic semiconductors were investigated. Almost
all the fluorescent materials show magnetic field effect dependent electroluminescence
and magnetoresistance. Magnetic field universally enhances electroluminescence;
however, the MR can be a positive or negative value, for examples positive MR in MEH-
PPV and negative MR in PmPV system.
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Figure 2.14 The principle for the formation of negative and positive

magnetoresistance
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We proposed a magnetic field modified intersystem crossing mechanism to explain
the MFE and MR. An external magnetic field can enhance the formation of singlet
polaron pairs and reduce the formation triplet polaron pair states. The enhanced singlet
polaron pair states directly leads to the positive MFE. While the MR is determined by
two factors: polaron pair dissociation and triplet-charge reaction. Magnetic field
enhanced formation of singlet leads to more free charges which drift to opposite
electrodes under electrical field and reduce the built-in field. As a result the charge
injection increases with magnetic field (negative magnetoresistance). The reduction of
triplet polaron pairs generates less free charges and leads to a positive MR accordingly.

The final magnetoresistance is determined by the sum of the two processes.
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3 SPIN-ORBITAL COUPLING EEFECT ON
MAGNETORESISTANCE AND MAGNETIC FIELD
DEPENDENT ELECTROLUMINESCENCE

3.1 Introduction

In chapter 2, a magnetic field modified intersystem crossing mechanism has been
developed to interpret the magnetoresistance and magnetic field effect on
electroluminescence by considering both exciton dissociation and triplet-charge reaction
processes. For organic semiconductors, singlet-triplet intersystem conversion rate is
determined by hyperfine interaction and spin-orbital coupling®. Because the proton
dipole moment in the hyperfine interaction is much weaker than the electron orbital
dipole involved in the spin-orbital coupling, spin-orbital coupling is essentially the
determining factor for intersystem crossing.

There are two ways to tune the spin-orbital coupling: dispersing heavy metal atoms
into organic materials, namely external heavy-atom effect’; or attaching heavy metal
atoms to organic molecules, namely internal heavy-atom effect”. The external heavy-
atom effect can be readily obtained by dispersing heavy metal atoms into organic
materials. However, the insolubility of metal particles together with the large
discontinuity of dielectric constant at the material interface creates a significant difficulty
in obtaining a uniform dispersion and an effective interfacial interaction in

metallic/organic material composites.
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To avoid the dispersion problem in the external heavy-atom effects, we studied a
polarity dependent magnetoresistance (MR) and magnetic field effect on
electroluminescence (MFE). The principle is to push the recombination zone close to
metal electrode at one bias and far away at the other bias. Subsequently, the organic
semiconductor will experience stronger spin-orbital coupling in the region close to the
metal electrode and weaker spin-orbital coupling away from the metal electrode. To
investigate the internal heavy-atom effect, two low-molecular-weight dyes, Alq; and
Ir(ppy)s were selected to study the magnetic field dependent electroluminescence and
magnetoresistance since the two dyes have almost same electronic energy levels” and
the major difference is the type of metal (Al and Ir) incorporated in the chemical

structures.
3.2 Experimental

For the external heavy-atom effects, MEH-PPV was selected since it has a smaller
energy gap. As a result, it is relatively easy to achieve electroluminescence at both
forward and reverse bias. The basic procedure for device fabrication has been shown in
chapter 2. 100nm thick MEH-PPV films were first spun cast on top of pre-cleaned ITO
glasses, followed by thermal evaporation of 20nm thick aluminum electrode at 2x 107
torr to finish the fabrication of ITO/MEH-PPV/ALI single layer devices. 80nm Alqs; and
Ir(ppy); films were thermal evaporated on top of pre-cleaned ITO glasses, followed by
deposition of aluminum electrode same as the MEH-PPV devices. The devices were
measured at liquid nitrogen temperature for better signal/noise ratio and stability. The

magnetic field varied in the range from 0-150mT.
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3.3 Realization of working OLED at both forward and reverse biases

Figure 3.1 shows MEH-PPV device works at both forward and reverse bias due to
its small energy gap®’. The forward and reverse bias configurations are shown in Figure
3.1 (b). The HOMO and LUMO of MEH-PPV are 5.0ev, 2.8ev, respectively. The work-
function of Al and ITO are 4.2ev and 4.8ev, respectively”®. Therefore, there is almost no
injection barrier for hole injection at forward bias. The injection barrier for electron
injection is roughly 1.4ev at forward bias. When the device is reverse biased, the barrier
for hole injection and electron injection are 0.8ev and 2.0ev, respectively. From Figure
3.1 (a), it can be seen the device turns on at 5V at forward bias and 11V at reverse bias
since the barrier at reverse bias the charge injection for both electron and hole are larger

than that in forward bias.
3.4 ldentification of the recombination zones

The emitting zones at forward and reverse bias can be identified by comparing the
electroluminescence spectra at forward or reverse bias and photoluminescence spectrum.
Figure 3.2 shows that the reverse EL spectrum has a blue shift of 15 nm relative to the
forward EL spectrum that is similar to the PL spectrum with typical bulk emission
characteristics. Because the bandgap energy at the surface is larger than that of bulk in a
polymer thin film”®, this blue spectral shift suggests that the reverse injection yields a
narrow electron-hole capture zone close to the ITO/MEHPPV interface whereas the
forward injection corresponds to a broad capture zone containing the surface nearby the
MEHPPV/AI interface and the MEHPPV bulk. [Figure 3.2(a)]. The PL spectrum is
shown to represent the emission from bulk MEH-PPV.
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3.5 Bias dependent magnetoresistance

Figure 3.3 shows that magnetic field increases resistance or decreases current
(positive MR) at both reverse and forward bias. The positive magnetoresistance contains
an increase with the field from 0 to 50 mT and then a saturation from 50 mT up to 150
mT. The reverse- and forward-saturated magnetoresistances are 1.0 % and 0.3 %,
respectively.

According to the proposed model, an external magnetic field can enhance the
polaron pair dissociation and reduce triplet-charge reaction leading to negative MR and
positive MR. As shown in Figure 3.2, the charge injection barriers are very different,
much lower for hole injection at both forward and reverse bias. There exist a large
fraction of excess free charges which can interact with polaron pairs, especially triplet
polaron pairs since they have much longer lifetime. Therefore the magnetic field on
triplet-charge reaction would be dominating in ITO/MEH-PPV/AI device at both forward
and reverse bias. Accordingly, the final MR would be positive as observed in the

experiment.

3.5.1 Balancing degree of charge injection

There are two possibilities which can account for the difference in
magnetoresistance when the applied voltage is changed from forward to reverse polarities:
balancing degree of bipolar injection or spin-orbital coupling in different electron-hole
(e-h) recombination zone. It is known that changing the applied bias from forward to
reverse polarities can largely affect the balancing degree of the bipolar injection due to

the different potential barriers for electron and hole injection in OLEDs with anode and-
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Figure 3.3 Magnetoresistances from MEH-PPV OLEDs with Al cathode at forward

and reverse biases

cathode of dissimilar work-functions. We can expect from the band diagram [Figure 2.2
(a)] that the reverse bias results in a more unbalanced electron and hole injection and thus
a reduced ratio between the excited states and charge carriers relative to the forward bias
in the ITO/MEHPPV/Al OLED. The reduced ratio of excited states can lead to lower
magnetoresistance. As a result, the reverse bias would yield a decreased
magnetoresistance with respect to the forward bias, which is contradictory with the
experimental results shown in Figure 3.3. Therefore, the bipolar injection may not be the

main reason in this system.

3.5.2 Spin —orbital coupling effect
During the thermal vacuum deposition of the metal electrode, metal atoms

inevitably penetrate into the semiconductor layer. The delocalized m electrons of the
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MEH-PPV will penetrate into the orbital field of metal atoms when MEH-PPV segments
are close to metal atoms. As a consequence, the m electron spin dipoles p can interact
with the orbital dipoles B of metal atoms, enhancing the polymer spin-orbital coupling at
the MEH-PPV/metal interface in organic semiconductor devices. The interaction energy

can be calculated by

E=pueB Equation 3-1
where magnetic dipole moment p due to electron spin motion, and B is the magnetic field
from orbital motion. B can be calculated by

HyZev

B= 5 Z Equation 3-2

4rr
where Z is the atomic number of the metal atom in this case. Thus heavier atoms give
larger spin-orbital coupling. Obviously, the bulk of the polymer experiences less metal-
atoms-enhanced spin-orbital coupling effect. In the ITO/polymer side, no indium or tin
atoms can penetrate into polymer film. Thus the enhancement of spin-orbital coupling is
also very limited at the ITO/polymer side.

With the presence of an external magnetic field, the recombination zone is pushed
to the MEH-PPV and aluminum electrode at forward bias and the interfacial spin-orbital
dipole interaction competes with the external Zeeman Effect and consequently weakens
the dependence of singlet/triplet ratio on magnetic field. Therefore, the dominant triplet-
charge reaction experiences a less influence of magnetic field, giving a reduced +MRr
compared with that in reverse bias where no enhancement of spin-orbital coupling. To

confirm the effect of metal electrode on spin-orbital coupling, the magnetic field-

61



dependent electroluminescence (MFE) at constant current was also studied in Figure 2.4.
In general, a positive MFE can be due to magnetic field-increased singlets through

6.99 . . . . .
d’*” . Therefore, increasing spin-orbital coupling can

external Zeeman Effect at low fiel
lead to a decrease in the MFE by weakening the external Zeeman Effect. Figure 2.4
shows the positive MFEs from the MEH-PPV OLEDs with ITO anode and Al cathode at
both forward and reverse injection current of 20 mA/cm®. The magnetic field dependent
electroluminescence includes an increase with the field from 0 to 50 mT and then saturate
in the field range from 50 mT up to 150 mT. Moreover, the reverse injection yields a
largely increased electroluminescence dependence of magnetic field as compared with
the forward injection at the constant current. The maximal MFEs are 9.8 % and 3.5 % for
reverse and forward biases, respectively, in the ITO/MEHPPV/Al OLED. This bias
polarity-dependent MFE supports that the excited states experience a stronger spin-orbital
coupling at forward bias with the e-h capture zone nearby the MEHPPV/metal interface

and a weaker spin-orbital coupling at reverse bias with the e-h capture zone away from

the metal electrode, respectively

3.6 Enhancement of spin-orbital coupling by using a heavier metal
electrode

To further confirm the metal effect, the Al electrode was replaced by a gold (Au)
electrode. The selection of gold has two advantages: firstly, gold has a similar work-

function (5.0ev) as that of ITO (4.8ev). In the ITO/MEH-PPV/Au OLED, only small

difference exists between forward bias and reverse bias for bipolar injection as shown in-
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Figure 3.4 Magnetoresistances from MEH-PPV OLEDs with Al cathode at forward

and reverse biases

Figure 3.5. At reverse bias, the voltage just slightly higher than that of forward bias,
consistent with the estimation based the energy diagram

Secondly, gold has much larger atomic number compared with aluminum.
According to equation 3.2, the gold can further enhance the spin-orbital coupling of
MEH-PPV when the & electrons of MEH-PPV penetrate into the vicinity of the gold
orbital.

Similar to the ITO/MEH-PPV/AI, the recombination zones at reverse bias and
forward bias are close to ITO/MEH-PPV interface, MEH-PPV/Au interface, respectively,
as shown in the Figure 3.6. Electroluminescence is much weaker in ITO/MEH-PPV/Au
diodes because of more unbalanced charge injection, the electroluminescence signal is
noisy; however, it is clear that electroluminescence spectrum is 10nm blue shifted
compared with the forward electroluminescence spectrum which is similar to the

photoluminescence spectrum.
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Figure 3.6 Forward and reverse electroluminescence and photoluminescene spectra from

ITO/MEHPPV/Al OLED

64



The magnetic field effect on electroluminescence at forward and reverse bias was
shown in Figure 3.7 (a). At reverse bias it shows almost same magnetic field effect,
compared with ITO/MEH-PPV/Al, however the magnetic field effect at forward is
further reduced to a negligible value. At reverse bias, the magnetic field effect was not
affected by metal type since the recombination zone is far away from metal electrode,
while at forward bias, gold atoms enhances the spin-orbital coupling strength of MEH-
PPV and further reduce the magnetic field effect as predicted based on the model.
Similarly, the forward magnetoresistance shows much smaller value than that at reverse
bias, as shown in Figure 3.7(b). The bias dependent MFE and MR in ITO/MEH-PPV/Au
OLEDs further supports the observed bias dependence is not mainly due to the bipolar
injection effects, since the bipolar injection at both forward and reverse biases are similar

(Figure 3.5).
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Figure 3.7 Magnetic field effect on EL and magnetoresistance from the MEHPPV

OLED with gold electrode at forward and reverse biases
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3.7 Reduction of spin-orbital coupling by separating MEH-PPV from

the Metal electrode

After an inert buffer layer was inserted between the MEH-PPV and the metal
electrode in the MEH-PPV OLED, the emtting zone at forward bias is close to the MEH-
PPV/PMMA interface due to the small potential barrier at the ITO/MEH-PPV for hole
injection and the large potential barrier at the PMMA/Au for electron injection. Thus, the
use of PMMA buffer layer can minimize the effect of metal electrode on polymer spin-
orbital coupling by eliminating the metal atomic diffusion into the MEH-PPV and
avoiding the penetration of 7 electrons into the orbital field of metal atoms. It is found the
forward magnetoresistance is significantly increased when the 15 nm thick buffer layer of
poly(methyl methacrylate) (PMMA) is used between the MEH-PPV and the gold
electrode (Figure 3.8). In addition, the double-layer MEH-PPV/PMMA OLED also
shows a largely increased forward magnetic field effect as compared to the single-layer
MEH-PPV OLED at the injection current of 20 mA/cm? (inset in Figure 3.8). This result
confirms the different MFE and MR is truly due to metal atoms enhanced spin orbital

coupling in MEH-PPV/metal electrode interface.
3.8 Internal spin-orbital coupling effect

To investigate the internal spin-orbital coupling effect, magnetic field dependent
electroluminescence and magnetoresistance were investigated in OLEDs based on a
fluorescent Alqgs and a phosphorescent Ir(ppy)s. The OLEDs based on Alq; and Ir(ppy)s

were fabricated by same procedures as mentioned in the experimental section. The-
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Figure 3.8 Magnetoresistances from double-layer MEHPPV/PMMA (dots) and

single-layer MEHPPV (circles) OLEDs with ITO and Au electrodes. Inset shows the

MFEs with/out the PMMA layer

magneticfield effect on electroluminescence and magnetoresistance was shown in Figure
3.9. It can be seen that the electroluminescence increases rapidly with magnetic field and
gradually saturates at higher field at a value of 2.5%. Magnetoresistance decreases with
magnetic field, showing a negative MR, indicating the magnetic field effect on polaron
pair dissociation is the dominating process. However, both electroluminescence and
resistance have no magnetic field dependence in the ITO/Ir(ppy)s/Al device.

It has been reported that the LUMO and HOMO are 3.2ev and 5.7ev for Alqgs and
3.0ev and 5.4ev for Ir(ppy)s, respectively'”. The mutually similar HOMO and LUMO
minimize the influence of charge injection on the MFE and MR. Thus the different

magnetic behavior should be related to their chemical structures.
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Figure 3.9 Magnetic field effect on electroluminescence and magnetoresistance for

Alg3 and Ir(ppy)3 based OLEDs

The major difference for these two molecules is the type of the metal atoms in the
center of the chemical structure. The structure was shown in chapter 2. It is known that
the phosphorescent Ir(ppy); has almost 100% conversion from singlet to triplet exciton
through intersystem crossing due to its strong spin orbital coupling. The light emission
comes from the triplet excitons.

The spin-orbital coupling has two effects: spin flip, defined as intersystem crossing;
and splitting of degenerate triplet levels, named as intrinsic Zeeman Effect. This intrinsic
Zeeman Effect is given by the Zeeman parameter D. It is also known that an external
magnetic field can split the triplet levels and yield an external Zeeman Effect. The
competition between the intrinsic Zeeman Effect and the external Zeeman Effect

determines the singlet-triplet intersystem crossing in an external magnetic field. For most
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organic materials with aromatic molecular structures, the Zeeman parameter D (intrinsic

Zeeman Effect) is about 1~10 peV'®

, showing a weak ~ moderate spin-orbital coupling
strength. This small Zeeman parameter suggests that an external magnetic field ranging
from 10 mT to 100 mT can cause a significant MFE. For phosphorescent materials such
as Ir(ppy)s, the D is usually greater than 100 peV'''%. This large Zeeman parameter

implies that a low magnetic field (< 1 Tesla) can not induce an appreciable MFE, as

observed in Ir(ppy); system.
3.9 Summary

In this Chapter, it is proven that the magnetic field effect on electroluminescence
and magnetoresistance are sensitive to spin-orbital coupling of an organic semiconductor
due to either internal or external heavy atom effects. These findings further confirm that
the MFE and MR are results of magnetic field modified excitonic processes, essentially
intersystem crossing in polaron pair states. The lack of magnetic field effects in
ITO/Ir(ppy)s/Al further excludes the magnetic field enhanced bipolar injection, reaction

yield, and transport mechanisms in this system.
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4 TUNABLE MAGNETIC FIELD DEPENDENT
ELECTROLUMINESCENCE AND
MAGNETORESISTANCE IN FLUORESCENT
POLYMER/PHOSPHORESCENT DYE COMPOSITES

4.1 Introduction

It is already known that due to the coexistence of singlet and triplet polaron pairs,
fluorescent organic semiconductors can show magnetic field dependent
electroluminescence (MFE) and magnetoresistance (MR), caused by a magnetic field
modified intersystem crossing. For organic semiconductors, spin-orbital coupling is
essentially the determining factor for intersystem crossing. In principle, the magnetic
field effect on electroluminescence and magnetoresistance can be gradually tunable if the
spin-orbital coupling of the material can be controlled.

As discussed in the former chapters, the spin-orbital coupling can be tuned by at
least by the following ways:

1) Incorporating different heavy atoms with a series of atomic numbers
into a molecules or polymers.

2) Using different metals with a series of atomic numbers as electrodes

3) Disperse heavy metal particles into the polymer matrix.

Obviously the first method effect requires delicate organometallic reactions to
systematically change the spin-orbital coupling strength. It requires tedious synthesis

work. For the second method, the low work-function metals used as cathodes usually
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have low atomic numbers. Heavy metals, like gold, are seldom used as a cathode since
they usually have much higher work-function. Also it does not work for double layer
devices, e.g. with an electron transport layer, as frequently used to enhance the OLED
performance. For the third method, the insolubility of metal particles together with the
large discontinuity of dielectric constant at the material interface creates a significant
difficulty in obtaining a uniform dispersion and an effective interfacial interaction in
metallic/organic material composites.

In this chapter, a phosphorescent dye Ir(ppy); with larger intrinsic spin-orbital
coupling was used to dope a polymer PVK with moderate intrinsic spin-orbital coupling
strength. The phosphorescent dye Ir(ppy)s can be easily dissolved in common solvents
e.g. chloroform, toluene. Thus an uniform dispersion of Ir(ppy); in PVK can be expected.
After contact, m electrons in PVK can penetrate into the vicinity of the heavy atom to mix

the spin-orbital coupling of the two materials.
4.2 Experimental

The Ir(ppy); molecules were mixed with the PVK and PMPV by different weight
ratios up to Swt% in chloroform, respectively, forming Ir(ppy)s doped polymer composite
solutions. The 100 nm thick films of the polymer/Ir(ppy); composite or pristine polymers
were spin cast on pre-cleaned ITO glass substrates from the respective chloroform
solutions. The spin-cast films were then dried under vacuum at 70°C for twelve hours,
ensuring the removal of solvent molecules. The uniform dispersion of Ir(ppy); molecules
in the PVK matrix was monitored by the morphological and electron-dispersion-spectral

analyses based on the TEM (transmission electron microscopy) measurements'’'. The
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single- and double-layer OLEDs were fabricated with the architectures of
ITO/Ir(ppy)stPVK/Al and ITO/PVK/Ir(ppy)s/Al, respectively, by thermally evaporating
aluminum (Al) electrode under vacuum of 2x10° Torr. The magnetoresistance was
measured at a constant voltage targeted to the injection current of 20 mA/cm” for the
OLEDs. The MFE was characterized at both constant voltage and current modes. The
magnetic field effect on photocurrent (MFP) is also measured at zero bias with

illumination of 330nm light which corresponds to the maximal absorption of PVK.
4.3  Tunable magnetoresistance in Ir(ppy)s; doped polymer composite

It can be seen in Figure 4.1 that the Ir(ppy);+PVK composite shows an Ir(ppy)s
concentration-dependent negative magnetoresistance at constant voltage, based on the
single-layer OLEDs with ITO and Al electrodes. Here, the PVK and Ir(ppy); are defined
as high and low magnetoresistant materials, respectively. The magnetoresistance includes
a rapid increase with the magnetic field from 0 to about 50 mT and then becomes
saturated. The maximal magnetoresistance are -4.0 % for the neat PVK, -2.0 % for the
PVK doped with 1 wt% Ir(ppy)s, and -1.2 % for the PVK doped with 5 wt% Ir(ppy);, and
negligible value for the neat Ir(ppy)s.

Figure 4.2 shows the electroluminescence enhancement with magnetic field at both
constant voltage mode and constant current mode. The maximum of magnetic field effect
on electroluminescence for neat PVK is 10%, 6% for voltage mode and current mode,
respectively, while the MFE for Ir(ppy)s; is almost zero at either voltage or current mode.

The difference between the two modes reflects the values of the magnetoresistance.
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Figure 4.1 Magentoresistance as a function of magnetic field. x is the weight

concentration of Ir(ppy); dopant in the composite LED of ITO/Ir(ppy)s(xwt%)+PVK/AL.
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Figure 4.2 MFE from composite at constant voltage (dots) and current (circles). x is
the weight concentration of Ir(ppy); dopant in the composite LED of

ITO/Tr(ppy)s(xwt%)+PVK/AL
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However, in polymer/dyes composites, there are three possible mechanisms,
leading to the observed tunable MFE and MR, such as charge transport, energy transfer,
and intermolecular spin-orbital interaction, which will be discussed in the following

sections.
4.4  Charge transport channel effects on magnetoresistance

The charge transport may be proximately divided into two components through
PVK matrix and Ir(ppy); dopant in the PVK + Ir(ppy); composite OLEDs. These two
transport components lead to high and low magnetoresistance channels in a parallel
connection [Figure 4.3 (a)]. As a consequence, varying the Ir(ppy);/PVK ratio could
change the relative transport distribution between the high and low magnetoresistance
channels and thus yield an Ir(ppy)s; concentration-dependent magnetoresistance in the
composites.

When the condition of two parallel PVK and Ir(ppy); transport channels is removed
by using the double-layer OLED with the architecture of ITO/PVK/Ir(ppy)s/Al [Figure
4.3 (b)], it was observed that the use of the PVK hole-transport layer results in a negative
magnetoresistance (Figure 4.4 (a)). The -0.4 % magnetoresistance is obtained when the
50 nm thick PVK hole-transport layer is used. This magnetoresistance decreases with the
decrease of the PVK thickness and becomes negligible when the PVK thickness is
reduced to 4 nm. Again, the PVK thickness-dependent magnetoresistance can be further
suggested by the difference between the MFEs measured at constant voltage and current

[Figure 4.4 (b)]. It is evident that the charge transport through two parallel-
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voltage (dots) and current (circles), respectively, in double-layer OLEDs of

ITO/PVK (xnm)/Ir(ppy)3(80nm)/Al. x is the thickness of PVK layer
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magnetoresistance channels is not accountable for the Ir(ppy)s concentration-tunable
magnetoresistance. In addition, the result from the magnetoresistance of the double-layer
OLED implies that the intermolecular interaction is formed at the PVK/Ir(ppy); layer

interface and consequently affects the magnetoresistance
4.5 Energy transfer effects on magnetoresistance

In fluorescent polymer/phosphorescent dye composites, there two possible energy
transfer channels from the polymer matrix to dye molecules: Forster energy transfer and
Dexter energy transfer. Forster energy transfer is a dipole-dipole mechanism and its

transfer rate can be expressed as

K?J8.8x107%

¢ Equation 4.1
n't,r

kD»A =

where K is an orientation factor, n is the refractive index of the medium, t0 is the
radiative lifetime of the donor, r is the distance between donor (D) and and acceptor (A),
and J the spectral overlap between the absorption spectrum of the acceptor and the
fluorescence spectrum of the donor'®?. Dexter energy transfer occurs through an electron
exchange mechanism and its rate can be expressed by
k., oc[h/(27)]P*J exp[-2r/L] Equation 4.2

where r is the distance between donor (D) and acceptor (A), L and P are constants, J is
the spectral overlap integral. It can be seen both Forster and Dexter energy transfer
require spectral overlap J between the absorption spectrum of the acceptor and
fluorescence spectrum of the donor. However, Forster energy transfer is a long range

interaction while the Dexter energy transfer only occurs at short range.
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Figure 4.5 Normalized emission spectra and absorption spectra for PVK and

Ir(ppy)s

4.5.1 Energy transfer-dependent magnetic field effect on electroluminescence

Figure 4.5 shows the normalized emission spectra and absorption spectra for PVK
and Ir(ppy)s. It can be seen that there are a larger overlap between the emission spectrum
of PVK and absorption spectrum of Ir(ppy)s. Thus In PVK/Ir(ppy)s system, energy
transfer occurs from the PVK to Ir(ppy); through Forster and Dexter processes'®>-'1%°
(Figure 4.6) when PVK chains and Ir(ppy); molecules are placed within a close proximity
in either composite or double-layer structure. Energy transfer can shift magnetic field
effects between different components in a polymer composite. It can be seen in Figure
4.2 that the electro-phosphorescence from Ir(ppy)s; dopant shows a significant magnetic

field dependence in the PVK/Ir(ppy)s; composite while the neat Ir(ppy)s; does not exhibit

an appreciable MFE, due to large spin-orbital coupling. When the weak-spin-orbital-
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coupling PVK and strong-spin-orbital-coupling Ir(ppy); are mixed, the magnetic field-
increased singlets in the PVK matrix can be reflected as an magnetic field-increased
triplets in the Ir(ppy); dopant due to Forster and Dexter transfer, especially in the case
where the Forster transfer becomes dominant at distance of greater than 1 nm between an
excited PVK and an unexcited Ir(ppy); (Figure 4.6). This energy transfer-dependent MFE
can occur in composite or double-layer structure when the PVK chains and Ir(ppy)s
molecules are in close contact (Figure 4.2 and Figure 4.4 (b)). As a result, the long-
distance Forster and short-distance Dexter energy transfer essentially form a mechanism
to induce magnetic field-dependent singlet/triplet ratio in a strong-spin-orbital-coupling
phosphorescent dopant through a weak-spin-orbital-coupling polymer matrix based on

polymer phosphorescent dye composite.

PVK Ir(ppy);

Figure 4.6 Intersystem crossing and (Forster Tr and Dexter Tp) energy transfer in
the PVK + Ir(ppy)s composite. Kisc-1 and Kisc-2 are magnetic field independent and

independent intersystem crossing in PVK matrix and Ir(ppy); dopant, respectively
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Figure 4.7 Voltage-dependent magnetocurrent and EL intensity in PVK/
(1wt%)Ir(ppy)s composite LED. The magnetoresistance was measured at the field of 150

mT.

4.5.2 Energy transfer-dependent magnetoresistance

We further note that the redistribution of singlet/triplet ratio in excited states
between the weak-spin-orbital-coupling polymer matrix and the strong-spin-orbital-
coupling Ir(ppy); dopant can lead to a substantial tuning of magnetoresistance when the
excited states contribute to the magnetic field effects. Figure 4.7 shows that the
magnetoresistance dramatically decreases when the applied bias is lower than the
threshold voltage for generating electroluminescence in PVK + Ir(ppy)s composite. This
voltage-dependent magnetoresistance can be observed in other organic semiconducting
materials as shown in chapter 2 '®. Nevertheless, it can be supported from the
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experimental results in Figure 4.7 that the excited states significantly contribute to the

magnetoresistance.
4.6 Intermolecular spin-orbital interaction

We now consider the intermolecular spin-orbital interaction in Ir(ppy)s doped
polymer composite by comparing magnetoresistance and MFE observed in an energy-
transfer and non-energy-transfer polymer/Ir(ppy)s; composites. In general, the delocalized
7 electrons in polymer matrix can penetrate into the large field of molecular orbit of
heavy-metal complex when the polymer chains and Ir(ppy); molecules are brought into
contact’*. This penetration leads to an intermolecular spin-orbital interaction between
the spin dipoles of polymer matrix and the orbital dipoles of Ir(ppy); dopant, modifying
the effective spin-orbital coupling of polymer matrix in the composite. Therefore, mixing
a strong-spin-orbital-coupling molecule and a weak-spin-orbital-coupling polymer forms

a mechanism to adjust polymer spin-orbital coupling strength.

4.6.1 Energy transfer system

When both fluorescence from the PVK matrix and the phosphorescence from the
Ir(ppy); dopant are observed in the dilute PVK + (0.3wt%)Ir(ppy)s composite (Figure 4.8
(a)), it can be seen in Figure 4.8 (b) that the Ir(ppy); dispersion slightly decreases the
fluorescence-based MFE amplitude of the PVK matrix as compared to the value of neat
PVK. The MFE amplitudes are 5.6% and 5.1% for the neat and 0.3wt% Ir(ppy); doped
PVK OLEDs, respectively (Figure 4.8 (b)). This experimental result suggests that the

Ir(ppy)s dopant enhances the spin-orbital coupling of PVK matrix. The enhanced spin-
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Figure 4.8 Electroluminescence spectra of pristine PVK, pristine Ir(ppy);, and PVK
+ (x%)Ir(ppy); composite LEDs. (b) Fluorescence- and phosphorescence-based MFEs
from PVK matrix and Ir(ppy)s; dopant in the dilute PVK + (0.3wt%)Ir(ppy); composite.

The MFEs from pristine PVK and Ir(ppy)s are also shown as reference.

orbital coupling further competes with the magnetic field in intersystem crossing and thus
results in a reduction of fluorescence-based MFE from the PVK matrix. The reduction of
fluorescence-based MFE in the PVK matrix can be then reflected as a decrease of
phosphorescence-based MFE in the Ir(ppy); dopant through dominant Forster energy

transfer from the PVK matrix to the Ir(ppy)s; dopant in their composite.

4.6.2 Non-energy transfer system

Furthermore, when the PVK is replaced by poly(m-phenylenevinylene-co-2,5-
dioctyloxy-p-phenylenevinylene) (PMPV), the negligible spectral overlap between the
emission of PMPV and the absorption of Ir(ppy); (Figure 4.9) indicates that the dominant

Forster transfer is significantly reduced in the PMPV + Ir(ppy); composite.
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Figure 4.9 Normalized emission spectra and absorption spectra for PmPV and

Ir(ppy)s

Figure 4.10 shows that the MFE slightly decreases with the Ir(ppy); concentration.
The MFE amplitude changes from 6.0% for neat PMPV to 5.6% for Swt% Ir(ppy)s doped
PMPV. The emission spectra in Figure 4.9 indicates that the PMPV and Ir(ppy); emit in a
similar spectral range. Hence, the MFE observed from the composite should be
associated with both fluorescence from PMPV matrix and phosphorescence from Ir(ppy)s
dopant. We know that the relative ratio between the fluorescence- and phosphorescence-
based MFE amplitudes is determined by the energy transfer in the Ir(ppy)s doped
polymer composite. Since the energy transfer is minimized in the PMPV/Ir(ppy)s
composite, the observed MFE should be mainly due to the dependence of magnetic field
on intersystem crossing in the PMPV matrix. Therefore, the experimental data of Ir(ppy)s

concentration-dependent MFE in Figure 4.10 provides an additional experimental-
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Figure 4.10 Magnetic field effect on electroluminescence in ITO/PmPV/Al based

on the PmPV/Ir(ppy); composites. x% represents the concentration of Ir(ppy)s in PmPV

evidence that the spin-orbital coupling of polymer matrix can be enhanced due to the
intermolecular magnetic interaction upon the Ir(ppy)s dispersion. It is interesting to note
that the dispersed Ir(ppy)s; only slightly decreases the magnetoresistance in this non
energy-transfer composite (Figure 4.10). The magnetoresistance decreases from 2.3 % for
neat PMPV to 2.0 % for 5wt% Ir(ppy); doped PMPV. This result further indicates that
the so called high and low magnetoresistance channels do not play an important role in
tuning magnetoresistance when strong-spin-orbital-coupling molecules are uniformly
dispersed in a weak-spin-orbital-coupling polymer matrix.

Clearly, the relative distribution of excited states through energy transfer can lead to
a substantial tuning of magnetic field effects in Ir(ppy); doped polymer composite. As a
result, the comparison between the magnetic field effects measured from the non energy

transfer PMPV + Ir(ppy); and energy-transfer PVK + Ir(ppy); composites (Figures. 4.1-
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Figure 4.11 Magnetoresistances from PMPV + (x%)Ir(ppy); composite OLEDs

and 4.4) shows that the energy transfer and intermolecular spin-orbital

106,107

interaction play rough and fine tuning for the MR and MFE when a strong-spin-

orbital-coupling Ir(ppy); and a weak-spin-orbital-coupling polymer are mixed.

4.7  Magnetic field effect on photocurrent

We now discuss how excited states and spin-orbital coupling can affect the
magnetoresistance in organic semiconducting materials. It can be seen in Figure 4.12 that
an external magnetic field increases the photocurrent, generating a magneto-photocurrent
in the Ir(ppy);+PVK composite. The photocurrent quickly increases with the magnetic
field from 0 to about 50 mT and is then saturated. This photocurrent enhancement can be
attributed to the magnetic field-increased singlet electron-hole pairs in the PVK matrix

due to the external Zeeman effect %1% based on the fact which the dissociation of -
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Figure 4.12 Photocurrent as a function of magnetic field in the composite OLEDs of

ITO/Ir(ppy)3(xwt%)+PVK/Al under the light illumination of 0.1 mW/cm2 at 330 nm

singlet electron-hole pairs is largely greater than that of the triplet electron-hole pairs in

bulk materials®*!'%

. In particular, we should note that the magnetic field-induced
photocurrent enhancement decreases with increasing the Ir(ppy)s; concentration, showing
a concentration-tunable magneto-photocurrent in the Ir(ppy);+PVK composite. The

magnetic field-induced photocurrent enhancements are 3.6 % for the neat PVK, 0.8 % for

1 wt% Ir(ppy)s doped PVK, 0.3 % for 5 wt% Ir(ppy); doped PVK, and 0 % for the neat

Ir(ppy)s
4.8 Possible mechanism for the dye-doping-tunable magnetic field effect

on EL and magnetorsistance

When the magnetoresistance is taken into account, the dissociated charge carriers

can be drifted to the interfaces between the Ir(ppy)s and PVK components in the-
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Figure 4.13 Formation of built-in electric field due to the dissociation of electron-

hole pairs in Ir(ppy);+PVK composite OLED

PVK/Ir(ppy); composite OLED under the influence of applied bias, forming a built-in
electric field applied on the PVK, as shown in Figure 4.13. This built-in electric field can
further tilt the energy bands of the PVK and consequently enhances the electron and hole
injection into the PVK matrix, leading to a negative magnetoresistance in the
Ir(ppy)3+PVK composite. On the other hand, the Ir(ppy); reduced enhancement of
magneto-photocurrent suggests that an external magnetic field has less effects on the
density of singlet states upon dispersing Ir(ppy); in the composite. This can be attributed
to the increase of spin-orbital coupling of PVK matrix caused by Ir(ppy)s; dopant. The
increase of spin-orbital coupling can reduce the effects of magnetic field on the

singlet/triplet ratio. As a consequence, the modification of spin-orbital coupling can
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affect the density of dissociated charge carriers and the resultant magnetoresistance in

organic materials.
4.9 Summary

In summary, mixing a strong-spin-orbital-coupling molecule and a weak-spin-
orbital-coupling polymer can lead to a substantial tuning of magnetoresistance and MFE.
The underlying mechanism of tuning magnetoresistance and MFE relies on the energy
transfer of excited states between the two components and the modification of spin-
orbital coupling in Ir(ppy); doped polymer composite. The magneto-photocurrent implies
that the dissociation of excited states contribute to the magnetoresistance in organic
semiconducting materials. The energy transfer and modification of spin-orbital coupling
can change the overall singlet/triplet ratio and consequently affect the yield of dissociated
charge carriers. Furthermore, the dissociated charge carriers form built-in electric field
and contribute to the magnetoresistance in organic semi-conductive materials. As a result,
mixing a strong-spin-orbital-coupling molecule and a weak-spin-orbital-coupling
polymer presents a new pathway to tune magnetic field effects (magnetoresistance and

MFE) through energy transfer and intermolecular spin-orbital interaction.
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5 BIPOLAR INJECTION EFFECTS ON MFE AND MR

5.1 Introduction

Magnetic field effect on electroluminescence (MFE) and magnetoresistance (MR)
are essentially related to the magnetic field modified intersystem crossing in polaron pair
states. It has been shown that MFE and MR depends on the competition of enhanced
polaron pair dissociation and reduced triplet-charge reaction processes. In the system
showing negative MR, the polaron pair dissociation process is dominating, while the
positive MR system, the triplet-charge reaction is the dominating processes. In previous
chapters we focused on the manipulation of intersystem crossing to tune the
magnetoresistance and magnetic field effect on electroluminescence. In principle, without
change the intersystem crossing, magnetoresistance still can be also manipulated by
enhancing or reducing the contribution from triplet-charge reaction process. As we know,
triplet-charge reaction can be effectively controlled by varying the ratio of injected
electrons and holes. In the ideal case, the ratio of electron and hole is 1 (completely
balanced) and the triplet-charge reaction would be the minimum. On the contrary, if the
charge injection is unbalanced, the triplets will have more chance to collide with free
charges, either electrons or holes. The triplet-charge reaction should be more significant.

Based on this concept, a PMMA insulating layer was used to be inserted between
semiconductor layer and an electrode to increase the charge injection barriers for one

type charge and leave the other unchanged. Therefore, the balancing degree of injected
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electrons and holes can be effectively controlled by simply increasing or decreasing the
thickness of the insulating layer in the double-layer organic light emitting diodes.

In this chapter, three different semiconductors, MEH-PPV, PVK, and Alq; were
selected to prove the feasibility of this concept. MEH-PPV based devices work at both
forward and bias. Thus it enables us to study bipolar injection effects at both electron
dominating and hole-dominating cases for the same device by simply changing polarity.
110

PVK and alq; were selected because they are good representatives for hole transport

and electron transporting materials''', respectively.
5.2 Experimental

The MEH-PPV or PVK layer was deposited onto pre-cleaned glass by spin coating
from its chloroform solution. The PMMA layer was spun cast on top of deposited MEH-
PPV or PVK layer from its nitromethane solution. Nitromethane cannot dissolve the
MEH-PPV and PVK, ensuring the first layer undestroyed. The film thicknesses were
characterized by DekTek-II surface profiler. The gold (Au) or aluminum (Al) electrode
was prepared by thermal evaporation at a vacuum of 2x10° Torr. To fabricate the
ITO/PMMA/Alqg; or Ir(ppy)s/Al devices, the PMMA layer was first deposited on ITO
glass followed by formation of Alqgs or Ir(ppy)s thin film through thermal evaporation.
Thermal evaporation of 20nm Al electrode finishes the fabrication of the device. The MR
was measured at constant voltage adjusted to the injection current of 20 mA/cm® and the
MFE was measured at either constant voltage or current mode (constant 20 mA/cm?) for

the related OLEDs in liquid nitrogen temperature.
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5.3 Modification of bipolar injection by changing bias polarity

The device structure and energy diagram was shown in Figure 5.1. Au was selected

12 ¢lose to that of ITO and in the

as the electrode because it has a work function of 5.1ev
ITO and Au sandwiched single layer MEH-PPV device, the bipolar injections at forward
and reverse bias are similar. Then a thin insulating (PMMA) layer was inserted between
MEH-PPV layer and Au electrode to reduce electron injection at forward bias and hole

injection at reverse bias to tune the electron/hole ratio and triplet-charge reaction

accordingly.

Figure 5.2 shows the MR of ITO-Au sandwiched MEH-PPV/PMMA double layer
OLED under a current density of 20mA/cm? at liquid nitrogen temperature. As shown in
Figure 5.2, the MR at forward bias has a small positive value. After insertion of PMMA,

the magnitude of MR at forward bias increases with the thickness of PMMA from 0.03%-

LUMO
Q<
MEHPPV = & %
d A
ITO N
4.8 eV | AU
© HOMO | [5.1eV

Figure 5.1 Structure of ITO/MEH-PPV/PMMA/Au OLED. Varying the thickness of

PMMA layer changes the bipolar injection, hence, the ratio of electrons and holes
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Figure 5.2 Forward magnetoresistance as a function of magnetic field for the

double-layer ITO/MEHPPV/PMMA (xnm)/Au OLEDs

at Onm PMMA to 0.78% at 62nm PMMA. At reverse bias, after insertion of 10nm
PMMA, MR changes sign from positive to negative. The value of the negative MR
increases with PMMA thickness to -1.09% at 37nm and then decreases with PMMA

thickness to -0.43% at 62nm (Figure 5.3). The devices break down with further

increasing PMMA film thickness.

The PMMA layer between MEH-PPV layer and Au electrode could cause two

consequences: enhanced interfacial resistance and modified bipolar injection

5.3.1 Enhanced interfacial resistance

It is possible that the insertion of PMMA accentually enhanced interface resistance
since PMMA is insulating. In the literature, MR was proposed to be a bulk effect™ and it

can be expressed as
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Figure 5.3 Reverse magnetoresistance as a function of magnetic field for the

double-layer ITO/MEHPPV/PMMA (xnm)/Au OLEDs

AR, x100% Equation 5-1
R, +R

i

MR =

where AR, 1s magnetic field caused resistance change in bulk, R, is bulk resistance, and
R.is interfacial resistance. Therefore, insertion of PMMA layer actually increase R, as a

result the magnitude of MR should decrease. However, the MR actually increases with
the thickness of PMMA at forward bias which suggests that enhanced interface resistance

is unlikely the reason causing the observed MR change.

5.3.2 Modified bipolar injection
As we know, PMMA is a electronically insulating material'”®, it increases electron
injection and hole injection barriers at forward and reverse bias, respectively (Figure 5.4).

Therefore, insertion of PMMA reduces the electron/hole ratio further in ITO/MEH-
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Figure 5.4 Band diagrams for reverse (a) and forward (b) charge injection in the

double-layer ITO/MEH-PPV/PMMA/Au OLED. Dots and circles are electrons and holes

PPV/PMMA/Au devices at forward bias. Hence, the triplet charge-triplet reaction process
becomes even more dominating, leading to a larger positive MR as observed in the
experiment. At reverse bias, a thin PMMA layer reduces hole injection and charge
injection is more balanced although both charge injection are difficult. Consequently,
magnetic field effect on charge-triplet reaction process become less important and the
magnetic field dependent polaron pair dissociation process becomes more dominating,
causing more negative MR. However, further increasing PMMA thickness causes a
transition from hole-dominating current to electron-dominating current, leading to
unbalanced charge injection again. As a result, the MR becomes less negative, which is
also observed in our experiments.

Organic semiconductors can be divided into two types: hole transport materials and
electron transport materials. In hole transport materials, hole has much larger mobility

110,111
LT

than electron while in electron transport materials, electron has larger mobility 0
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further test the validity of this model, the electron injection and hole injection were
manipulated in the hole transport materials PVK and electron transport materials Alqs

based OLEDs, respectively.
5.4 Modification of bipolar injection by reducing electron injection

The structure and energy diagram of ITO/PVK/PMMA/ALI is shown in Figure 5.5.
The MRs in different PMMA thickness OLEDs were shown in Figure 5.6. It can be seen
that with insertion of PMMA layer, the negative MR is gradually changed from -1.17%
without PMMA layer to +1.49% with 25nm PMMA layer at 300mT. The devices failed
to work with further thicker PMMA layer. The sign of MR changes from negative to
positive when the PMMA thickness is 15nm. The HOMO and LUMO for PVK are 5.8eV
and 2.3 eV, respectively. The injection barriers for hole injection is 1.0ev, similar to
that for electron injections 0.9ev. The charge injection is relatively balanced even though
electron and hole have different mobility. Therefore, in ITO/PVK/ALI single-layer device,
the magnetic field effect on polaron pair dissociation process still outweighs the triplet-
charge reaction process, showing a negative MR. After insertion of PMMA, electron
injection becomes even more difficult and triplet-hole reaction gradually becomes the

dominating process and the MR gets more positive as observed in our experiment.
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Figure 5.5 Band diagram for the ITO/PVK/PMMA/Al OLED
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Figure 5.6 Magnetoresistance as a function of magnetic field for the

ITO/PVK/PMMA (xnm)/Al double-layer OLEDs
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Figure 5.7 Band diagram for the OLED of ITO/ PMMA / Alqs/Al

5.5 Modification of bipolar injection effect by reducing hole injection

For the Algs based OLED, The PMMA layer was inserted between anode and Algqs
layer to tune the hole injection barrier (Figure 5.7). Without PMMA, the MR shows a
small negative value at liquid nitrogen temperature, consistent with other groups®'.
Insertion of PMMA layer reduces hole injection and the current becomes more electron
dominating. This transition from negative MR to positive MR occurs in the device with a
5-10 nm thick PMMA layer. Further increasing the thickness of PMMA layer, the
contribution of triplet-electron reaction outweighs that from the dissociation process,
leading to a positive MR as shown in Figure 5.8.

Combined study of MEH-PPV, PVK, and Alq; based devices confirms that there
are two processes determining the sign and magnitude of magnetoresistance. It requires
very balanced charge injection to minimizing the positive contribution from the triplet-
charge reaction. For positive MR, it requires unbalanced charge injection to enhance
triplet charge reaction. Practically it is relatively difficult to obtain balanced charge
injection especially for single layer devices. Therefore the utilization of positive MR may
have more practical advantages, e.g. easy fabrication, low cost, larger magnitudes.
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Figure 5.8 Magnetoresistance as a function of magnetic field for the ITO/

PMMA (xnm)/Alqs/Al double-layer OLEDs

5.6 Investigation of possible change of the triplet-charge reaction

constant

Triplet-charge reaction can be expressed as
e = koo [T][C] Equation 5.2

where £k, . is the triplet-charge reaction rate constant, [T] is the triplet polaron pair

population and [C] is free charge population including either electron or hole’.
Accordingly, there are two possibilities for an external magnetic field to change the
triplet-charge reaction: the change of reaction constant kr.c and the change of triplet

polaron pair population [T].
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It is known that magnetic field has a negligible effect on the singlet-triplet
intersystem crossing in phosphorescent materials (Figure 3.10).  Therefore, the
phosphorescent dye Ir(ppy)s was used as a control experiment to investigated the issue:

whether or not the reaction constant k, . can change at different levels of [C] in the

presence of an external magnetic field. In this system, the only possible varying
parameter would be kr.c since [T] is a constant. Any change in MR with different
thickness of PMMA would directly lead to the change of kr.c.

For simplicity, Figure 5.9 only shows the MR for the devices with Onm and 20nm
PMMA layers. It is clearly that MR does not change with the thickness of PMMA. It
supports that the bipolar injection has a negligible effect on MR if the triplet polaron pair
population keeps constant. Therefore, it can be concluded that the magnetic field caused
triplet population [T] change is the main reason for the change of triplet-charge reaction,

while the reaction constant k¢ does not change with the magnetic field.
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Figure 5.9 Magnetoresistance as a function of magnetic field for the ITO/

PMMA (xnm)/Ir(ppy)s/Al double-layer OLEDs
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5.7 bipolar injection effects on MFE

It has been shown that bipolar injection has strong influence on both sign and
magnitude of magnetoresistance due to modified triplet-charge reaction. It seems that the
bipolar injection would not have any effect on the population of singlets and the
electroluminescence would only change with magnetic field through the intersystem
crossing. The magnitude of MFE, would keep constant when the triplet-charge reaction
varies. However, in an OLED, the generated secondary electrons and holes through
triplet-charge reaction still have chance to recombine and give off light emission. The
fraction of this secondary electroluminescence in the total electroluminescence depends
on how severe of the triplet-charge reaction is.

It is known that triplets are split in to three components by a magnetic field and the
three components are unevenly populated because of their different decay rates. As a
result, in the presence of magnetic field the secondary electrons and holes are essentially
spin polarized after they react with one component of the triplets preferentially. The spin
polarized electrons and holes facilitate the formation triplet polaron pairs and triplet
excitons in the expense of singlets. Thus, it can be expected that triplet-charge reaction
reduces the electroluminescence, leading to a negative MFE.

In principle, the MFE is also determined by two processes with opposite
contributions: magnetic field enhanced singlets and triplet-charge reaction caused
reduction of singlets. In this section, the bipolar injection effects this
electroluminescence were investigated in both hole transport material, PVK and electron

transport material, Alqs to prove this concept.
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5.7.1 Bipolar injection effects on MFE in a hole transport material

ITO/PVK/PMMA/AI devices were fabricated and test by same methods as in
section 5.2. Figure 5.10 shows electroluminescence intensity increases rapidly at low
magnetic field and gradually saturates at around 100mT at constant current density of
20mA/cm” for the devices with 0, 5, 10nm PMMA layer. The magnitude of MFE changes
with the PMMA thickness from 7.8% for the device without PMMA to -4% for 20nm
PMMA device. The MFE changes sign at a PMMA layer thickness between 10 to 15nm.
Figure 5.11 shows magnetic field effects on EL intensities of 5Snm, 20nm PMMA devices
at constant voltage or current mode, as representatives of positive and negative MFE,
respectively. At constant voltage mode, the voltage is targeted to a current density of
20mA/cm” at zero field which is same as that at constant current mode. For 5nm PMMA
devices the shapes of MFE on EL at current and voltage modes are similar, but the
magnitude at voltage mode is 1.0% larger than that of current mode at 30000e, however,
the value is 1.4% smaller for the 20nm PMMA device than that of corresponding current
mode. The values are roughly same as the value of magnetoresistance (Figure 5.6),

supporting the equation 2-1.
5.7.2 Bipolar injection effects on MFE in an electron transport material

MFEs for ITO/PMMA/Alqs/Al OLEDs were shown in Figure 5.12. The
electroluminescence for single layer alq; device increases quickly with magnetic field at

low field range (<30mT) and gradually saturates at higher field. The magnitude of MFE

on EL is 2.63% at constant current density of 20mA/cm’, consistent with the results-
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in the literature. After a PMMA layer with different thicknesses (5, 10, 15, 20nm) was
inserted between anode and alqs layer, the positive MFE gradually decreases -4.9% for
20nm PMMA device. We also noticed that the magnetoresistance also changes from
negative to positive. Interestingly, for the Snm PMMA device, the magnetoresistance is
negative (current increases with magnetic field at constant voltage), however, the MFE
shows a negative value which further confirms the MFE at constant current mode is not
due to magnetoresistance. The gaps of constant current and voltage mode are +1.1%,
+0.46%, and -5.9% for single layer alqs;, Snm PMMA, and 20nm PMMA devices,
respectively which are also close to corresponding magnetoresistance -1.43%, -0.36%,

+5.6% (the sign of current change is opposite to that of MR), considering experimental
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error. Combined results in either the hole transport or electron transport material based

devices, triplet-charge reaction does largely reduce the magnitude of MFE.

5.8 Summary

Magnetic field can enhance the formation of singlet polaron pair states and reduce
the triplet polaron pair states. As a result, total polaron pair dissociation is enhanced and
triplet-charge reaction is reduced by the magnetic field, leading to a negative
magnetoresistance and a positive magnetoresistance, respectively. Intentional
enhancement of the triplet charge reaction can increase the positive magnetoresistance.
Based on this concept, the original positive magnetoresistance in ITO/MEH/Au was
tuned to be a negative MR by reducing the hole injection through insertion of an
insulating PMMA layer at reverse bias, while the positive magnetoresistance was
enhanced by reducing electron injection at forward bias. This concept was also
successfully applied in PVK, a typical hole transport material and Algs, a typial electron
injection material based OLEDs. The original negative magnetoresistances in PVK and
Algs systems were tuned by reducing electron injection and hole injection, respectively. It
can be concluded that larger negative magnetoresistance is expected when charge
injection is balanced, while larger positive magnetoresistance can be obtained in case of
severe unbalanced charge injection.

Magnetic field effect on electroluminescence can also be tuned by changing the
bipolar injection, due to triplet-charge injection induced spin polarization of injected
electrons and holes. The result of spin polarization of electrons and holes leads to

preferential formation of triplet excitons in the expense of singlet excitons, leading to a
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decrease of MFE. Combined with the magnetic field enhanced singlets process, the
magnetic field effect on electroluminescence actually also depends on two competing
processes: magnetic field effect on triplet/singlet transition and triplet-charge reaction.
This concept was proven by the observation of a tunable of magnetic filed effect on
electroluminescence from both PVK and Alq; based devices by tuning electron injection

and hole injection, respectively.
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6 MORPHOLOGY EFFECTS ON MAGNETIC FIELD
DEPENDENT ELECTROLUMINESCENCE AND
MAGNTORESISTANCE

6.1 Introduction

In chapter 5, it has been shown that triplet charge reaction enhances the positive
MR. In this chapter, we still focus on manipulating triplet-charge reaction by controlling
the morphology of the organic semi-conducting layer. As we know if there are low
energy domains in the amorphous polymer matrix, excited states can be either formed in
or transferred to low energy domains from amorphous matrix under photo-excitation or
electrical excitation. Meanwhile the low energy domains can also trap free charge carriers
in electroluminescence process. Therefore, the exciton, especially triplet excitons would
have more chance to react with the trapped charges. Based on this concept, the magnetic
field effects were investigated in a poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) based
devices to elucidate the morphology effects.

We note that crystalline phases can be formed in addition to the amorphous phase in
fluorene conjugated polymer thin films. The crystalline structures can act as “quantum
wells” to confine both excitons and free charges. Chen''*"''® and Misaki''” have recently
shown the morphological evidence of the crystalline phase formed in the PFO films
prepared by polymer melt and frication transfer. However, it is especially difficult to
control the formation of such crystalline phase in spin-cast films due to rapid solvent

evaporation, creating an obstacle for controlling morphology. We developed a new
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method of using a mixture of two dissimilar organic solvents for spin-cast to adjust the
crystalline/amorphous phase densities. It is also found that similar crystalline structure
can also form through annealing at a temperature higher than its glass transition

temperature.
6.2 Experimental

The chemical structure of the PFO was shown in chapter 1. Two types of solvents:
single CHCl; and mixed ODCB/CHCI; were used to spin-cast the PFO thin films,
yielding CHCls-based and ODCB/CHCls-based thin films for the studies of the
morphology-dependent MFE and magnetoresistance. The boiling-points of the CHCI;
and ODCB are 62°C and 180°C, respectively. The 80 nm thin films were spin-cast on
ITO glass at the spinning-speed of 1000 RPM. Thermal evaporation of 20nm aluminum
electrode finishes the fabrication of the devices. For photoluminescence and absorbance
measurements, 80nm thin PFO films were deposited on regular glass slides.

The absorption and photoluminescence (PL) were measured with Perkin-Elmer
Lambda 35 UV/VIS and SPEX Fluorolog 3 Spectrometers, respectively, in nitrogen
atmosphere. The excitation wavelength for the PL measurements was 380 nm selected
from an UV lamp based on the maximum absorption of the PFO. Morphological studies
were carried out using a Hitachi field emission TEM at 200 kV. Particularly, the thin
films spun-cast on a 1”’x1” glass slides were floated off on the surface of water at room
temperature and then transferred onto a 400-mesh copper grid for the TEM microscopic
imaging measurements. Micro-electron diffraction was conducted on the spin-cast thin

films under parallel beam condition with a 50-um or a 10-um condenser aperture.
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Magnetic field effect on electroluminescence and magnetoresistance were measured at

same conditions as in the previous chapters.

6.3 Spectroscopic evidence for the formation of crystalline structure in

solvent treated PFO films

During spin coating, the low boiling point CHCI; evaporates very fast and the
ODCB evaporates slowly. The use of a high boiling-point organic solvent may allow
polymer chains to have sufficient time to interact with each other during spin-cast due to
the relatively slow solvent-evaporation''®. In general, this interchain interaction favors
phase separation in the immiscible polymer blends or crystallization in the polymers with
certain regularities. Therefore, for the CHCl;/ODCB based films, the PFO chains have
relatively longer time to pack and form ordered structure.

In case of pure CHCl; based thin films, the polymer chains maintain the amorphous
structure in the solutions due to the fast evaporation of CHCIs. As shown in Figure 6.1,
the photoluminescence spectrum for a CHCI; based film has three peaks located at
around 420nm, 445nm, and 465nm. This spectrum has been proven to be related to the
amorphous structure of PFO. When the mixed ODCB/CHCI; solvents were used, the
PFO spin-cast film experiences a significantly spectral change as the volume
concentration of the ODCB increases. In particular, the addition of the ODCB gradually
decreases the intensity of high-energy PL peak at 420 nm but largely increase the
intensities of the peaks at 440nm, 465nm, and 500nm. The new spectra are related to
crystalline PFO. This spectral change has been suggested as an indication of the

formation of the crystalline structure''”.
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Figure 6.1 Photoluminescence spectra of PFO films spin-cast from combined

ODCB(x%)/chloroform solvent. The emission gradually changes from amorphous PFO

to crystalline PFO

In addition, a new peak at 435 nm is also shown in the UV-Vis absorption spectra
of the PFO spin-cast films when the mixed ODCB/CHCI; solvents were used (Figure 6.2).
This new absorption peak has been also assigned to the PFO crystalline structure. ' '* .
In absorbance spectra of CHCI3/ODCB based films, majority absorptions come from the
amorphous PFO and the crystalline structures only account for a small fraction,
suggesting the morphology of crystalline dispersed in amorphous matrix. It also can be
seen that the absorbance edge of the crystalline is located at 448nm while that for

amorphous structure is 429nm, indicating the crystalline structure has a lower energy

level than that of amorphous structure.
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Figure 6.2 Absorption spectra of Ir(ppy)s(0.1%)/PFO films spin-cast from

combined ODCB(x%)/chloroform solvent

Therefore, the crystalline structures actually act like “quantum wells”. Excitons
formed in amorphous matrix can be transferred to and confined in those “quantum wells”,
enhancing the photoluminescence efficiency as shown in Figure 6.3. The
photoluminescence efficiency of the PFO spin-cast film increases at the concentration
(<1%) and then saturates at higher ODCB concentration. The maximum
photoluminescence efficiency enhancement can be 1.6 times higher for the

CHCIl3+2%ODCB film compared with the one made from pure CHCI; solution.
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ODCB/CHCI; solvents

6.4 Microscopic evidence for the formation of crystalline structure in

solvent treated PFO films

Although the formation of solvent-induced crystalline phase has been suggested by
photoluminescence and absorption spectra, direct morphological evidence has not been
demonstrated for the PFO spin-cast thin films. We carefully examined the morphologies
of the PFO spin-cast from CHCl; and mixed ODCB/CHCl; by using TEM and electron
diffraction. When the single CHCI; solvent was used, the PFO forms a uniform
morphology in the TEM microscopic image in Figure 6.4 (a). The typical diffusive
electron diffraction pattern suggests an amorphous structure formed in the CHCls-based
PFO film. However, when the mixed ODCB/CHCI; solvents were used, a faint
diffraction ring is appeared around the diffusive pattern from the PFO film, although the

bright-field TEM image still shows a homogenous morphology, as shown in Figure 6.4 -
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Figure 6.4 TEM microscopic images and inverted electron diffraction patterns. a

CHCls-based PFO film. b ODCB(2%)/CHClI;s-based PFO film

(b). This faint ring is a direct morphological evidence of the low-density crystalline phase
induced by the ODCB in the PFO spin-cast film. From the electron diffraction ring, the
crystalline interplanar spacing was calculated to be 3.61+0.03A. It is evident that the
crystalline domains are randomly distributed in the background of the continuous
amorphous phase. We note that the amorphous and crystalline structures do not have an
appreciable contrast in the bright-field mode. This should be the reason that the

crystalline structure is not shown in the TEM microscopic image (Figure 6.4(b)).
6.5 Evidence for crystalline structures in annealed PFO films

The crystalline structure can also be formed by annealing. The chloroform-based
PFO thin films were annealed for 100 minutes at the temperatures of 80°C and 100°C,
higher than the glass transition temperature of the PFO of 70°C'**'*_ As compared with
the ODCB-induced absorption, the broad absorption shoulder around 430 nm from the
annealed films in Figure 6.5 can be considered as an indication of the crystalline structure

formed in the chloroform-based PFO films due to the thermal treatment. The broad-
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Figure 6.5 Absorption spectra of chloroform-based films before and after annealing

at 80°C, 100°C for 100 minutes

spectral shoulder suggests that the thermal annealing induced crystalline structures are
less regular and more random in domain-size than the ODCB induced crystalline
structures. Furthermore, thermal annealing clearly increases the fluorescence intensity
with the spectral feature of crystalline structure in the chloroform-based PFO films
(Figure 6.6), which is similar to the fluorescence enhancement and spectral
characteristics induced by the addition of the ODCB solvent. We also note that there is no
change observed in the absorption and fluorescent spectra when the PFO films were
annealed at a temperature (such as 50°C ) lower than the Tg of the PFO, indicating an
absence of the formation of the crystalline structure due to the lack of sufficient chain
movement. Therefore, it is confirmed that the crystalline structures can be induced by

either ODCB treatment or annealing.
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Figure 6.6 PL spectra of chloroform-based films before and after annealing at

100°C for 100 minutes

6.6 Application of a phosphorescent dye as a probe to clarify exciton-

confinement characteristic of the crystalline domains

The formation of crystalline structures through solvent treatment or annealing has
been proven by the absorbance and photoluminescence measurement. The enhancement
of photoluminescence efficiency suggests the crystalline structures can act as “quantum
wells” to spatially confine the excitons. To further confirm the confinement, a
phosphorescent dye was used to monitor the energy transfer in PFO/Ir(ppy); composite
films. In the spin-cast film of the Ir(ppy)s/PFO composite, the mixed CHCIl;/ODCB
solvents should result in three phases: randomly distributed PFO crystalline structure,
continuous PFO amorphous structure, and dispersed Ir(ppy)s. The energy transfer occurs

through three channels: from amorphous matrix to crystalline domains; from amorphous
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matrix to dispersed dye molecules; and from crystalline domains to dye molecules. In
pure CHCI; based PFO films, it only exists one energy transfer channel, from PFO
amorphous matrix to dispersed dye molecules. Therefore comparison of the energy
transfer in these two composite films enables us to clarify the confinement of the induced

crystalline domains.

6.6.1 Energy transfer in PFO/Ir(ppy)s composites

In conjugated polymer/phosphorescent dye composites, there is an energy transfer
from singlet excitons formed in polymer matrix to singlet excitons in phosphorescent dye
through Forster transfer process. Because of strong spin-orbital coupling of the
phosphorescent dye, the singlets excitons can convert to triplet excitons through
intersystem crossing. To determine if there is a light emission from the triplet excitons in
phosphorescent dyes depends on the energy levels of the triplet excitons and triplet
excitons in the polymer matrix. If the triplet energy level is lower than that of the
polymer matrix, phosphorescence occurs, e.g. the PVK/Ir(ppy); system in chapter 4.
Otherwise the Dexter energy transfer from the triplet excitons in dye molecules to triplet
excitons in polymer matrix occurs as in this case PFO/Ir(ppy); (Figure 6.7). As we know
the triplet excitons cannot radiatively decay to generate light emitting in PFO.
Incorporation of Ir(ppy); in PFO matrix basically reduces the total light emission

intensity.
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Figure 6.8 TEM image for PFO/0.1wt% Ir(ppy); composite film
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6.6.2 Quenching rate in PFO/Ir(ppy)s composite films

Now we utilize this property to study the quenching rate in CHCls/ODCB and pure
CHCl3-based PFO/Ir(ppy); composite films. Up to 0.1wt% of Ir(ppy); was used to dope
the polymer ensuring the uniform dispersion, which has been confirmed by the TEM
measurement. No aggregation of Ir(ppy)s; molecules in PFO film can be observed in TEM
image as shown in Figure 6.8.

The quenching rate in the CHCl3/ODCB(2%) -based film and pure CHCl;-based
film was shown Figure 6.9. It can be seen that shows a relative slower fluorescence
quenching rate as compared to the CHCl; based film. The slower quenching rate can be
interpreted by the confinement of induced crystalline structures. In CHCl3/ODCB-based
PFO films, the coexisted solvent-induced crystalline/amorphous phases can be considered

126

as random quantum-wells = based on the energy difference between the amorphous and

the crystalline phases (Figure 6.2). Due to the very fast Forster energy transfer between

127-129
these two phases,

the excited states mainly generated in the amorphous phase can
be transferred to the crystalline phase. The quantum-well like coexisted
crystalline/amorphous structures spatially confine the excited states and therefore
decrease the possibilities of the excitons being in close proximity with the dispersed
Ir(ppy); molecules, thus reducing the singlet-singlet energy transfer, as illustrated in
Figure 6.10. In contrast, the PFO amorphous phase can significantly facilitate the exciton
migrations through intra- and inter-chain relaxations, consequently leading to a high
possibility for the excited states to closely encounter with the dispersed Ir(ppy)s

molecules and therefore enhancing the singlet-singlet energy transfer (larger quenching

rate).
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Figure 6.11 Magnetoresistance as a function of magnetic field in three types of PFO

based single-layer ITO/PFO/Al OLEDs

Therefore, the enhanced photoluminescence efficiency and reduced energy transfer
from PFO further confirm the existence of low-energy domains and their exciton—

confinement characteristic.

6.7 Morphology dependent magnetoresistance and magnetic field effect

on electroluminescence

Pure CHCl;3, CHCI3-2%O0ODCB, and annealed PFO were utilized to fabricate OLEDs.
The magnetoresistances for the three devices were measured at constant voltage targeted
at same current 2mA/cm’. The results were shown in the Figure 6.11. It can be seen that
the magnetoresistance decreases with magnetic field and gradually saturated the range
from 50mT to 150mT. The three curves show similar trend, however, the annealed and

ODCB based devices show clear smaller value. As we know the magnetoresistance
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comprises two contributions: polaron pair dissociation and triplet-charge reaction. The
final magnetoresistance is determined by the sum of the two contributions. The detected
negative magnetoresistance indicates the polaron pair dissociation is still the dominating
process. However, after solvent treatment or annealing crystalline domains are induced in
the PFO amorphous matrix, forming a “quantum well” structure. The quantum wells
spatially confine excitons transferred from PFO amorphous matrix and at same time trap
free charges, which can be visualized as Figure 6.12. Thus excitons, especially triplet
excitons, have more chance to collide with charges and the exciton-charge reaction is

enhanced, due to the confinement of the crystalline domains.

The low energy domains enhanced triplet-charge reaction also reflects in the
magnetic field effect on electroluminescence. As shown in Figures 6.13, the magnetic
field effect on electroluminescence increases with magnetic field. The magnitudes of
MFE in the ODCB based and annealed ITO/PFO/Al OLEDs have smaller values than

that in the pure CHCl; based device. As discussed in chapter 5, enhanced triplet charge-
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Figure 6.12 Visualization of the crystalline domains enhanced triplet-charge

reaction
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Figure 6.13 Magnetic field dependent electroluminescence in the three types of

PFO based single-layer ITO/PFO/Al OLEDs

reaction generates spin-polarized electrons and holes, facilitating the formation of triplet
excitons at the expense of singlet excitons. the magnitude of MFE decreases with the
formation of low energy crystalline domains.

It is worthy to point out that bipolar injection might be different in the three devices,
due to the formation of low energy crystalline domains in the ODCB and annealed
devices. More balanced bipolar injection can lead to more negative magnetoresistance
while unbalanced bipolar injection causes more positive magnetoresistance. To exclude
this possibility, magnetic field effect on the photocurrent were also investigated, in which

no bipolar injection effects involved.
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6.8 Morphology dependent magnetic field effect on photocurrent

The PFO films were spin cast on the ITO glasses from PFO/CHCI; solutions with
0%, 0.5% and 2% ODCB. The thickness of the spin cast films were kept same, around
80nm. The ITO, Al electrodes sandwiched PFO ITO/PFO/Al devices have same
structures as those for the electroluminescence measurement. The photocurrent was
generated by the illumination of 380nm light according to its maximum absorption
(Figure 6.2). Magnetic field effect on photocurrent (MFP, defined as equation 1-14) was
measure at zero bias and the results were shown in Figure 6-14. Similar to MFE and MR,
the photocurrent experiences rapid increase at low field and then gradually saturates at
higher field (>50mT). However, the magnitudes of MFP are quite different, 0.91%,

0.63%, and 0.51% at 150mT for the 0%, 0.5%, and 2% OLED devices, respectively.
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Figure 6.14 Magnetic field effect on photocurrent for ITO/PFO/Al photovoltaics
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During light illumination, the formed excitons can dissociate into free charges
through polaron pair states. Some charges are trapped in the polymer and they can further
react with excitons, especially triplet excitons, to generate more free charges (Figure
6.15). Therefore, the detected photocurrent comprises of two contributions: dissociation
and triplet-charge reaction. In pure CHCl; based device, exciton formed in amorphous
matrix and dissociate into free charges with less triplet-charge reaction. When OLED is
used, the crystalline domains form in the PFO films. Subsequently, they trap both exciton
and free charges and enhance the triplet-charge reaction. As we know, magnetic field
increases singlets and reduces triplets. As a result, magnetic field actually reduces triplet-
charge reaction and corresponding photocurrent. That is exactly what we observed in the
ODCB based devices. Furthermore, the density of the crystalline domains increases with
the fraction of ODCB in CHCI; as suggested by Figure 6.3. It also explains the 0.5%

ODCB device has a smaller reduction compared to the 2% ODCB device.

Combined study of magnetic field effect on electroluminescence, photocurrent, and
magnetoresistance confirms the low energy crystalline domains do enhance the triplet-
charge reaction leading to the reduction of negative magnetoresistance and reduced MFE
and MFP.

This study further suggests it requires removal of traps in organic semiconductor
films besides crystalline structures, such as chain defects, chains ends, and impurities, to
achieve larger negative magnetoresistance and positive MFE by reducing triplet-charge

reaction.
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6.9 Summary

The optical measurements confirms the formation of low energy -crystalline
domains formed in amorphous matrix in PFO films by using high boiling point solvent
ODCB. The crystalline interplanar spacing is determined by electron diffraction to be
3.61+£0.03A. Photoluminescence efficiency measurement suggests the crystalline
structure can form quantum well to spatially confine excitons. The exciton confinement
was further verified by a dye probe to investigate the energy transfer from the PFO to the
dispersed dye molecules. The confined excitons in the crystalline domains have more
chances to react with trapped charges in the same domain, leading to reduced magnetic
field effect on electroluminescence and magnetoresistance. The magnetic field effect on

photocurrent study excludes the contribution from bipolar injection.
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The study also suggests it is necessary to remove traps in the organic semiconductor
films to achieve larger negative magnetoresistance and positive magnetic field effect on

electroluminescence.
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7 Conclusions

Recent research discovered that magnetic field effect can affect
electroluminescence and charge injection in organic semiconductors. However, no
existing mechanisms can fully explain the observed magnetic phenomena, although some
of them may be partially correct for specific systems, which has been discussed in the
introduction section.

We carefully investigated the magnetic phenomena in a wide range of organic
semiconductors based OLEDs, and proposed that magnetic field effect on
electroluminescence and magnetoresistance are related to magnetic field modified
singlet-triplet intersystem crossing in polaron pair states and triplet charge reaction.
Magnetic field enhances the formation of singlets and reduces the triplets, leading to two
consequences: enhanced polaron pair dissociation and reduced triplet-charge reaction. the
enhanced dissociation results in increases secondary free charges which can drift to
opposite electrodes under electrical field and reduces the effective charge injection
barriers, leading to enhanced current or reduced resistance (negative magnetoresistance).

The secondary electrons or holes can also be generated by triplet-charge reaction.
Since magnetic field reduces triplet-charge reaction by decreasing the population of
triplets, the number of secondary charges generated by triplet-charge reaction decreases
with magnetic field, leading to enhanced charge injection barriers compared with the case
at zero field. Subsequently, the current density at constant voltage is lower with the
presence of magnetic field, resulting in a positive magnetoresistance. Therefore, the sign
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and magnitude of final magnetoresistance in an OLED is determined by the two
processes with opposite contributions.

In case of magnetic field effect on electroluminescence intensity, the
electroluminescence increases with magnetic field due to the same magnetic field
enhanced singlets polaron pairs and excitons accordingly. The triplet-charge reaction can
cause a post-injection effect. The spin of injected electrons and holes can be polarized,
pointing the same direction in the presence of an external magnetic field, facilitating the
formation of triplet excitons in stead of singlet excitons. Therefore the triplet-charge
reaction can cause a negative contribution to the magnetic field effect on
electroluminescence.  Similar to magnetoresistance, the magnetic field effect on
electroluminescence also comprises of two opposite contributions. The final sign and
magnitude is determined by the sum of the two contributions.

This model was also tested by manipulation of organic/metal electrode interfaces,
dye doping, bipolar injection and morphology of the organic thin film. In chapter 2, it
was found penetration of metal atoms enhances the spin-orbital coupling of the organic
semiconductor. The internal Zeeman effects caused by the spin-orbital coupling compete
with the external Zeeman effects caused by the external magnetic field. Thus enhanced
spin-orbital coupling reduces the magnitudes of magnetic field effect on
electroluminescence intensity and the magnetoresistance as exactly observed in the
experiments.

In the fluorescent polymer/phosphorescent dye composites, we excluded the
transport contribution and found the magnetoresistance and magnetic field effect on

electroluminescence were determined by energy transfer process and intermolecular
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interaction. Due to energy transfer process, the excited states were transferred from the
polymer matrix to the dispersed dye molecules. The magnetoresistance and magnetic
field effect on electroluminescence show part of dye’s characteristics. Besides, the
intermolecular interaction mixed the week spin-orbital coupling of the fluorescent
polymer and the strong spin-orbital coupling of the phosphorescent dye, leading to the
change of the magnetic field effects. Thus the magnitude of the magnetic field effects
can also be tuned by controlling the concentration of the dye as observed in experiment
and predicted by the proposed model.

On the other hand, according to the model, even magnetic field has same effect on
the intersystem crossing; the triplet-charge reaction can also be tuned by intentionally
controlling the bipolar injection. Unbalanced bipolar injection leads to severer triplet-
charge reaction and more positive contribution to magnetoresistance and more negative
contribution to the magnetic field effect on electroluminescence intensity. Experimentally,
in the ITO/MEH-PPV/PMMA/Au devices, the positive magnetoresistance was changed
to a negative magnetoresistance at the reverse bias where the bipolar injection becomes
more balanced. At the forward bias the magnitude of magnetoresistance increases with
the thickness of PMMA since the bipolar injection becomes more unbalanced. In the
typical hole-transporting material, PVK and electron-transporting Alqs, the electron
injection and hole injection were controlled to realize the transition from a negative value
to a positive value.

The triplet-charge reaction can also be morphologically controlled. As a
representative, the morphology change and its effect on magnetoresistance were also

investigated. The optical measurements and electron diffraction successfully confirmed
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the existence of low energy crystalline domains dispersed in amorphous matrix.
Photoluminescence efficiency and dye probed energy transfer measurements confirmed
the exciton confinement in the crystalline domains. The low energy domains enhanced
triplet-charge reaction by spatially confining the excitons and trapping charges.
Combined study of magnetic field effect on electroluminescence, photocurrent, and
magnetoresistance supports the triplet charge reaction reduces the negative
magnetoresistance and the positive magnetic field effect on electroluminescence and
photocurrent.

Therefore, we successfully built a bridge between internal excitonic processes and
external magnetic characteristics in OLEDs. Scientifically, our model opens a new
pathway to magnetically study the spin dependent excitonic processes, which is also the
foundation for further development of spin-involved OLEDs, organic solar cells, organic
lasers, and magnetic sensors. Technically, we developed severally ways to tune both sign
and magnitude of the magnetic field effect on electroluminescence and magnetoresistance,
leading to form a novel branch of electronics: organic magneto-optoelectronics. Actually
these unique magnetic responses in non-magnetic materials are difficult to be fulfilled in
their inorganic counterparts. Meanwhile, our work establishes a new way to inspect some
very important issues in OLEDs such as balance of change injection, charge trapping,
semiconductor/electrode interface, exciton dissociation and triplet-charge reaction, which

are also critical in the other related organic optoelectronics e.g. photovoltaic cells, lasers.
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