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Abstract
Organic magnetoresistance (OMAR) is a recently discovered organic spintronic effect in nonmagnetic devices, consisting of a layer of semiconducting,
π-conjugated organic material sandwiched between two metal electrodes. By
applying an external magnetic field, the current through the device can be
increased or decreased, depending on the organic material and operation
conditions. The OMAR effect can be large (> 10 %) for small magnetic
fields (∼10 mT) in devices at room temperature.
Two groups of models were proposed to explain OMAR: e-h pair models,
which are based on pairs of opposite charges, and the bipolaron model, which
is based on pairs of like charges. Next to these models, the ∆g mechanism
is treated, which predicts a different line shape than the bipolaron and e-h
pair models.
In this work, the photocurrent and injected-current contributions to the
organic magnetoresistance were separately investigated, both for devices
with the small molecule Alq3 and the polymer MDMO-PPV. By comparing the effects on both currents with predictions by the models, additional
insight is gained into the OMAR effect.
Measurements have shown that the effect of an external magnetic field
is to increase the magnitude of the currents for all voltages on both devices.
Furthermore, the line widths of the current versus magnetic field curves were
investigated. These line widths show surprising results, with a different
behavior for Alq3 and MDMO-PPV devices. Finally, the ∆g mechanism
was clearly measured in MDMO-PPV devices below the built-in voltage, an
intrinsic property of the device.
From the observation of an increase in the photocurrent with magnetic
field and the observation of the ∆g mechanism, it can be concluded that
the OMAR effect can be described by an e-h model or a combination of
an e-h model and the bipolaron model, but currently not solely with the
bipolaron model. However, the measured line widths can currently not yet
be explained, and a further study is necessary to clarify the mechanism
behind it.
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Chapter 1

Introduction
This report describes the research performed for a master project, carried
out at the group Physics of Nanostructures (FNA) at the Eindhoven University of Technology. The subject of the research is organic magnetoresistance
(OMAR), a recently discovered organic spintronic effect in nonmagnetic devices consisting of a layer of semiconducting organic material sandwiched
between two metal electrodes.
In this Chapter, we start with an introduction in the field of organic
electronics. Next, the discovery of the OMAR effect in organic devices is
treated, with the characteristics and applications of the effect. We end with
an explanation how this work fits in the research on OMAR and what the
main goals are.

1.1

Organic Electronics

Historically, organic materials were thought to be electrically insulating.
However, in 1977 Heeger, MacDiarmid, and Shirakawa discovered the first
conducting polymer, polyacetylene [1]. For the discovery and development
of conducting polymers they were awarded the Nobel Prize in Chemistry in
2000. Following this discovery, many polymers and small organic molecules
were found to conduct electricity. The corresponding property of all these
materials is π-conjugation, which means they consist of a chain of carbon
atoms with alternating single and double bonds.
Subsequently, it was found that these materials can be electroluminescent, which means they emit light when a current is passed through. In 1987
this led to the development of the first organic light-emitting diode (OLED)
[2], which consists of a layer of π-conjugated organic material sandwiched
between two electrodes. As the organic layer the small molecule Alq3 , an
aluminum chelate complex, was used. Three years later the first OLED was
demonstrated with a polymer as the light-emitting layer, namely poly(pphenylene vinylene) (PPV) [3]. OLEDs find their application in large area
1
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Figure 1.1 Typical line shape of an OMAR curve, with its parameters for the
magnitude and width of the curve.

displays and general space illumination.
The use of semiconducting organic materials in electronics has numerous advantages over the use of traditional semiconductors. Organic devices
are easy to make and therefore cheap, because organic materials are amorphous, and amorphous materials can be easily processed, by for example ink
jet printing or screen printing [4]. The traditionally used inorganic semiconductors should be almost perfectly single crystalline to function, leading to
difficult production steps. Another advantage of organic materials is their
chemical tunability, by changing for example a side group of a molecule.
With this, the characteristics of a device can be altered, such as the color
of the light an OLED emits. Furthermore, organic materials are lightweight
and they can be made flexible, opening a door to applications such as roll-up
displays and displays embedded in clothing. Organic devices can also be used
as solar cells to convert sunlight into a (photo)current. In efficiency they
fall short of other types of solar cells, but the above mentioned advantages
of organic materials make them better candidates for mass production.

1.2

Organic Magnetoresistance

To elucidate the mechanisms behind the light emission of OLEDs, in 2003
Kalinowski et al. studied the response on an applied external magnetic
field of a device with Alq3 as the organic layer [5]. They found that both
the current and light output increases with an applied field. Subsequently,
Mermer et al. published a comprehensive report where the current as a
function of magnetic field was studied for various conducting polymers and
small molecules [6]. It was observed that the current can be increased or
decreased with a magnetic field, depending on the used material and applied
voltage. Strikingly, the functional dependence of the current on a magnetic
field was very similar in all devices. These line shapes can be characterized
by two parameters; one gives the width of the curve, the other one the
magnitude for large fields. A sketch of the typical line shape of the current
versus magnetic field is shown in Fig. 1.1. They also introduced a name for
this effect: organic magnetoresistance (OMAR) [7].
2

1.3 This Thesis
The OMAR effect can be a large effect (> 10 %) for small magnetic
fields (∼10 mT) for an organic device with nonmagnetic electrodes at room
temperature. Its origin lies in the mutual hyperfine coupling in a pair of
charge carriers. With the hyperfine fields of the hydrogen nuclei in an organic
material, hyperfine coupling induces spin mixing of the charge pair. This
mixing is suppressed by an external magnetic field, leading to OMAR.
Two groups of models have been developed to explain how a change
in spin mixing causes a change in current. The first group is based on
electron-hole (e-h) pairs [8, 9, 10, 11]. Two types of e-h pairs are considered:
polaron pairs, which are loosely bound e-h pairs, and excitons, which are
strongly bound e-h pairs. The second group of models is based on bipolarons
[12, 13], which are e-e or h-h pairs including the distortion they cause on
the local environment. Currently, there is no agreement about which model
is applicable. Recently, a combination of models has even been suggested
[14]. Next to one of the e-h pair models and the bipolaron model, the ∆g
mechanism is used to explain the experimental results in that work. This
mechanism results from a difference in g factor of an electron and a hole in
an e-h pair.
Because the spin of charge carriers plays a key role in the OMAR effect,
its research belongs to the field of spintronics, a contraction of the words
spin and electronics. In this field, electronic devices are investigated where,
in addition to the electron’s charge, its spin is used in the device operation.
Several applications of the OMAR effect can be expected. One is to increase the efficiency of OLEDs and organic solar cells by addition of a small,
cheap magnet. Furthermore, it can be used to make active OLED displays,
which one can write on with a magnetic stylus [7]. Another application is
in the production of large area, flexible magnetic field sensors.

1.3

This Thesis

Usually, the current that is investigated in OMAR studies is electrically
injected in the organic materials at the electrodes. This can be done by
applying a bias voltage over the device which is larger than the built-in
voltage, an intrinsic property of the device. A different type of current can
be introduced in the sample by illuminating it with a light source, leading
to a photocurrent.
The injected current and photocurrent have different origins. Photogenerated charges are created as singlet excitons, whereas injected charges start
as free charge carriers, which can afterwards form e-h pairs in a singlet-triplet
ratio of 1:3. The e-h pair models explain the OMAR effect as a change in
singlet-triplet ratio. Therefore, studying the magnetic fields effects on the
photocurrent, and comparing these with the effects on the injected current,
gives additional information about the mechanism causing OMAR.
3

Chapter 1 Introduction
Only a limited number of studies have been published where the influence
of a magnetic field on a photocurrent in an organic device is investigated
[15, 16, 17, 18]. In these papers, it was shown that the response of the
photocurrent as a function of magnetic field has a similar line shape as for
the injected current. However, no analysis is given about the width of the
OMAR curves. In the models for OMAR, mechanisms can be identified
that lead to a change in the line width. Therefore, these models can be
tested by studying the width of the OMAR curves. Furthermore, in these
studies the OMAR effect on the photocurrent could only be determined for
bias voltages below the built-in voltage. For voltages higher than the builtin voltage, both a photocurrent and an injected current are present in the
device, which they could not distinguish, so only the OMAR effect on the
total current was measured.
In this thesis, a photocurrent and an injected current is generated in both
devices with a small molecule and a polymer as the organic layer. As a small
molecule, tris(8-hydroxyquinoline)aluminum(III) (Alq3 ) was used. The selected polymer was poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene
vinylene] (MDMO-PPV). A new technique is introduced to distinguish the
photocurrent and injected current contributions to OMAR. An interesting
question is whether the photogenerated charges just add to the injected
charges, or should be treated separately. We studied the line shape of the
current as a function of magnetic field, particularly the width of the curves,
for both devices and both currents for different bias voltages. The main goal
of this project was
To separately investigate the photocurrent and injectedcurrent contributions to the organic magnetoresistance.
This report continues in Chapter 2 with a treatment of the theoretical
background of the OMAR effect. The origin of a photocurrent and an injected current in organic materials is discussed, followed by an overview of
the characteristics of OMAR and the models proposed to explain this effect.
Finally, the studies already performed on the influence of a magnetic field
on a photocurrent are discussed. In Chapter 3, the experimental setup and
measurement methods are treated. The measurements that were performed
on Alq3 and MDMO-PPV devices are shown and discussed in Chapter 4.
Chapter 5 gives an overview of the conclusions and in Chapter 6 an outlook
to further research is given.

4

Chapter 2

Theory
In this Chapter, the theoretical background of the organic magnetoresistance
(OMAR) effect is treated. First, the origin of conduction in organic materials
is discussed. Subsequently, the introduction of an injected current and a
photocurrent in a device is explained. Then, the common characteristics of
the OMAR effect are treated, followed by a discussion of the models that
are proposed to explain OMAR. This Chapter ends with an overview of the
studies that were already performed on OMAR of a photocurrent.

2.1

Conduction of Organic Materials

The key element in (semi)conducting polymers and small molecules is πconjugation, which is the presence of a chain of carbon atoms with alternating single and double bonds. In general, the carbon atoms in the chain are
bound to two other carbon atoms and one hydrogen atom. In this Section,
the origin of conduction in π-conjugated materials is discussed.
A carbon atom has four valence electrons, two of which are in the 2s
orbital and two in the 2p orbital. When forming a molecule, two p orbitals
and one s orbital hybridize to form three sp2 orbitals [19]. These form a
strong σ-bond when overlapping with an orbital of an other atom. In general,
this is with two carbon atoms and one hydrogen atom. The remaining
electron is in an unhybridized pz orbital, which can overlap with pz orbitals
of neighboring atoms, forming a π-bond. In the general case it overlaps with
the pz orbitals of the neighboring carbon atoms. In Fig. 2.1, the formation
of σ-bonds and a π-bond in ethene is shown.
The formation of π-bonds leads to a delocalization of the π electron,
which is the reason the molecule can conduct electricity. The delocalized
electrons are taken up by bonding orbitals, whereas the anti-bonding orbitals remain empty, because the former has a lower energy. The bonding
orbital is called the highest occupied molecular orbit (HOMO), the antibonding orbital the lowest unoccupied molecular orbit (LUMO). In theory
5
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π-bond
σ-bond

σ-bond

H
C

C

H
σ-bond

H

σ-bond

H
π-bond

σ-bond

Figure 2.1 The formation of σ-bonds from two overlapping sp2 orbitals (blue) and
a π-bond from two pz orbitals (green) in an ethene molecule.

the delocalization of the π electron spreads out over the whole molecule, but
defects in the molecule limit the delocalization distance. The distance over
which the electron is delocalized is called the conjugation length.
A π-conjugated molecule is unstable when the carbon atoms are equidistant. The molecule can lower its total energy by transforming to a state
where the carbon atoms form bonds which are alternatingly short (double)
and long (single) [19]. This is called Peierls distortion, which leads to the existence of a band gap between the LUMO and the HOMO, which is typically
about 2–3 eV [19], and thus to the semiconducting behavior of π-conjugated
organic materials.
While charge conduction within a small molecule or polymer is possible
by delocalized π electrons, conduction between small molecules or between
different conjugation lengths of polymers is described by hopping. Here a
charge hops from one localized site, which is a molecule or polymer chain,
to an other site. The density of states of the sites is often assumed to
be Gaussian, with a spread of energy σ ∼ 0.1–0.2 eV [12, 20]. Moreover,
applying a bias voltage over the device, in other words an electric field F~ ,
also leads to an energy difference between sites.
Hopping is usually described by the variable range hopping model. In
this model, the probability p to hop from one localized site to an other site
is given by [21]


(
ν0 exp (−2αR) exp −∆E
for ∆E > 0
kB T
p=
(2.1)
ν0 exp (−2αR)
for ∆E ≤ 0,

where ν0 is the attempt frequency, α the inverse localization length, R the
distance between the sites, ∆E the energy difference between the sites, and
kB T the thermal energy. For each hop, the charge carrier makes a balance
between short hops with large ∆E and long hops with small ∆E. A sketch
of the hopping process can be seen in Fig. 2.2. Because of the stochastic
nature of hopping, the mobility µ of the charge carriers in organic materials
is low. Typically µ  1 cm2 V−1 s−1 [22], much lower than for example the
mobility of electrons in silicon, which is 103 cm2 V−1 s−1 .
6
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Figure 2.2 Hopping of an electron from one localized site to an other.

2.2

Current through Organic Materials

In undoped organic materials, which are used in this project, an insignificant
number of free charge carriers are present. In this Section, two ways to
introduce charge in organic materials are discussed: electrical injection and
photogeneration.

2.2.1

Electrical Injection of Charge

One way to introduce charge carriers in an organic material is to make
a device where the organic layer is sandwiched between metal electrodes.
When a bias voltage is applied over the device, charge is injected at the
electrodes. The charge carriers are transported through the material, to the
opposite electrode, by the applied voltage.
As charges move through the material, they distort the local environment due to Coulomb interactions. The charge together with the distortion
it causes can be treated as a quasi-particle, called a polaron. Although
charge moves through organic materials as positively or negatively charged
polarons, the terms electron and hole shall be used for simplicity.
To achieve efficient injection of charges, the work function of the electrode should match the HOMO or LUMO level of the organic layer, see
Fig. 2.3a. In this project, both electron and hole injection is wanted, so an
anode material is used with a work function ΦA that matches the HOMO in
combination with a cathode material with a work function ΦC that matches
the LUMO. By choosing alternative electrodes, devices can be made where
only holes or only electrons are injected.
Generally, the work function of the chosen anode and cathode are different, which leads to a built-in voltage Vbi in the device. When neglecting
energy shifts due to interface dipole formation, the built-in voltage is given
by [22]
Vbi =

ΦA − ΦC
,
q

(2.2)

with q the elementary charge. Experimentally, the built-in voltage reduces
an applied external bias voltage V to an effective voltage V − Vbi , so that
7
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Figure 2.3 Origins of a current in an organic material. (a) Injection of charges
at the electrodes. (b) Charge reaction of photogenerated excitons, where an e-h
bond of an exciton is broken (top) or a trapped carrier is released (bottom). (c)
Dissociation of photogenerated excitons.

charge can only be injected when V > Vbi . Charge injection in an organic
material is sketched in Fig. 2.3a. For simplicity the HOMO and LUMO
levels are drawn as bands, but keep in mind that organic semiconductors
consists of localized sites with distinct energies.
An OLED is created when both electrons and holes are injected in a device with an organic layer. When these charge carriers are hopping through
the LUMO and HOMO levels respectively, the situation can occur that an
electron and a hole are captured by mutual Coulomb force and form a Frenkel
exciton. An exciton is an intramolecular strongly bound e-h pair with an
e-h separation distance of less than 1 nm [23]. By intramolecular we mean
that the electron and hole are within the same conjugation length. Likewise, intermolecular means between different conjugation lengths or different molecules. The chance of capture depends on the physical contact time,
which is related to the charge mobility, and the Coulomb capture radius RC
[24]
RC =

q2
,
4π0 r kB T

(2.3)

with q the elementary charge, 0 the electric constant, and r the relative
static permittivity. In organic materials, typically r = 3–4 [25], leading
to a Coulomb capture radius of around 20 nm at room temperature. The
formed exciton is either in a singlet S or triplet T state, which in organic
materials have an energy difference of 0.5–1.5 eV [26, 27]. The binding
energy Eb is typically 0.5 eV for a singlet exciton [25] and 1–2 eV for a
triplet exciton [26, 27]. From spin statistics it follows that the singlet-triplet
ratio for injected charge carriers is 1:3. A singlet exciton can relax to the
8
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ground state of the molecule under emission of a photon. The relaxation of
a triplet exciton is slow and generally non-radiative, as it is spin-forbidden.
The generated light can exit the material through the transparent anode.
Usually, the work function of an electrode does not match perfectly with
the HOMO or LUMO. This leads to an injection barrier for charge carriers. For small voltages, this barrier leads to an injection limited current,
where the electrode acts as a constant current source. The injection barrier
can for example be overcome by Fowler-Nordheim tunneling or RichardsonSchottky thermionic emission [28]. In both mechanisms, the injected current
is increased when increasing the bias voltage.
When the applied voltage is high enough, the injection barrier becomes
negligible and a high number of charges can potentially be injected in the
material. When the number of electrons and holes in the device are unequal,
for example by unbalanced injection of charges, space charge builds up in
the organic layer. This charged layer limits the current due to Coulomb repulsion, leading to a space charged limited current (SCLC). The voltage at
which the transition from an injection limited current to a SCLC regime occurs is dependent on the height of the injection barrier and is thus generally
different for the anode and the cathode.
For a unipolar device, which is a device where only one type of charge
carrier is injected, the current density J is given by
9
V2
J = 0 r µ 3 ,
8
L

(2.4)

with µ the mobility of the charge and L the thickness of the device. For
a bipolar device, where both electrons and holes are injected, the current
density is given by
s
9
2πµe µh (µe + µh ) V 2
J= 
,
(2.5)
8
µr
L3
where µe , µh , and µr are the electron, hole, and recombination mobilities
respectively [29].

2.2.2

Photogeneration of Charge

A second way to introduce charge carriers in an organic material is by illuminating it with light with a photon energy larger than the HOMO-LUMO
gap. Absorption of light by the material leads to the formation of a Frenkel
exciton in the singlet state [30]. These excitons can be converted into free
charge carriers by either a charge reaction or by dissociation.
For a charge reaction, an exciton reacts with other charge carriers that
break the e-h bond of the exciton [31], or releases trapped charge carriers
[32]. Both processes lead to free charges in the material and thus a current,
9
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which is called a photocurrent. See Fig. 2.3b for a sketch of the creation of
a photocurrent by a charge reaction of a photogenerated exciton.
In a second route of creating photocurrent, the exciton first evolves in a
polaron pair by a thermally activated intermolecular electron transfer [33].
A polaron pair is a loosely bound, intermolecular e-h pair with a separation distance larger than 1 nm. In a polaron pair, the wave functions of
the electron and hole are overlapping, but can be distinguished. This in
contrast to the wave functions of the charges in an exciton, which are indistinguishable. Free charges do not have overlapping wave functions. Singlet
and triplet polaron pairs have a negligible energy difference [34]. These polaron pairs can dissociate into free charge carriers, either by the thermally
activated Poole-Frenkel process [15, 35] or by the Onsager process due to
diffusion and Coulombic interactions [36]. See Fig. 2.3c for a sketch of the
dissociation of a photogenerated exciton, leading to a photocurrent.
As we will see later in this report, it is important to know the singlettriplet e-h pair population ratio. Illumination creates singlet excitons, so
one expects a larger singlet population than triplet population. However,
there is experimental evidence that the photogenerated singlets undergo
fast, magnetic field independent, intersystem crossing to triplet excitons,
and that as much as 75 % of all e-h pairs decay into triplet excitons [37],
leading to a larger triplet than singlet population.
The generated photocurrent has an extrinsic and an intrinsic component
[38]. The extrinsic component consists of e-h pairs that dissociate close
to the electrodes, in the order of a few nm. One of the charge carriers is
extracted in the electrode, the other will move through the organic layer.
The intrinsic component consists of e-h pairs that dissociate in the organic
layer, releasing both carriers to the organic layer. The required energy to
dissociate the e-h pair is its binding energy [39]. In our experiments, the
energy difference between the light that is used to illuminate the sample and
the band gap of the organic layer is large enough to facilitate dissociation
of photogenerated e-h pairs.
The free charge carriers are, similar to injected charges, transported
through the device by a bias voltage. For V > Vbi , the effective voltage
over the device V − Vbi > 0, and electrons are transported to the anode,
resulting in a positive photocurrent. A voltage V < Vbi leads to an effective
voltage V − Vbi < 0, and so the photocurrent is negative, as the electrons
are transported to the cathode. When V = Vbi , i.e. the effective voltage is
zero, the photocurrent is zero, because there is no electric field in the layer
to transport the photogenerated charges.
Besides the injected current Ii and the photocurrent Ip , there is also a
small leakage current Il through the device. This leakage current is ohmic
and has the same sign as the applied voltage. A comparison of the sign of
these currents for different voltages is given in Table 2.1.
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Table 2.1 Comparison of the studied currents for different voltages.

Current type
Injected
Photo
Leakage

2.2.3

Sign of current
V < Vbi
V > Vbi
n/a
+
−
+
+
+
(− for V < 0)

Time Dependency of the Current

The current through organic devices under operation decreases in time. It
is proposed that this is caused by degradation of the material by the generation of traps in the organic layer, which hinder charge transport [40]. Traps
can be generated by non-radiative recombination of charge carriers, where
phonons are created. Two recombination processes are considered. In the
first one, an electron and a hole undergo a direct band to band recombination, releasing an energy ELUMO − EHOMO , which is sufficient to create a
trap. The second process is a two-step, trap assisted recombination. First,
one of the charge carriers falls into an existing trap with energy Etrap , and
then it recombines with an opposite charge. An energy of ELUMO −Etrap and
Etrap − EHOMO is released in the two steps. For traps close to the HOMO
or LUMO level, enough energy is provided in one of these steps to create
an additional trap. When the trap is closer to the middle of the HOMOLUMO levels, not enough energy is provided to generate a trap. Therefore,
this process leads to a decrease in the production of traps. Additionally, for
Alq3 it has been shown that traps are generated in the material when holes
are injected into it, because the cationic species are unstable [41].

2.3

Organic Magnetoresistance

In Section 1.2, it was introduced that the current through a semiconducting
organic material can change when an external magnetic field is applied. This
phenomenon is called organic magnetoresistance (OMAR). The common
characteristics of this effect are discussed in this Section.
Magnetoresistance MR is the change in resistance of a material under
influence of a magnetic field. The MR is given by
MR =

R(B) − R(0)
∆R
=
,
R(0)
R(0)

(2.6)

with R(B) the resistance with an applied magnetic field B and R(0) the
resistance without an applied magnetic field.
Because devices with organic materials exhibit highly non-linear currentvoltage characteristics, resistance cannot be treated in a classical sense.
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Therefore, the magnetoconductance MC is usually studied instead of the
magnetoresistance. The MC is the change in current as a function of magnetic field and is given by
MC =

I(B) − I(0)
∆I
=
,
I(0)
I(0)

(2.7)

with I(B) and I(0) the current with and without an applied magnetic field
respectively. For |MC|  1, which is usually the case, MR ≈ − MC. General
observations of the properties of the OMAR effect as reported in literature
are now discussed.
Devices. OMAR was observed in devices that consist of a semiconducting
organic material, either a small molecule or a polymer, sandwiched
between electrodes. The effect was measured in both unipolar [14, 42,
43, 44] and bipolar devices. All layers in the device are non-magnetic.
Magnitude. OMAR can be a large effect (> 10 %) for small magnetic fields
(∼10 mT). The magnitude was reported to be independent of the angle
between the device and the applied field [6], although a small angle
dependence was recently measured [45].
Line Shape. Two line shapes of MC(B) curves have been observed, dependent on the organic material used in the device [6]. The first one
saturates fast with increasing field and is saturated for B ≈ 50 mT, the
second one saturates slower, see Fig. 2.4. The slower saturating curves
can be fitted well with an empirical equation, called a non-Lorentzian,
which is given by
MC = MC∞

B2
,
(|B| + B0 )2

(2.8)

with MC∞ the MC for an infinite field and B0 the half width at quarter maximum. The non-Lorentzian line shape with its parameters is
sketched in Fig. 2.5. The fast saturating curves have a Lorentzian line
shape, given by
MC = MC∞

B2
,
B 2 + B02

(2.9)

here B0 is the half width at half maximum. Generally, the nonLorentzian line shape is observed, also in this work.
Sign. The MC can be positive or negative, depending on material and operation conditions as bias voltage [6, 42] and temperature [8, 42, 43].
Temperature. The OMAR effect is observed at room temperature. Its
magnitude is similar in the temperature range from a few Kelvin to
room temperature [43].
12

2.4 Models for OMAR

MC
MC∞

MC∞
4

B0
Figure 2.4 Normalized MR curves for
devices with different organic materials, which shows that there are two line
shapes observed. The data has been offset for clarity. Figure taken from [6].

B

Figure 2.5 Sketch of the nonLorentzian line shape with its two
parameters MC∞ and B0 .

Conditioning. It is observed that the MC of a device can be increased by
sending a current through the device for a certain time [46]. This process is called conditioning. It is proposed that conditioning is caused
by degradation of the organic layer.
Bulk Effect. OMAR is caused by bulk effects in the organic layer, not by
interface effects [6]. This is for instance concluded from experiments
with devices where the anode material is varied. The largest MC was
found for devices with the smallest interface resistance, i.e. the best
match between work functions of the anode and the organic material,
in other words in devices where the fraction of the bulk resistance to
the total resistance is the largest.
Origin. A pair of charge carriers experience mutual hyperfine coupling.
With the hyperfine fields of the hydrogen nuclei in an organic material, hyperfine coupling induces spin mixing of the charge pair. This
mixing is suppressed by an external magnetic field, and there is a great
consensus in the field that this leads to OMAR. In the next Section,
the models that are proposed to explain spin mixing are discussed.

2.4

Models for OMAR

Two groups of models are proposed to explain OMAR, both based on spin
correlations in charge pairs. The first one is based on bipolarons, pairs of
equal charges. The second model group is based on e-h pairs. Next to these
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Chapter 2 Theory
models, the ∆g mechanism for e-h pairs is discussed in this Section, which
predicts a different line shape than the bipolaron and e-h pair models. We
end with a summary of the models.

2.4.1

Bipolaron Model

Bobbert et al. proposed a bipolaron model that is based on pairs of identical
charges [12]. The formation probability of these pairs is decreased by a
magnetic field, by a process called spin-blocking.
We have seen that charges travel through an organic material as polarons,
which is a charge with the distortion it causes on its environment. When
two polarons are on the same localized site, forming a bipolaron, they can
share this distortion. The sharing of distortions lowers their energy, while
Coulomb repulsion increases their energy, leading to a net energy penalty
U of forming a bipolaron. Experiments have shown that U ∼ σ [47], so it
is probable that bipolarons are formed. Because of strong on-site exchange
effects, it is assumed that bipolarons only occur as singlets. So if a polaron is
hopping through a material, it cannot hop to a singly occupied site to form
a bipolaron if the two polarons have zero singlet probability, thus having
the same spin component along a common quantization axis. This process
is called spin-blocking.
We now consider hopping with and without an external applied magnetic field. Without magnetic field, the spins are precessing around the local
hyperfine field BHF , which is caused by the hydrogen atoms in the neighborhood and has a strength of a few mT. These local hyperfine fields are randomly oriented, thereby increasing the singlet probability of the charge pair
and decreasing the process of spin-blocking. This is sketched in Fig. 2.6a.
With an external magnetic field that is much larger than the hyperfine field,
the spins precess around the same field. This leads to a decrease in singlet
probability of the charge pair and an increase in spin-blocking, see Fig. 2.6b.
Two competing effects contribute to the MC. With an increasing magnetic field, spin blocking increases, which lowers the mobility of the charge
carriers, leading to a negative MC. Besides this, an increasing field hinders
the formation of bipolarons, resulting in an increase in polaron population
and a positive MC. The magnitude of the positive MC is generally much
smaller than the negative MC, making the negative MC the more dominant
result of the bipolaron model.
Monte Carlo simulations were performed that describe hopping conductance on a large grid of molecular sites displaying energetic disorder. In
these simulations, both the non-Lorentzian and Lorentzian line shape were
reproduced, as well as a positive and negative MC. Wagemans et al. adapted
this model to an analytically solvable two site model [13], which also predicts
both line shapes and signs.
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BHF + BExt

BHF + BExt

BHF
BHF

(a)

(b)

Figure 2.6 Bipolaron formation in an organic material. (a) Spins precess around
random hyperfine fields BHF , which increases the chance that a bipolaron forms.
(b) When an external magnetic field BExt is applied, spins precess around the same
field. This decreases the chance of bipolaron formation, called spin-blocking.

Bloom et al. proposed a device model as an additional explanation for a
positive MC [48], which is valid for all unipolar models. For a space charge
limited current, the relative change in current density J due to mobility
changes of the separate carriers is given by


1 ∆µe ∆µh
∆J
=
+
.
(2.10)
J
2
µe
µh
They consider a device with an ohmic majority contact, which injects a
space charge limited current, and an injection limited minority contact. A
decrease in the minority charge mobility, caused by spin blocking in the
bipolaron model, results in an increase in the minority charge density. This
compensates the Coulomb repulsion in the majority channel, leading to an
increase of the majority charges, and thus increases the total current. Thus,
the minority charge carrier can dominate the MC. With the device model,
a positive MC for a bipolar injected current can be expected.
Next, we try to predict the sign of the MC of a photocurrent with the
bipolaron model. This current is created by illuminating the sample. Light
acts as a constant current source in the organic layer and creates a fixed
number of charges per unit of time. We assume that a magnetic field has no
influence on the number of created charges in this model. This in contrast to
the e-h pair models, which are discussed in the next Sections, which predict
a field dependent charge creation rate. The bipolaron model predicts that
with increasing field, spin blocking increases and the mobility of the charge
carriers decreases. But as the number of charges that are created does not
depend on the mobility, no magnetic field effects on the current are expected
at all. However, formation of e-h pairs is field dependent. As free electrons
and holes are hopping through the device, they can form e-h pairs, which
can recombine and do not add to the current any more. The number of
formed e-h pairs is determined by the physical contact time between the
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rα,e
rα,β

α

β

e

Figure 2.7 Hopping of a polaron on site α to either site β, resulting in the formation
of a bipolaron, or directly to the environment e.

charge carriers, see Section 2.2.1. With increasing field, the mobility of the
charges decreases, leading to an increase in contact time and an increase in
the number of formed e-h pairs. As these pairs can recombine to the ground
state, leading to a loss of charges that otherwise would have contributed to
the current, this leads to a negative MC.
The device model does not apply to a photocurrent. The model predicts
that a change in mobility of the minority charges leads to an increase in the
number of majority charges. But in a photocurrent, the number of charges
that are created in time are fixed.
Next, it is studied what the bipolaron model predicts about the width
of the OMAR curves. First, the role of the hyperfine field is investigated.
The magnitude of the hyperfine fields determines the line width. Consider
an increase in hyperfine field. Then, a higher external field is necessary
to exceed the hyperfine field, leading to an increase in line width. As it
is expected that the hyperfine fields the charges experience is constant in
one organic material, a constant B0 value for one material is predicted,
which is furthermore identical for the photocurrent and injected current.
The influence of the hyperfine field on the line width as explained here is
furthermore valid for the e-h pair model that are discussed in the next three
Sections.
For a second mechanism influencing the line width, bipolaron formation
in a material is considered. Two sites, α and β and an environment e are
taken into account, see Fig. 2.7. Site α is at most singly occupied and site
β, where bipolaron formation can take place, is at least singly occupied. We
now consider a flow of polarons from site α to β with rate rα,β , and a flow of
site α directly to e, bypassing site β, with rate rα,e = rα,β /b, where b is the
branching ratio, which indicates how much a polaron is forced to hop from
site α to β, in other words how likely it is to have to form a bipolaron or
avoid it. It follows from the model that an increase in branching ratio leads
to a broader MC curve. One of the parameters that influences the branching
ratio will be considered, namely the mobility of charges, which is related to
the disorder in the organic material. The branching ratio decreases when the
mobility of charge carrier increases and vice versa. Thus, a larger mobility
corresponds to a narrower curve and a small mobility to a broader curve.
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Free Carriers
qPP,S
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qPP,T
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PPT
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Figure 2.8 Schematic diagram of the electron-hole pair model. Reactions include
intersystem crossing (ISC) between singlet and triplet excitons and polaron pairs
(PP), where only the latter is B dependent, charge separation of excitons and PP
into free carriers and recombination of excitons to the ground state.

Recently, it was shown that the framework of the bipolaron model is also
applicable to e-h pairs [49]. Now, polarons of opposite sign form excitons
instead of polarons of equal sign forming bipolarons. It is assumed that a
formed exciton can only recombine, and not dissociate. As triplet excitons
in organic materials have a much lower energy than singlet excitons, the
formation rate of triplets will be lower than for singlets [50]. In this model,
the triplet formation rate is set to zero for simplicity. Taking a non-zero
rate only adds a spin-independent background. A similar analysis as in
the bipolaron model can be done, and again both line shapes and signs are
predicted.

2.4.2

Electron-hole Pair Model

Xu and Hu proposed an e-h pair model, where both polaron pairs (PP) and
excitons play a role [23, 24], see Fig. 2.8 for a sketch. When the distance
between charges in an exciton increases, they change into a polaron pair and
vice versa. The e-h pairs can undergo intersystem crossing (ISC), which is
conversion between singlet S and triplet T e-h pairs. Furthermore, the pairs
can separate into free carriers, which contribute to the current, by charge
reactions or dissociation. Finally, singlets and triplets can decay to the
ground state of the molecule by radiative or non-radiative recombination.
In this model, the ISC rate for polaron pairs is field-dependent. Together
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with a higher dissociation rate for singlet PP than for triplet PP, this leads
to a field dependent current. First, e-h pair charge separation reactions are
discussed. Then, the influence of a field on the ISC.
For excitonic states, singlets contribute primarily to charge separation
by dissociation, and triplets by charge reaction, because the singlets have a
lower binding energy and the triplets a longer lifetime. Singlet and triplet
polaron pairs have similar binding energies and lifetimes, so they both contribute to charge reactions and dissociation. In this model, it is assumed
that the dissociation rate for singlet PP is larger than for triplet PP, because
the singlet has a stronger ionic nature and can therefore effectively interact
via intermolecular electrical interaction. When both excitons and polaron
pairs are present in a material, the dissociation channel is dominated by PP
due to their low binding energy, and the charge reaction is dominated by
triplet excitons because of their long lifetime.
Ex is considered to be magnetic field indepenThe ISC rate for excitons kISC
dent, because of the large S-T energy difference as compared to the Zeeman
PP is considered to be magnetic field dependent.
splitting. The ISC for PP kISC
The authors state that the effect of a magnetic field on both photogenerated e-h pairs and e-h pairs created from injected current is to increase the
singlet-triplet PP ratio. The singlet-triplet exciton ratio remains constant
with field. As the singlet PP dissociation rate is higher than for triplet PP,
this leads to a higher current with magnetic field and thus a positive MC.
The exciton charge reaction is also considered to be magnetic field dependent. The reaction constant is decreased by a field, which removes the
triplet degeneracy or reduces the triplet mobility due to the Zeeman splitting, leading to a negative MC. The total MC is a summation of a positive
component from PP dissociation and a negative component from triplet
exciton charge reaction.
However, there are some general objections for OMAR being an e-h pair
effect. First, OMAR is observed in unipolar devices [14, 42, 43, 44], where
no e-h pairs can be formed. Second, in devices where various electrode
materials were used to vary the injection barrier for the minority charge
carrier, a dependence on the minority carrier was measured that is much
weaker than the linear dependence the e-h pair models predict [51].

2.4.3

Exciton Model

Desai et al. proposed an exciton model where OMAR results from a change
in the singlet-triplet exciton ratio due to a magnetic field dependent intersystem crossing rate kISC [52]. This is in contrast to the e-h pair model, where
the ISC rate for excitons was considered to be magnetic field independent.
Only excitonic e-h pairs are considered in this model, thus no polaron pairs.
In Fig. 2.9 a sketch of the model is given. Singlet and triplets can be
converted into each other by ISC. Because in organic materials the singlet
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Ground State
Figure 2.9 Schematic diagram of the exciton model. Singlet and triplet excitons
can undergo intersystem crossing and recombination to the ground state. Figure
adapted from [52].

state is higher in energy than the triplet state, an energy barrier EA is
present for the triplet to singlet conversion. The authors state that this
barrier can be overcome at room temperature. Furthermore, singlets and
triplets can recombine to the ground state. The recombination rate for
singlets kS is much higher than the rate kT for triplets, because the triplet
recombination is spin-forbidden and the singlet recombination spin allowed.
For an injected current, the population of triplets is much higher than
for singlets, because of the 1:3 singlet-triplet formation ratio and the faster
recombination of singlets. Triplets can interact with paramagnetic centers,
such as free carriers, which leads to quenching of the triplet or scattering
of free carriers [53]. Both processes result in a decrease of carrier mobility.
An increase in magnetic field leads to an increase in ISC in this model, and
thus a decrease in triplets. This leads to an increase in carrier mobility and
therefore an increase in current, i.e. a positive MC.
With the same model, Desai et al. can treat the magnetoconductance
of a photocurrent [16]. Illumination solely leads to the creation of singlet
excitons. Dissociation of singlets is assumed to be limited due to their fast
recombination time, so recombination dominates over dissociation. Intersystem crossing of singlets to triplets leads to excitons with a much longer
lifetime and therefore an increased chance of dissociation. A magnetic field
increases ISC and hence the number of dissociated excitons, thus increases
the current, leading to a positive MC for the photocurrent.
The key mechanism of this model is that the intersystem crossing rate
kISC is increased by a magnetic field. However, in their paper no mechanism
is given that explains the magnetic field dependence of kISC . Other literature
suggests that ISC for excitons is not influenced by a magnetic field [24,
54]. Furthermore, the number of triplets in organic devices is very strongly
temperature dependent [55], while the measured temperature dependence of
OMAR is weak. Because of these objections, this model shall not be used
in the rest of this work.
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Free Carriers
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Figure 2.10 (a) Schematic diagram of the polaron pair model. Singlet and triplet
polaron pair can undergo intersystem crossing, charge separation into free carriers,
and recombination to the ground state. (b) Dependence of singlet and triplet e-h
pair energies on the separation distance. Figure adapted from [8].

2.4.4

Polaron Pair Model

Progodin et al. have proposed a polaron pair model, where a change in ISC
between singlet and triplet polaron pairs (PP) under influence of a magnetic
field causes OMAR [8]. Only polaron pairs are considered in this model, thus
no excitons. Both the recombination of polaron pairs to the ground state
and dissociation of polaron pairs into free carriers through dissociation and
charge reactions are taken into account, see Fig. 2.10a.
To understand the magnetic field dependence of the ISC, we consider
the Hamiltonian of an e-h pair, which is given by [15]
Ĥ = Ĥe−h + ĤZeeman + Ĥhyperfine




1
= h̄J(r)
− 2Ŝe · Ŝh + µB B ge Ŝe + gh Ŝh
2


+ a1 Ŝe · Iˆ1 + a2 Ŝh · Iˆ2 .

(2.11)

Here the e-h term is the exchange interaction provided by a separation dependent parameter J(r) and Ŝe and Ŝh the spin operators for the electron
and hole. In the Zeeman term, µB is the Bohr magneton and ge and gh the
g factors of the electron and the hole. The hyperfine term describes the hyperfine interaction between the host nuclei and the electron and hole, with
a1,2 the isotropic hyperfine constant of the host site and Iˆ1,2 the nuclear spin
operator of the host nucleus.
With this Hamiltonian, the energy of singlet and triplet e-h pairs can be
calculated [56]
D
E
ES = S, χ Ĥ S, χ = J,
(2.12)
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D
E
n
ETn = Tn , χ Ĥ Tn , χ = −J + ngµB B + (a1 ml,1 + a2 ml,2 ) , (2.13)
2
with χ the nuclear spin wave function, n = −1, 0, 1 for the three triplet states
and g = (ge + gh )/2. Thus, the singlet and triplet energies are separated by
the e-h term in the Hamiltonian and the triplets are Zeeman split by the
Zeeman term. See Fig. 2.10b for a sketch of the singlet and triplet energies
as a function of e-h separation distance.
When the energy separation between a singlet state and one of the triplet
states becomes nearly zero, they can undergo intersystem crossing. This
occurs through the following off-diagonal matrix elements [56]
D
E 1
T0 , χ Ĥ S, χ = (∆gµB B + a1 ml,1 + a2 ml,2 ) ≡ h̄Q,
(2.14)
2
D
E ∓a q
1,2
I1,2 (I1,2 + 1) − m1,2 (m1,2 ∓ 1),
T±1 , χ Ĥ S, χ = √
2 2

(2.15)

with ∆g = gh − ge . Three mechanisms for S-T mixing can be identified:
∆g mechanism. Caused by a difference in g factors of the electron and
hole, visible in the ∆gµB B term in Equation (2.14). The difference
in g factor arises due to a different spin-orbit interaction for electrons
and holes. ∆g ∼ (Z/137)2 , with Z the atomic number [8]. For organic
materials, which consist of materials with low Z numbers, ∆g is in the
order of 10−3 . The ∆g mechanism will be discussed in Section 2.4.5.
Level-crossing mechanism. Spin mixing via this mechanism occurs at
the separation distance where the singlet energy crosses the T−1 energy.
We will not consider this mechanism, as it only occurs at one specific
separation distance.
Hyperfine coupling (HFC) mechanism. Characterized by the a1 and
a2 terms. In the polaron pair model, this is the dominant mechanism
for S-T mixing.
What we would like to calculate for the HFC mechanism, is the magnetic
field dependence of dissociated singlet and triplet polaron pairs, as this gives
us the line shape of the MC. However, as no analytical solution can be
obtained [56], the problem is treated qualitatively.
Without an external magnetic field, an e-h pair in the singlet state can
mix with all three triplet states and vice versa by the HFC mechanism, providing the e-h separation distance is large enough so their energy separation
is nearly zero. An applied magnetic field lifts the triplet degeneracy. When
the magnetic field is strong enough, the singlet can only mix with the T0
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Figure 2.11 Hyperfine coupling mechanism, providing field dependent S − T−1,1
mixing. (a) Spins precess around random hyperfine fields BHF , which facilitates
S − T mixing. (b) When an external magnetic field BExt is applied, spins precess
around the same field. This reduces the singlet probability of a T−1,1 state and
therefore the S − T−1,1 mixing.

state and vice versa. The field dependent S − T−1,1 mixing is intuitively
sketched in Fig. 2.11 in a classical picture.
For an injected current, the population of the triplet states is much higher
than the population of the singlet states, as discussed before. Increasing
the magnetic field hinders the mixing of the T−1 and T1 states with the S
state. This prevents efficient recombination of the T−1,1 states to the ground
state via the singlet channel and thus increases the chance that these states
dissociate into free carriers, leading to a larger current and a positive MC
for an injected current [8].
We repeat this reasoning for the case when the population of singlets is
much higher than the population of triplets. Without field, the singlets undergo intersystem crossing to triplets. This prevents efficient recombination
of the e-h pairs via the singlet channel, so more dissociation of triplets can
occur. With an applied field, the singlet can only mix with T0 , reducing the
dissociation of e-h pairs, which leads to a negative MC.
In the route of creating a photocurrent, photogenerated singlet excitons
are created. When the population of singlet e-h pairs is much bigger than
the population of triplets, this model predicts a negative MC. However, in
Section 2.2.2 we have seen that photogenerated singlets undergo fast intersystem crossing to triplet excitons, leading to a larger triplet than singlet
population. With this fact, the polaron pair model predicts a positive MC
for a photocurrent.
The system as depicted in Fig 2.10a was recently modeled, where it
was assumed that the intersystem crossing rate scales linearly with field.
Preliminary results predict a non-Lorentzian-like MC curve [57]. From this
modeling, it also became clear that an increase in average lifetime of an e-h
pair, caused by a reduction of the dissociation of recombination reaction
rates, leads to a broader MC curve.
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Figure 2.12 Dephasing of spins with a different g factor. (a) Spins precessing
around a hyperfine field BHF , leading to a phase difference after a certain time.
(b) When an external magnetic field BExt is applied, a larger phase difference is
attained after a certain time.

2.4.5

∆g Mechanism

The ∆g mechanism provides a magnetic field dependent S −T0 mixing of e-h
pairs. For this mechanism, an analytical expression for the magnetic field
dependence of dissociated and recombinated singlet and triplet e-h pairs
can be derived, giving a square root of B dependence of the MC. First, a
quantitative explanation of the mechanism is given.
A spin precesses around a magnetic field with the Larmor frequency fL
fL =

gµB B
.
2πh̄

(2.16)

Consider two spins in an e-h pair, with an initial phase difference of zero.
When these spins have a different g factor, leading to different Larmor frequencies, the spins will dephase in time. This dephasing leads to mixing of
singlet and triplet e-h pairs. When an external magnetic field is applied or
increased, the Larmor frequency increases with field and thus also the phase
difference for a given time, see Fig. 2.12. An increase in field thus leads
to an increase in singlet and triplet mixing when the e-h pair has a finite
lifetime.
When following the same treatment as in the polaron pair model, it can
be reasoned that for an injected current the ∆g mechanism decreases the
current with increasing magnetic field, leading to a negative MC.
An analytical expression of the change in current by means of the ∆g
mechanism can be constructed as a function of magnetic field, in order to
get a line shape. The full derivation is given in Appendix A, here the main
steps and the outcome of the derivation are given.
The derivation starts with the calculation of the time evolution of the
wave function of an e-h pair during S − T0 conversion. Then it is noted
that an e-h pair can separate by dissociation or a charge reaction. The
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free electron and hole can re-encounter, and then again an e-h pair can be
formed. With the theory of random flights, the yield of separated electrons
and holes can be calculated, and with this yield the magnetoconductance.
When considering the situation where one starts with only singlet e-h
pairs, the magnetoconductance is given by
p
MC ∼ ∆gB,
(2.17)
where the MC is positive. When considering the situation when starting with
only triplet e-h pairs, a negative MC is found, that scales with the square
root of B. Note further that the sign of the hyperfine coupling mechanism
and the ∆g mechanism are opposite.
Based on experiments, Wang et al. proposed that OMAR can be explained by a combination of the polaron pair model, the bipolaron model
and the ∆g mechanism [14]. They find a positive MC contribution due to
the polaron pair model, a negative MC contribution due to the bipolaron
model and a positive MC contribution due to the ∆g mechanism. They
do not comment on the fact that theory predicts an opposite sign for the
polaron pair model and the ∆g mechanism. The MC caused by these three
mechanisms can be described by a summation of a non-Lorentzian (Equation
(2.8)) and Equation (2.17)
r
B2
|B|
MC = MC∞
,
(2.18)
2 + MC∆g
B∗
(|B| + B0 )
with B ∗ a constant field, so MC∆g is the MC due to the ∆g mechanism at
B = B ∗ . Here we have chosen B ∗ = 50 mT. In literature, measurements
are reported of a negative high field contribution on top of a positive nonLorentzian line shape [15, 17], which we attribute to the ∆g mechanism.
A summary of the treated models for OMAR, i.e. the bipolaron model,
the e-h pair model, the polaron pair model and the ∆g mechanism, is shown
in Table 2.2.
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A difference in g factor of the charges leads to dephasing of the spins,
allowing S − T0 mixing. With increasing field, the phase difference for a
given lifetime of an e-h pair increases, so more mixing occurs. This increases efficient recombination of the T0 state via the S channel, leading
to a negative MC.

A field lifts the degeneracy between the S and the T−1,1 states, reducing
mixing of these states. This prevents efficient recombination of T−1,1
states via the singlet channel, leading to more dissociation of T−1,1 states
and thus a positive MC.

The intersystem crossing between S and T polaron pairs (PP) is B
dependent. An increasing field increases the S − T PP ratio. S have a
higher dissociation rate than T , thus the MC is positive.

Triplet bipolarons cannot be formed. Random hyperfine fields lead to
spin randomization. A magnetic field blocks this, which decreases the
rate of bipolaron formation. This leads to spin-blocking, which reduces
the mobility of charges, which generally leads to a negative MC.

Origin MC

When device model is applicable.
When the population T  S. Otherwise, the MC has an opposite sign.

Charge pairs

Model

Table 2.2 Summary of the models for OMAR.

2.4 Models for OMAR
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Figure 2.13 Magnetoconductance
versus magnetic field for various bias
voltages. Figure taken from [16].

2.5

Figure 2.14 Magnetoconductance at
B = 30 mT as a function of voltage.
Figure taken from [16].

OMAR Effect on a Photocurrent

Only a limited number of papers have been published about the effect of a
magnetic field on a photocurrent in an organic material. We shall discuss
the main observations in these papers.
Kalinowski et al. found that the photocurrent in an Alq3 device can be
increased by applying an external magnetic field [15]. Furthermore, they
observed for fields above ≈ 70 mT a decrease of the MC with increasing
field, which we believe could be due to the ∆g mechanism.
Desai et al. studied a device consisting of ITO/TPD/Alq3 /LiF/Al under
illumination of an LED with a wavelength of 395 nm [16]. An OMAR effect
on the total current is observed for all bias voltages, unlike measurements
in the dark where OMAR is only observed above the built-in voltage. The
line shape of the I(B) curves with illumination is identical to the line shape
without illumination. In Fig. 2.13, MC curves are shown for a device under
illumination for several bias voltages smaller than the built-in voltage. Note
the huge MC values of up to 400 % and the sign change around V = 2.102 V.
At this voltage, which is called the open circuit voltage Voc , the total current
through the device is zero. The current is zero at this point because the negative photocurrent equals the positive leakage current. ∆I is approximately
constant around Voc , and I0 changes sign at Voc , so MC = ∆I/I0 diverges
to ±∞ at V = Voc .
For a similar sample, the MC at a field of 30 mT is determined for various
voltages, see Fig. 2.14. In this sample Voc = 2.05 V, and again is observed
that the MC diverges at this voltage. At V = 2.13 V, the MC becomes positive again. At this voltage, the magnetoconductance without illumination
starts to appear and the device starts to emit light. Above this voltage,
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the authors cannot measure the OMAR effect on solely a photocurrent, but
only on the total current, consisting of photocurrent, injected current, and
leakage current.
In a subsequent paper, Rolfe et al. studied the MC around the open
circuit voltage for similar Alq3 devices as Desai et al. [17]. They claimed to
have separated the roles of electrons and holes to OMAR. They state that
for V = Voc , the device is in flat-band situation, which means there is no net
electric field in the organic layer. In a previous paper, they state that the
cathode is the dominant site for exciton dissociation [52]. So when excitons
are dissociated near the cathode for V < Voc , holes are transported through
the organic layer and electrons are extracted by the cathode. For V > Voc ,
electrons move through the organic layer and holes directly in the cathode.
The authors propose that charge carriers which move through the organic
layer interact with excited states and that the strength of this interaction is
magnetic field dependent. Measurements show a slightly different MC(B)
curve above and below V = Voc , from which they conclude that a magnetic
field increases the mobility of holes, but decreases the mobility of electrons.
We believe that these conclusions cannot be drawn from these measurements. The device has a flat band condition for V = Vbi and not for V = Voc .
In Section 4.1, I(V ) and photocurrent measurement are shown which clearly
show the difference between those voltages. This means that in the regime
they studied, the charge carrier in the organic layer is identical below and
above V = Voc . They used the fact that the charge carriers were different
in those situations to assign different magnetic field effects on the mobilities
of electrons and holes.
The authors also performed measurements for bias voltages between
−3 and 0 V, far from the open circuit voltage. They found a positive
magnetoconductance. For fields above ≈ 50 mT, they observed a small
decrease of the MC with increasing field, which we believe is caused by the
∆g mechanism. For all voltages, the same constant decrease is observed of
approximately 10−3 % / mT.
Lee et al. studied devices of ITO/PEDOT:PSS/P3HT/Ca/Al under illumination [18]. They found a negative MC for V < Voc , which reverses to
positive for V > Voc , and to negative again for V > Vbi . The negative MC
is explained as follows. Photogenerated singlet e-h pairs can be converted
to triplets via intersystem crossing. A magnetic field can increase the intersystem crossing. Triplets are quenched by triplet-triplet annihilation, so
increasing B leads to a reduction in e-h pairs. These pairs can dissociate
into free carriers, thereby contributing to the current. So increasing B leads
to a decrease in current and thus a negative MC.
Next, the authors studied devices where the organic layer P3HT is
blended with the electron acceptor PCBM. Ultrafast electron transfer from
P3HT to PCBM facilitates dissociation of e-h pairs [58], thereby increasing
the photocurrent, but strongly reducing the MC.
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In summary, the photocurrent versus magnetic field has a similar line
shape as the injected current and the same sign. The OMAR effect on a
photocurrent could not be measured above Vbi , and no analysis was done on
the line widths of the curves. Both of these things will be addressed in this
work.
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Experimental
In this Chapter, the experimental setup and the measurement methods are
discussed. First, the device layout and production is treated. Then, the
principles and setups of the utilized measurement methods are explained.
We introduce a magnetic field modulation technique to measure the current as function of magnetic field and a new double modulation technique
to measure the OMAR effect on a photocurrent. Furthermore, a setup is
treated that can quickly measure the voltage dependence of the MC.

3.1

Device Layout and Production

The devices used in this project consist of a layer of a π-conjugated organic
material sandwiched between two electrodes. Two organic materials are
studied, namely Alq3 and MDMO-PPV.
Tris(8-hydroxyquinoline)aluminum(III) (Alq3 ) is a small molecule that
is widely used in OLEDs for its high luminance at low voltages. Its chemical
structure can be seen in Fig. 3.1a. Alq3 favors electron transport, unlike
most other organic semiconductors, which favor hole transport. Its electron
and hole mobility are 1.4 × 10−6 and 2 × 10−8 cm2 V−1 s−1 respectively, at
ambient temperature and an electric field of 4 × 105 V cm−1 [59].
Poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene vinylene]
(MDMO-PPV) is a polymer that is widely used in organic solar cells and
OLEDs. The hole mobility of MDMO-PPV is 5 × 10−6 cm2 V−1 s−1 [20]. No
value for the electron mobility is reported in literature, but it is known that
electrons are severely trapped in this material [60]. Its chemical structure
can be seen in Fig. 3.1b.
The preparation of the samples is now briefly discussed, a full description
can be found in Ref. [45]. The devices are fabricated on glass substrates with
a patterned indium tin oxide (ITO) layer as the bottom electrode, with a
thickness of 130–160 nm. This layer is cleaned by ultrasonacating in acetone,
detergent solution, and isopropanol and treating with UV-ozone. Next, a
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Figure 3.1 Chemical structure of (a) Alq3 , (b) MDMO-PPV.
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Figure 3.2 Layout of the utilized devices.

60 nm layer of poly(3,4-ethylenedioxythiophene) with poly(styrenesulfonate)
dopant (PEDOT:PSS) is spin coated on top, which forms a smooth surface
on the rough ITO surface and improves hole injection. Then, an organic layer
is deposited: either 100 nm Alq3 by physical vapor deposition or MDMOPPV by spin coating. Two batches of MDMO-PPV devices were produced,
with 40 and 70 nm thick organic layers. After this step, the samples are
only exposed to a dry nitrogen environment. Next, a 1 nm thick lithium
fluoride (LiF) layer is thermally evaporated on top from a tungsten boat.
This layer improves the device performance, because it reduces the energy
barrier between the organic layer and the aluminum cathode [61]. It also
partly prevents a reaction between the Alq3 and the top electrode [62].
Finally, the top electrode of 100 nm aluminum (Al) is evaporated. The
acquired devices have an active area of 3 × 3 mm. Their layout is shown in
Fig. 3.2 and their band diagrams in Fig. 3.3.
The full description of the processing steps in Ref. [45] only treats samples with Alq3 as the organic layer. For MDMO-PPV as the organic layer
this process is identical, except that the deposition of Alq3 is replaced by
the spin-coating of MDMO-PPV. This is done by solving MDMO-PPV in
chlorobenzene, concentration 5 mg / mL, by stirring the mixture at a temperature of 50 ◦ C. The solution is then spin coated at 1100 rpm for 1 minute.
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Figure 3.3 Band diagram of an OLED-device with as organic layer (a) Alq3 , (b)
MDMO-PPV. Data taken from [22, 63, 64, 61].

3.2

Illumination of the Device

After producing the samples, they are electrically measured, where both the
injected current and photocurrent are studied. An injected current can be
generated in the device by applying a bias voltage greater than the built-in
voltage. A photocurrent can be induced by illuminating the sample. The
utilized illumination method is now treated.
As a light source, an LED was used, which was driven by a current
source. In the rest of the report, when the LED was used to illuminate
the sample, the current through it was 12 mA. An LED with a wavelength
of 400 nm was chosen (product code HERO HUVL400-320B) because both
organic materials that are used absorb this light efficiently. The luminous
intensity of the LED is roughly 750 mcd.
The absorption profile of light in the organic layer can be calculated
with the Beer-Lambert law, which gives the transmission T of light through
a material
T = e−αx ,

(3.1)

with α the absorption coefficient of the material and x the thickness of the
material. The absorption coefficients for Alq3 and MDMO-PPV are similar
with α = 5 10−3 nm−1 for 400 nm light [65, 66]. For a 100 nm thick film
this leads to a transmission of 0.6. Moreover, T (x) is approximately linear
in this interval, so the light is evenly absorbed in the organic layer.

3.3

Glove Box

All measurements were performed in a glove box, which has an atmosphere of
pure nitrogen, to prevent degradation of the samples. Contamination of the
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Figure 3.4 Measurement of current versus time. (a) Device with MDMO-PPV at
V = 2 V. (b) Device with Alq3 at V = 0.5 V with illumination. The line is a linear
fit through the data.
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Figure 3.5 (a) Typical I(B) measurement, where the OMAR effect is seen on top
the drift current. (b) Simultaneously, I(B) is measured with the dIdB technique,
thereby avoiding the detection of the drift current.

nitrogen atmosphere with water and oxygen, responsible for the degradation,
is smaller than 0.1 ppm for each element.
For a measurement, the devices are placed on a sample stick, which is
placed in a cryostat. This cryostat can cool the sample with helium, but
it will not be used in this report. An electromagnet is placed around the
cryostat, so the sample is between its poles. The magnetic field is parallel
with the sample. A sketch of the setup can be seen in Fig. 3.6b.

3.4

dIdB Measurement

To study OMAR effects in the samples, the current as a function of magnetic
field I(B) is measured for a constant applied voltage. Measuring this is not
straightforward, because in most organic devices a time dependent change
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in the current, called drift current, is observed when measuring at constant
voltage. This Section starts with examples of the drift current, and how this
current affects I(B) measurements. Next, the measurement method that is
used to exclude this drift current from measurements is treated. This can be
done by measuring the derivative of the current with respect to the magnetic
field, hence the name dIdB of this measurement method.

3.4.1

Drift Current

Two representative examples of drift current measurements are shown for
both an injected current and a photocurrent. In Fig. 3.4a, a measurement
for an injected current is shown. Initially, a strong decrease of the current
is visible, and subsequently a more gradual decrease, in this case leading
to a total change in current of 12 % over 600 s. The strong decrease of
the current is reversible [45], which is possibly caused by charging effects of
device at the start of a measurement. The gradual decrease of the current
could be explained by the degradation effects explained in Section 2.2.3.
In Fig. 3.4b, a measurement for a photocurrent is shown, zoomed in to
show the time dependence. In this graph, only a gradual decrease in the
magnitude of the current is visible, which in this case is 2 %.
Typically, the OMAR effect in a current is superimposed on the drift
current. A characteristic measurement of this phenomenon is shown in
Fig. 3.5a. Here, an increasing magnetic field corresponds to an increasing time. Before the OMAR curves can be analyzed, a correction needs
to be made for the drift current. In literature two correction methods are
suggested: measure a point at zero field both before and after each field
measurement, and average the start and end points [11], and use a magnetic
field that frequently switches on and off and calculate the Fourier transform
of the resulting current [67]. However, these correction methods should be
used with caution, because the drift current is non-linear and the current
can be erroneously corrected.

3.4.2

dIdB Technique

In our measurement system, detection of the drift current is avoided by
measuring
the derivative of the current with respect to the magnetic field,

dI
,
as
the
drift current is independent of the field. Two variations of
dB
dIdB measurements are used, one without and one with illumination of the
sample by an LED. In the former one the photocurrent Ii is measured, in
the latter one the photocurrent plus the injected current, Ii + Ip .
While performing the I(B) measurement as shown in Fig. 3.5a, the
current is also measured with the dIdB method. The results of this measurement can be seen in Fig. 3.5b, from which it is clear that now only the
OMAR effect on the current is detected, and not the drift current.
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Figure 3.6 (a) Principle of a dIdB measurement. By modulating the magnetic
field, the derivative of the current to the magnetic field is determined. (b-c) Setup
of a dIdB measurement.

Measuring the derivative of the current with respect to the magnetic
field is experimentally realized by superimposing a sinusoidal AC magnetic
field on a DC magnetic field, see Fig. 3.6a. The AC field is generated with
modulation coils which are placed between the main coils, which produce
the DC field (Fig. 3.6b).
The circuit that is used to measure the current through the sample is
shown in Fig. 3.6c. A series resistor RS is placed between the sample and
the voltage source. The voltage over this resistor is connected to a lock-in
amplifier, which detects the time varying component of the signal at the
frequency of the AC magnetic field. The resulting voltage is divided by the
value of the series resistor and the magnitude of the AC magnetic field to
dI
get dB
. Then, the MC can be calculated by integrating to the magnetic field
and dividing by the current at zero field. More details about the processing
dI
, the total current
steps of the data will be given in Section 3.6. Besides dB
through the sample, including the time-dependent current, is measured with
an amperemeter.
The value of the series resistor should be small enough so the voltage
drop over it is small compared to the voltage drop over the sample, but
should be large enough to produce a signal with a good signal to noise ratio
for the lock-in amplifier. As a trade-off a resistor value of 0.1–1 % of the
sample resistance is chosen.
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Figure 3.7 dIdB measurements versus time with B = 2 mT. The line is a linear
fit through the data. (a) Device with MDMO-PPV at V = 2 V. (b) Device with
Alq3 at V = 0.5 V.

The AC magnetic field has an influence on the acquired MC(B) curve:
it broadens the curve and features smaller than the modulation amplitude
are suppressed. However, as the signal detected by the lock-in amplifier is
proportional to the amplitude of the AC field, this value cannot be chosen
arbitrarily small. As a trade-off, an AC field amplitude of 0.5 mT root mean
square (RMS) is chosen. Simulations have shown that for dB
B0 = 0.1 (B0 is
typically around 5 mT in experiments) and a non-Lorentzian line shape for
the MC, the broadening is less than 1 %.
The frequency fB of the modulation of the field is 27 Hz. Choosing
higher frequencies leads to shorter integration times for the lock-in, and
thus faster measurements, as it takes less time to average over a certain
number of periods. But the Gauss meter that is used to measure the AC
magnetic field is limited in detecting higher frequencies, so this is currently
not possible.
While measuring I(t) at constant field as showed in Fig. 3.4, dIdB(t)
was also measured with a constant DC field of 2 mT, because dIdB has a
maximum at this value. These measurements are shown in Fig. 3.7. It
can be seen that the dIdB signal displays a small time-dependence, but this
effect is much smaller than the time-dependency in I(t) and negligible on
the time-scale of the experiment, which is about 600 s. In this case, the
change in current is 0.4 % and 0.2 % for the two graphs.
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Figure 3.8 (a) Photocurrent as a function of the DC current through the LED at
V = 0 V. (b) Deviation of the photocurrent from a linear fit.

3.5

dIdBdP Measurement

In this work, we want to separate the photocurrent and injected current
contributions to OMAR. Therefore, a technique is needed to measure Ip (B)
for a constant applied bias voltage. This can be experimentally realized by
modulating both the magnetic field and the power P of the LED. Therefore,
this measurement method is called dIdBdP. The power modulation is realized by adding a sinusoidally varying AC current to a constant DC current
through the LED. The modulation of the magnetic field is also necessary,
as otherwise the OMAR effect on the photocurrent is superimposed on the
drift current.
The signal that is induced in the sample is proportional to the AC LED
current. A high signal is preferable, because it has a higher signal to noise
ratio, which yields better measurements by the lock-in amplifier. However,
the induced photocurrent should still be linear in the interval used in the
modulation. In Fig. 3.8a, the photocurrent as a function of the DC current
through the LED for both an Alq3 and an MDMO-PPV device are shown.
Figure 3.8b shows the deviation in terms of percentage of the photocurrent
from a linear fit. It can be concluded from the figure that an AC current
of 4 mA RMS in addition to a DC current of 12 mA satisfies the above
mentioned demands, because between 8 mA and 16 mA the deviation from
the linear fit is < 1 %.
The frequency fP of the light modulation is 45 Hz. In choosing this
frequency the same arguments as by choosing the field modulation frequency
play a role. Both the field and power modulation are derived from the same
reference source, so there is no mutual frequency drift. In Appendix B more
information is given about the setup to achieve this.
The signal S that is induced in the sample and led into a lock-in amplifier,
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Figure 3.9 Typical dIdBdP measurement, showing the signal measured at the sum
and difference frequencies.

similar to a dIdB measurement, is given by
S=

dIp
cos(fB t) cos(fP t).
dB

(3.2)

Trigonometry learns that a product of cosines can be written as
cos(fB t) cos(fP t) =

1
1
cos ([fB − fP ] t) + cos([fB + fP ] t).
2
2

(3.3)

So the lock-in amplifier can measure the signal if it is set to a frequency of
either fB −fP (18 Hz), called the difference frequency, or fB +fP (72 Hz), the
sum frequency. The frequency fP is chosen so that the sum and difference
frequencies are no higher harmonics of fB and fP , so only the part of the
current that responds to both modulations is detected.
A typical dIdBdP measurement is shown in Fig. 3.9. The MC can be
calculated from this signal by multiplication by 2 PPDC
, integration to the
AC
magnetic field and division by the current at zero field. It can be seen from
the figure that the noise on the sum frequency measurement is much smaller
than the noise on the difference frequency measurement. This is caused
by the fact that the frequency of the former is a factor 4 higher than the
latter, so for a given integration time of the lock-in amplifier, the signal is
integrated over 4 times more periods. In this report only the sum frequency
is used to determine the dIdBdP signal.
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Figure 3.10 Comparison of a dIdB measurement with illumination (thick line)
with dIdBdP measurements for various AC powers (thin lines) of the LED for an
Alq3 device with V = 0.5 V.
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Table 3.1 Measured current for the different measurement methods.

Technique
dIdB
dIdB with Illum.
dIdBdP

Measured
V < Vbi
–
Ip
Ip

Current
V > Vbi
Ii
Ii + Ip
Ip

With this measurement technique, dIp is measured. In calculating the
photocurrent, the slope of the photocurrent versus the LED current (see
dIp
Fig. 3.8a) is calculated with PAC
, and the outcome is then multiplied with
PDC . However, when fitting a line through the photocurrent versus LED current data, a small offset is found for ILED = 0 mA. The photocurrent should
be corrected for this, but as the offset was small, this was not necessary in
this work.
For measurements with an applied voltage close to the built-in voltage,
the photocurrent can be as small as nano-amperes, so these measurements
can easily be disrupted by environmental electrical noise. Therefore, the
measurement circuit was adapted to strongly reduce the noise levels, for
example by making a separate measurement and chassis ground. More information about the grounding of the measurement circuit can be found in
Appendix C.
The part of the current that is detected by dIdB and dIdBdP measurements for voltages below and above the built-in voltage is summarized in
Table 3.1. It can be seen that for V < Vbi , dIdB with illumination and
dIdBdP should yield the same result. To test this, various dIdB measurements with illumination are compared with dIdBdP measurements for various DC and AC powers of the LED. An example of such a measurement is
shown in Fig. 3.10. It can be seen that the MC curves of the dIdB measurement (thick line) and the dIdBdP measurements (thin lines) overlap. This
confirms that the dIdBdP measurement method is working as expected.
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Figure 3.11 Data processing for a dIdB or dIdBdP measurement. (a) Measured inand out-of-phase data. (b) Signals after correction for a constant background signal.
(c) The signals are combined, numerically integrated, and shifted so ∆I(0) = 0.
(d) ∆I is divided by I0 to get the MC.
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3.6

Data Processing dIdB and dIdBdP

The data the lock-in amplifier measures during a dIdB or dIdBdP measurement needs to be processed to acquire MC(B). This data consists of two
parts: an in-phase component Sx , where the detected signal has the same
phase as the reference signal of the lock-in, and an out-of-phase component
Sy , where the detected phase is 90◦ bigger, see Fig. 3.11a. The phase of
signal is adjusted before measurement in the lock-in amplifier, so the majority of it is in-phase with the reference signal. During all measurements
the same constant phase shift is used.
As a first step in the data processing, the offset in the data due to a
constant background signal is corrected. This is done by fitting the data with
Coffset + C2 /B, excepting data with −30 mT < B < 30 mT, and subtracting
Coffset from the data. (Fig. 3.11b). Then the signal S is computed by
combining the in- and out-of-phase components Sx and Sy
S=

Sx


cos arctan



Sy
Sx

 .

This expression is equivalent to
q
S = Sx2 + Sy2 ,

(3.4)

(3.5)

but besides that, it preserves the sign of the in-phase signal. As a next step,
the data is numerically integrated to the magnetic field to get ∆I, which is
subsequently vertically shifted so ∆I = 0 for B = 0 (Fig. 3.11c). Finally,
the data is divided by I0 to get the MC (Fig. 3.11d). I0 is the average of the
current measured by the amperemeter for five data points around B = 0.
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Magnet 2
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Figure 3.12 Schematic drawing of the MCSpinner setup. A disk with two magnets
rotates above a sample, which can be illuminated by an LED.
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Figure 3.13 The three I(V ) curves resulting from a MCSpinner measurement.
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MCSpinner Measurement

In organic devices, there are different voltage regimes that are interesting
to study, for example above and below the built-in voltage and around the
voltage where the device switches from unipolar to bipolar. For these voltages, one would like to measure the full MC(B) curves, or the MC for a
few magnetic fields to determine the width and height of the line shape.
This can be done by doing dIdB or dIdBdP measurements repeatedly or by
measuring I(V ) with and without a constant magnetic field. The former is
very time consuming and does not give a high voltage resolution, the latter
is not reliable because of time-dependent drift in the current.
Therefore, a new setup was designed to quickly characterize samples. It
consists of a disk with two permanent magnets of strength BM1 = 14 mT and
BM2 = 83 mT attached to it. Because the disk rotates during measurement,
this device is called MCSpinner. The disk is mounted above a sample, which
can be illuminated by an LED. See Fig. 3.12 for a schematic drawing of the
setup. During a measurement the current through the sample is measured
as a function of voltage. After each measured point the disk is rotated 90◦ ,
so the current is measured successively with an applied field of BM1 , 0, BM2 ,
0, BM1 , . . .. This results in three I(V ) curves, namely for B = 0, BM1 , and
BM2 . A part of such a measurement is shown in Fig. 3.13.
The I(V ) curves are interpolated, so for every voltage I0 , IM1 , and IM2
are known. Then MCM1 (V ) and MCM2 (V ) can be calculated with
MCMi (V ) =

IMi (V ) − I0 (V )
I0 (V )

for i = 1, 2.

(3.6)

With this data the ratio
m(V ) =

MCM2 (V )
MCM1 (V )

(3.7)

can be computed, which gives information about the line shape of the MC(B)
curve. A constant m indicates a constant line shape as a function of voltage,
a varying m a changing line shape.
When assuming that the MC curve has a non-Lorentzian line shape,
B0 (V ) and MC∞ (V ) can be calculated from MCM1 , MCM2 , BM1 , and BM2 .
Furthermore, an increasing ratio m indicates then that the line width is also
increasing.
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Chapter 4

Results and Discussion
In this Chapter, the performed measurements will be presented and discussed. Two organic materials are studied: Alq3 , a small molecule, and
MDMO-PPV, a polymer. In the first Section, basic characterization measurements for both devices are shown. In the next two Sections, organic
magnetoresistance measurements for the two devices are presented. Subsequently, the clear observation of the ∆g mechanism in MDMO-PPV devices
is shown. To further investigate this mechanism, a new batch of samples
was made. Despite the use of identical production steps, the thickness of
the organic layer in the new devices was 40 nm, instead of the 70 nm for the
old samples. With these devices, an interesting comparison of the origin of
the ∆g mechanism can be made. In the subsequent Section, we will discuss
the measurement results, i.e. the sign of the magnetoconductance, the line
width and the magnitude of the ∆g mechanism, and compare these results
with the models. This Chapter ends with experiments on conditioning of
devices. A part of this work is submitted for publication [68].

4.1

Basic Characterization of Devices

In this Section, basic characterization measurements will be presented for
both Alq3 and MDMO-PPV devices.

4.1.1

Photocurrent versus Voltage

The basic characterization of the device is started with a measurement of
the photocurrent Ip as a function of voltage. With these measurements, the
built-in voltage Vbi of the device can also easily be determined. We have
seen in Section 2.2.1 that this is an important parameter of the device, as
for V > Vbi a current can be injected in the device.
To solely detect the photocurrent, and not the leakage or injected current, the power P of the LED is modulated and the resulting current is
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Figure 4.1 Absolute value of the photocurrent versus voltage for a device with as
organic layer (a) Alq3 , (b) MDMO-PPV.

measured with a lock-in amplifier. Analogous to the dIdBdP measurement
method in Section 3.5 and Equation (3.4), the photocurrent can be calculated with
Ip =

Sx
PDC

  ,
PAC cos arctan Sy

(4.1)

Sx

with PDC the constant LED power, PAC the alternating LED power, and Sx
and Sy the signals measured by the lock-in amplifier.
The photocurrent measurements are shown in Fig. 4.1a and Fig. 4.1b for
Alq3 and MDMO-PPV devices respectively. As explained in Section 2.2.1,
the effective voltage in the device is zero for V = Vbi , leading to zero photocurrent. For voltages above and below Vbi the photocurrent is positive and
negative respectively. Therefore, the built-in voltage Vbi of the Alq3 device
can be determined from this curve to be 1.8 V. The built-in voltage of the
MDMO-PPV device is determined to be 1.7 V. An identical value has been
found by low frequency differential capacitance measurements [44].
With the definition of Vbi (Equation (2.2)) and the work function of the
electrodes (Fig. 3.3), the theoretical built-in voltage can be calculated to be
2.0 V for both devices. Dipole layer formation causes the difference between
the experimental and theoretical value [69].
Note that the photocurrent in MDMO-PPV devices is much bigger than
in Alq3 devices. We believe that this is caused by the fact that photogenerated singlet excitons dissociate much easier in MDMO-PPV devices than
in Alq3 devices, because the difference between the photon energy of 3.1 eV
and the HOMO-LUMO band gap is much bigger for MDMO-PPV than for
Alq3 , which have a band gap of 2.3 eV and 2.7 eV respectively.
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Figure 4.2 Typical |I(V )| curve for an Alq3 device on a double log scale (points),
fitted with power laws (lines). The inset shows the current without illumination
minus the leakage current.

4.1.2

I(V ) for Alq3 Devices

Next, I(V ) curves with and without illumination are measured for Alq3
devices. The |I(V )| curves are shown in Fig. 4.2. In the case of illumination,
the measured current is the sum of a photocurrent, injected current and
leakage current. Without illumination, the current is the sum of an injected
current and leakage current.
From the I(V ) curves, the open circuit voltage Voc for the device for a
specific illumination intensity can be determined, which is the voltage where
the total current through the device is zero. With illumination, Voc = 1.5 V.
At this point the negative photocurrent equals the positive leakage current.
We will see later that at this voltage an anomaly in the MC is observed.
To identify different conduction regimes, the data is approached by power
laws on different voltage regimes. For small voltages, the current without
illumination is an ohmic leakage current (∝ V 1 ). At V ≈ 3 V, the current
starts to deviate from the power law, as the injection barrier at the cathode
can be overcome and electrons are injected in the material. The total current
minus the leakage current can be approached by a power law (in this case
∝ V 5 , see inset Fig. 4.2). In this regime, the current is expected to be
space charge limited, which has a power law behavior of ∝ V 2 (see Equation
(2.4)). Filling of traps explains the higher observed power law index [60].
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Figure 4.3 Typical |I(V )| curve for an MDMO-PPV device on a double log scale
(points), fitted with power laws (lines).
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At V ≈ 5 V, the injection barrier at the anode can also be overcome and
the device becomes bipolar and starts to emit light. The voltage where
the light emission starts is called the onset voltage Von . The current in this
regime can be approached by a power law (in this measurement ∝ V 14 ). For
high voltages, the current deviates from the power law, and is expected to
ultimately converge to the power law behavior of ∝ V 2 for bipolar, trap free
SCLC [48]. The current with illumination can be approached by a power
law of ∝ V 4 for Vbi < V < Vto . For higher voltages, the current converges
to the current without illumination, as the injected current is much bigger
than the photocurrent in that region.
Subtracting the I(V ) curve without illumination from the I(V ) curve
with illumination results in a curve (not shown) that is identical to the
directly measured Ip curve.

4.1.3

I(V ) for MDMO-PPV Devices

For MDMO-PPV devices, again several power laws can be identified in the
I(V ) curves with and without illumination. The |I(V )| curves are shown
in Fig. 4.3. The open circuit voltage for the device under illumination
Voc = 1.2 V. For low voltages, the current without illumination is an ohmic
leakage current. However, at V ≈ 0.14 V, well below the built-in voltage,
the current starts to deviate from this, approaching a power law of ∝ V 2 .
In this regime, the current is due to unipolar diffusive transport [44]. Above
the built-in voltage, the current drastically increases, as both electrons and
holes are injected in the device, because the injection barriers for the charges
can be overcome. The current follows a power law of ∝ V 17 . At V ≈ 2.2 V,
the current starts to deviate from this power law.
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Figure 4.4 MCSpinner measurement, showing |∆I| and |I0 | as a function of voltage
for an Alq3 device with and without illumination.
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Figure 4.5 MCM2 versus voltage, calculated from an MCSpinner measurement
with and without illumination on an Alq3 device. From the MCSpinner data, the
MC for solely a photocurrent has also been calculated.
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4.2

OMAR in Alq3 Devices

Now that we have seen how the currents in the devices depend on voltage,
we are ready to investigate the influence of an applied magnetic field on the
photocurrent and injected current. In this Section, this is done for an Alq3
device.

4.2.1

Magnetoconductance versus Voltage

First, to get the voltage dependence of the magnetoconductance MC, an
MCSpinner measurement with and without illumination is performed. The
measured |∆I| = |IM2 − I0 | and |I0 |, where M2 is the strong magnet on the
spinner with B = 83 mT, as a function of voltage are shown in Fig. 4.4. Note
that ∆I is zero for V = Vbi , as there is no net electric field in the device
at that voltage to transport the photogenerated charges and moreover the
leakage current is independent of an applied magnetic field, but that I0 is
zero for V = Voc , the point where the negative photocurrent equals the
positive leakage current. The effect of the magnetic field is to increase the
magnitude of the current for all voltages: a positive injected current or a
positive injected current plus a photocurrent increases with field, so ∆I is
positive. A negative current gets more negative with field, so ∆I is negative.
The MC = ∆I/I0 that is calculated from these data is shown in Fig. 4.5.
Without illumination, there are no magnetic effects on the current for
V < Von . The onset of the MC occurs at V = Von and has a maximum of
8.4 % at 6.5 V. A maximum in MC has been observed elsewhere [14, 44, 46],
and seems to coincide with the point where the I(V ) curve deviates from
the power law describing the current above the built-in voltage.
With the e-h pair models, we can understand a maximum in the MC.
The magnitude of the MC is related to the number of e-h pairs that are
formed. When only a limited number of e-h pairs are formed, the magnetic
field effects on these pairs produce a limited change in the current and thus
a small MC. A larger number of formed e-h pairs leads to a larger MC.
At the onset voltage, holes are injected in the device next to electrons.
With increasing voltage, more holes are injected, leading to an increase of
formed e-h pairs an thus an increasing MC. One parameter that limits the
formation of e-h pairs is the electric field in the device, as this limits the
contact time, as discussed in Section 2.2.1. Therefore, the MC decreases
with voltage for high voltages. There is an optimum in voltage, where a
large number of holes can be injected, but the electric field in the device is
not large enough to efficiently prevent e-h pair formation, so a maximum in
MC occurs.
In an other work, MC curves as a function of voltage were studied for
MDMO-PPV devices with different thicknesses of the organic layer [70].
There, it was shown that for all thicknesses the increase in MC occurs as
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a function of voltage, whereas the decrease occurs as a function of electric
field, in correspondence with the above mentioned processes.
The MC with illumination is positive for all voltages, except for an
anomaly around Voc . For V < Voc , the MC is positive as ∆I < 0 and
I0 < 0, because the photocurrent is larger than the leakage current there.
For V = Voc , the MC diverges to ±∞, because I0 is zero and ∆I non-zero.
For Voc < V < Vbi , the MC is negative as ∆I < 0 and I0 > 0. So the sign
change around Voc is simply caused by a sign change of I0 . At V = Vbi , the
MC is zero as Ip is zero, and thus ∆I also. For V > Vbi , the MC is positive
as both ∆I and I0 are positive. The MC has a maximum of 7.6 % at 3.8 V.
For high voltages, the MC curves with and without illumination converge.
In that region, the injected current is much larger than the photocurrent
and dominates the MC.
With MCSpinner measurements, the MC for an injected current or the
MC for the sum of a photocurrent and an injected current can be measured.
It is not possible to measure the MC for solely a photocurrent, but this data
can be calculated from the MCSpinner data with and without illumination
with
MCp =

∆Iillum − ∆Ino
I0,illum

illum

.

(4.2)

The outcome of the calculation is shown in Fig. 4.5. The MC decreases
to zero with increasing voltage. This is a consequence of the way the magnetoconductance is calculated, namely by dividing the change in current
with an applied field by the current at zero field. As we have seen in Section 3.6, the current at zero field is measured with an amperemeter, which
measures the total current through the sample. When computing the MC
of a photocurrent for V > Vbi , the change in photocurrent is divided by
the sum of the photocurrent, injected current and leakage current at zero
field. Thus if for example the ratio of the change in photocurrent and the
photocurrent at zero field stays constant, but the injected current changes,
the MC changes too. In Appendix D.1 an alternative way of calculating
the MC for a photocurrent is explained, namely by dividing the change in
photocurrent by the photocurrent at zero field. The resulting MC does not
go to zero for higher voltages, but has a minimum around V = 7 V. This
alternative way of calculating is more logical, but requires the measurement
of the photocurrent at zero field for every measurement. As we have not
done this systematically, the MC is not calculated in this way in this work.
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Figure 4.6 MC(B) measurements for different voltages and measurement techniques on an Alq3 device (symbols), fitted with a non-Lorentzian (lines).

4.2.2

Line Shape of the Magnetoconductance

For an other Alq3 sample, dIdB, dIdB with illumination and dIdBdP were
measured for various voltages, so the magnetoconductance of an injected
current, the sum of an injected current and a photocurrent, and a photocurrent were measured respectively. The acquired MC(B) curves were fitted
with a non-Lorentzian, as introduced in Section 2.3,
MC = MC∞

B2
,
(|B| + B0 )2

(2.8)

with MC∞ the MC for an infinite field and B0 the half width at quarter maximum. The non-Lorentzian line shape generally fits the measured
data well. As an example, MC(B) measurements for the different measurement techniques are shown in Fig. 4.6, together with the corresponding fits
with a non-Lorentzian. It can be seen that the response of a photocurrent
and an injected current on a magnetic field is similar; they both have a
non-Lorentzian line shape. There is a bit more noise on the dIdBdP measurements, but the acquired data is well usable, both for voltages above and
below the built-in voltage.
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Figure 4.7 |∆I∞ | versus voltage for an Alq3 device.
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4.2.3

Magnitude of the Magnetoconductance

In Fig. 4.7, the |∆I∞ | = |MC∞ I0 | resulting from fitting is plotted as a
function of voltage. To validate the dIdBdP measurement technique, the
sum of ∆I∞ for dIdB and ∆I∞ for dIdBdP is also plotted, which falls on
top of the ∆I∞ data for dIdB with illumination. This confirms that the
photocurrent contribution to OMAR can be properly separated from the
injected current contribution.
The MC∞ resulting from fitting as a function of voltage is shown in
Fig. 4.8. Similar trends as with the MCSpinner measurements are found.
Around the built-in voltage no measurements could be done, as the magnetic
field effect on the current is smaller than the noise. The onset voltage for
this device is ≈ 7.5 V. The MC for dIdBdP has a maximum of 10.0 % at
3.5 V, the MC for dIdB a maximum of 6.0 % at 10.0 V. The MC for dIdB
with illumination has two maxima, as it is a combination of the dIdBdP and
dIdB curves.
For V < Vbi , dIdBdP and dIdB with illumination should yield the same
result, as the calibration measurements in Section 3.5 already showed. But
as can be seen in the graph, the MC∞ values for the dIdBdP measurements
are larger than for the dIdB with illumination measurements, although they
were measured in turns for every voltage. Furthermore, for high voltages
it is expected that dIdB measurements with and without illumination yield
the same results, but again dIdB with illumination is lower. When the dIdB
with illumination data is multiplied by a factor 1.2, it corresponds with the
dIdBdP data for small voltages and with the dIdB data for high voltages.
We currently do not have an explanation for this deviation.
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Figure 4.9 B0 versus voltage for an Alq3 device.
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Figure 4.10 Ratio m = MCM2 /MCM1 versus voltage, calculated from an MCSpinner measurement with and without illumination on an Alq3 device. From the
MCSpinner data, the ratio for solely a photocurrent has also been calculated.
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4.2.4

Line Width of the Magnetoconductance

An interesting question is if the photogenerated charges just add to the
injected charges, or should be treated separately. In the first case, both
currents would have the same line shape. In the second case, the MC(B)
curves could have a different line width. Therefore, it is interesting to look
at the B0 values for a photocurrent and an injected current, especially in
the region where both currents coexist.
The B0 values resulting from fitting as a function of voltage are plotted
in Fig. 4.9. The data suggests that B0 for dIdBdP measurements is constant
for all voltages, with B0 = 3.9 ± 0.5 mT. The B0 for dIdB measurements
decreases with increasing voltage from 3.2 to 3.0 mT. This value is consistent with literature, which gives B0 ≈ 3 mT at 10 V [43]. The B0 value
for dIdB measurements with illumination has the same value as dIdBdP
measurements for low voltages, for high voltages it shifts to the value of B0
from dIdB measurements without illumination.
As an extra check of these observations, the width of the MC(B) curve
was determined by MCSpinner measurements. Recall from Section 3.7 that
the ratio m = MCM2 /MCM1 is a measure for the width. When the MC(B)
curve has a non-Lorentzian line shape, an increase in ratio corresponds to
an increase in B0 .
The ratio obtained from MCSpinner measurements with and without
illumination, as shown in Fig. 4.10, shows similar trends as in Fig. 4.9. It
can be seen that the ratio for a photocurrent is higher than for an injected
current. As the MC(B) curves have a non-Lorentzian line shape, it can be
concluded that B0 for a photocurrent is higher than for an injected current. The ratio for the sum of a photocurrent and an injected current shifts
from the ratio of a photocurrent to the ratio of an injected current. For
V < Vbi , the ratio is much smaller than for voltages just above Vbi , while
from dIdBdP and dIdB with illumination measurements an identical ratio is
expected. This might be caused by errors in the calculation of the ratio, due
to the small current in the region V < Vbi for MCSpinner measurements.
Therefore, this part of the ratio data is left aside. The observation of different B0 values for a photocurrent and an injected current will be discussed
in Section 4.5
The same conclusions as the above-mentioned can be drawn from additional measurements. Data of these measurements on an other Alq3 device
can be found in Appendix D.1. There, fitted MC∞ , |∆I∞ |, and B0 as a
function of voltage are shown.
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Figure 4.11 MC(B) measurements for different voltages and measurement techniques on a 40 nm MDMO-PPV device (symbols), fitted with a non-Lorentzian
(lines).

4.3

OMAR in MDMO-PPV Devices

Next, MDMO-PPV devices were investigated. As with the Alq3 device, the
influence of an applied magnetic field on the current was studied. Measurements for the device with a 40 nm thick organic layer will be presented. The
values and trends that result from fitting the magnetoconductance curves
for the 70 nm thick device are similar to the 40 nm sample.

4.3.1

Line Shape of the Magnetoconductance

The influence of an applied magnetic field on the photocurrent and injected
current is investigated by performing dIdB, dIdB with illumination, and
dIdBdP measurements. The acquired MC(B) curves are fitted with a nonLorentzian. As an example, several MC(B) curves are shown in Fig. 4.11,
together with the corresponding fits. The non-Lorentzian line shape generally fits the measured data well, like in the Alq3 devices.
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Figure 4.12 MC∞ versus voltage on a 40 nm MDMO-PPV device.

4.3.2

Magnitude of the Magnetoconductance

The MC∞ resulting from fitting as a function of voltage, see Fig. 4.12, has a
similar trend as in Alq3 devices. Note that the dIdB measurement at 1.65 V,
slightly below the built-in voltage, yields a negative MC. Here, the positive
current is decreased by a magnetic field. For all other voltages, the MC
is positive. This sign change has been observed before [44], and occurs at
the transition from a unipolar diffusive transport regime to a bipolar drift
regime.
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Figure 4.13 B0 versus voltage for a 40 nm MDMO-PPV device.
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Figure 4.14 Ratio m = MCM2 /MCM1 versus voltage, calculated from an MCSpinner measurement with and without illumination on a 40 nm MDMO-PPV device.
From the MCSpinner data, the ratio for solely a photocurrent has also been calculated.
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4.3.3

Line Width of the Magnetoconductance

The B0 values resulting from fitting as a function of voltage are plotted
in Fig. 4.13. It can be seen that B0 ≈ 2.2 mT above the built-in voltage,
regardless if the OMAR effect on the photocurrent, injected current, or a sum
of these currents is measured. Below Vbi , B0 ≈ 1.0 mT for a photocurrent.
For V > Vbi , ∆I for dIdBdP measurements is very small, and therefore
the noise levels in these measurements are higher than in the other measurements, as also can be seen in Fig. 4.11 for the measurement at V = 2.1 V.
This is the reason for the large spread in B0 values in these measurements.
The B0 value for dIdB measurements is consistent with literature value,
which gives B0 = 2.0–2.3 mT for voltages between 1.8 and 2.8 V [44]. These
observations will be discussed in Section 4.5.
As an extra check, the ratios from MCSpinner measurements are determined, which show a similar trend, see Fig 4.14. Above the built-in voltage,
all measurements on the photocurrent, injected current, or a sum of these
currents give the same ratio. The ratio for V > Vbi is larger than for V < Vbi
for a photocurrent. As the MC(B) curves have a non-Lorentzian line shape,
this corresponds to a larger B0 value. The noise on photocurrent measurements for V > Vbi is also clearly visible here. The MCM2 and |IM2 | data
obtained by these MCSpinner measurements can be found in Appendix D.2.
Note that below the built-in voltage, the ratio is close to 1. Thus
MCM1 ≈ MCM2 , with BM1 = 14 mT and BM2 = 83 mT. This can also
be seen in Fig 4.12 for the dIdBdP measurement at 0.7 V.
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Figure 4.15 MC(B) measurements for different voltages and measurement techniques on a 70 nm MDMO-PPV device (symbols), fitted with a summation of a
non-Lorentzian and a square root of B (lines).

4.4

∆g Mechanism in MDMO-PPV Devices

Next, measurements are performed on a sample with 70 nm MDMO-PPV.
The OMAR measurements on the photocurrent below the built-in voltage
show a surprising result. As an example, several MC(B) curves are shown
in Fig. 4.15, resulting from dIdB, dIdB with illumination, and dIdBdP
measurements. For V > Vbi , the curves have the familiar non-Lorentzian line
shape. However, for V < Vbi , the MC(B) curves follow the non-Lorentzian
for small fields, but strongly deviates from the non-Lorentzian for higher
fields, where a negative contribution to the MC is visible.
In the high field region, the MC(B) curves can be fitted well with a
square root of B, see Fig. 4.15. Therefore we attribute this observation to
the ∆g mechanism, as it predicts this dependence. For all magnetic fields,
the curves can be fitted well with a summation of a non-Lorentzian and a
square root of B
r
B2
|B|
MC = MC∞
,
(2.18)
2 + MC∆g
B∗
(|B| + B0 )
with B ∗ a constant field, so MC∆g is the MC due to the ∆g mechanism at
B = B ∗ . Here we have chosen B ∗ = 50 mT.
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Figure 4.16 MC∆g versus voltage on a 70 nm MDMO-PPV device.

The MC∆g resulting from fitting as a function of voltage is shown in
Fig. 4.16. For dIdB measurements with illumination and V < Vbi , MC∆g
is approximately constant with voltage with MC∆g = −1.36 ± 0.2 %. For
dIdBdP measurements, MC∆g = −1.9 ± 0.4 %. A constant MC∆g with
voltage has been observed before, although no link was made to the ∆g
mechanism [17]. For V > Vbi , MC∆g is smaller than the uncertainty in
it of ±0.2 % resulting from the measurement and the fitting. To achieved
accurate determination, MC(B) measurements need to be done to higher
fields, of up to several hundreds of mT.
The values and trends found for MC∞ and B0 are similar to the 40 nm
thick MDMO-PPV device and are shown in Appendix D.2. This suggests
that the ∆g mechanism is independent from the mechanism causing the
magnetic field effects with a non-Lorentzian line shape. From literature, a
higher MC∞ for a thicker device is expected, but the opposite is observed.
We believe that conditioning effects, see Section 2.3, can explain this difference, i.e. that the thinner sample is conditioned stronger than the thicker
sample.
Because of the results of these measurements, the MC(B) curves measured on the 40 nm MDMO-PPV device were fitted with Equation (2.18),
to test if the ∆g mechanism is weakly present in the device. There are good
indications that this is indeed the case for V < Vbi . However, the magnitude
of the effect is much smaller than in the 70 nm device. To achieve accurate
determination, MC(B) measurements need to be done to higher fields, of up
to several hundreds of mT.
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a

Ip
Ii
V < Vbi
V > Vbi
Equal

Small
Large
Only V < Vbi

Equal
Small
Large
–

Large
Small

–

Device
MDMO-PPV, 40 nm MDMO-PPV, 70 nm
Positivea
Positive
Negative contribution ∆g

Alq3
Positive

Negative MC measured in unipolar drift regime without illumination.

∆g

B0

B0

MC

Property

Table 4.1 Summary of the main observations of the measurements on Alq3 and MDMO-PPV devices.
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4.5

Discussion of Measurements

The main observations of the measurements on Alq3 and MDMO-PPV devices are summarized in Table 4.1. These are now discussed.

4.5.1

Sign of the Magnetoconductance

We start by treating the sign of the magnetoconductance. Our experiments
showed that the effect of the magnetic field is to increase the magnitude
of the current for all voltages on both devices, excluding the unipolar drift
regime for MDMO-PPV devices without illumination. The MC is positive,
except for the region Voc < V < Vbi where a negative MC was found because
of a sign change of I0 . These observations are in agreement with literature.
We now turn to the models for OMAR, as discussed in Section 2.4, and see
what they predict about the sign of the MC.
Bipolaron model The bipolaron model with the device model predicts a
positive MC for an injected current, as was measured. However, for a
photocurrent it predicts a negative MC, contrary to our experiments.
Electron-hole pair model The e-h pair model predicts a positive MC for
both an injected current and a photocurrent.
Polaron pair model The polaron pair model predicts a positive MC for
an injected current. Furthermore, the model can explain a positive
MC for a photocurrent when the photogenerated singlets undergo fast
intersystem crossing to triplet excitons, leading to a larger triplet than
singlet population, which is also what we expect to happen.
∆g mechanism The ∆g mechanism predicts a decrease in MC as a function of magnetic field when the majority of the e-h pairs are in a
triplet state. So this mechanism has an opposite sign than the hyperfine coupling mechanism considered in the polaron pair model. This
is confirmed by our experiments.
In conclusion, e-h pair models predict the measured positive MC for both
currents. The bipolaron model predicts the measured positive MC for an
injected current, but predicts a negative MC for a photocurrent, in contrast
with measurements. The ∆g mechanism predicts the observed negative high
field contribution to the MC.

4.5.2

Line Width as a Function of Voltage

Next, the B0 values resulting from fitting are discussed. In Alq3 devices, we
have measured constant B0 values for both a photocurrent and an injected
current. The line width of the MC of the photocurrent is larger than the
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line width of the MC of the injected current. In MDMO-PPV devices, the
B0 values for the injected current and the photocurrent above the built-in
voltage are constant and identical. Below the built-in voltage, a smaller,
constant B0 value was measured for the photocurrent. We now discuss various mechanisms for the difference in B0 values, resulting from the bipolaron
model and the e-h pair models.
Hyperfine field
First, the influence of the hyperfine field on the line width is discussed. In
Section 2.4.1, we have seen that a constant hyperfine field and thus a constant B0 value for one material is predicted, which is furthermore identical
for the photocurrent and injected current, for both the bipolaron model and
the e-h pair models.
In Alq3 devices, we have measured constant B0 values for a photocurrent
and an injected current, in agreement with predictions of this mechanism.
However, the B0 value for a photocurrent is different than for an injected
current, in contrast with predictions.
This result suggests that the photocurrent does not add to the injected
current, but that it has a (partly) different interaction with a magnetic field
than the injected current, just as if the two currents flow through separate
channels. We currently have no explanation why there would be separate
channels, how these channels would look like, and why they would produce
different line widths.
Furthermore, one could argue that if electrons and holes experience a
slightly different hyperfine field, a difference in line width can occur. Such a
difference in hyperfine field could result from a different electronic orbital in
the HOMO and LUMO level. For an e-h pair, a different hyperfine field for
electrons and holes does not matter for the B0 value, because the hyperfine
field of the e-h pair in total is considered. But for e-e and h-h pairs in the
bipolaron model, different B0 values are expected when the e-h ratio in a
device changes.
In Alq3 devices, an injected current is dominated by electrons, while
a photocurrent consists of equal numbers of electrons and holes. When
the hyperfine field experienced by the holes is larger the field the electrons
experience, the measurements in Alq3 devices could be explained. However,
it is unlikely that the difference in hyperfine fields for electrons and holes is
big enough to create a difference in B0 values of almost 1 mT.
In MDMO-PPV devices, the B0 values for the injected current and the
photocurrent above the built-in voltage are constant and identical, as predicted. However, below the built-in voltage, a smaller, constant B0 value
was measured for the photocurrent, in contrast with predictions.
One could argue that e-h pairs with a trapped electron experience a
different hyperfine field than the e-h pairs with a free electron. It is known
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that electrons are severely trapped in MDMO-PPV [60]. Above the built-in
voltage, electrons can be efficiently injected in the device, contributing to
the filling of traps. Therefore, it might be possible that for V < Vbi the
electron in the e-h pair is (mostly) trapped, while for V > Vbi there also
exist e-h pairs with free, e.g. not trapped, electrons. However, it is very
unlikely that this effect creates a difference in B0 values of more than 1 mT.
In short, the measured line widths cannot be fully explained by the
influence of the hyperfine field.
e-h pair lifetime
Next, the role of the e-h pair lifetime on the B0 value is treated. In the
polaron pair model, an increase in average lifetime of an e-h pair leads to a
broader MC curve, see Section 2.4.4.
Based on our experiments, this would mean that in Alq3 devices the
lifetime of e-h pairs from a photocurrent are larger than for an injected
current, while the e-h pair lifetime is similar for both currents in an MDMOPPV device above the built-in voltage.
In the route of creating a photocurrent, photogenerated singlet excitons
either undergo a charge reaction or first evolve into a polaron pair and
then dissociate. Will this mechanism be true, charge reactions must play an
unimportant role. The chance of a charge reaction scales with the number of
free charges in the devices, and this quantity is strongly voltage dependent.
As the number of charge reactions determines the lifetime, a strongly voltage
dependent B0 value is expected, but not measured. It is suggested that
the photogenerated excitons in MDMO-PPV are much easier dissociated
than photogenerated excitons in Alq3 , because the difference between the
photon energy of 3.1 eV and the HOMO-LUMO band gap is much bigger
for MDMO-PPV than for Alq3 , which have a band gap of 2.3 eV and 2.7 eV
respectively. In other words, photogenerated e-h pairs in Alq3 have a more
exciton-like character, while e-h pairs in MDMO-PPV have a more polaron
pair-like character and are thus easier to dissociate. This hypothesis can be
tested by using an LED with a lower photon energy to measure MDMOPPV devices, or an LED with a higher energy for Alq3 devices. The more
exciton-like character of photogenerated e-h pairs in Alq3 would explain the
difference in B0 values for the photocurrent and injected current, as e-h
pairs that are created from free charges probably have a more polaron pair
character. Furthermore, the similar B0 value for both currents in MDMOPPV above the built-in voltage can be understood. However, in MDMOPPV devices below the built-in voltage, a lower B0 value is measured than
above the built-in voltage. This would lead to a shorter e-h pair lifetime,
whereas a longer lifetime is expected because of the presence of traps.
So in short, the e-h pair model can also only partly explain the different
observed line widths.
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Branching ratio
Finally, the branching ratio, a parameter in the bipolaron model and the
extension of this model to e-h pairs, is utilized to try to explain the B0 values.
We have seen in Section 2.4.1 that an increase in branching ratio leads to
a broader MC curve. The branching ratio decreases when the mobility of
charge carrier increases and vice versa. Thus, a larger mobility corresponds
to a narrower curve and a smaller mobility to a broader curve.
First, the influence of the mobility on the B0 values is treated when the
currents are space charge limited (SCL). We know that the injected current
for which we have measured MC(B) curves is SCL, but for the photocurrent
this is not known. We have seen in Section 2.4.4, that in SCL currents the
current and thus the MC can be dominated by the charge carrier with the
lowest mobility.
For Alq3 devices, both the injected current and the photocurrent is dominated by the holes, because the hole mobility is much smaller than the electron mobility. The hole mobility is expected to be similar for both currents,
thus equal B0 values are expected, contrary to experimental results.
For MDMO-PPV devices, both currents above the built-in voltage are
dominated by electrons, because the electron mobility is much smaller than
the hole mobility. As the electron mobility is expected to be similar for both
currents, this leads to equal B0 values, in agreement with experiments. The
electron mobility is expected to be lower below the built-in voltage than
above it, because of the number of charge available to fill the traps. A
lower electron mobility leads to a broader MC curve, contrary to what was
observed.
Second, the situation is considered where the photocurrent is not SCL,
leading to a line width that is caused by both mobilities, while the injected
current is SCL, and thus the line width is dominated by the charge carrier
with the lowest mobility.
For Alq3 devices, the injected current is dominated by the holes, which
have a small mobility, leading to a broad line shape. The photocurrent is
not dominated by one of the charges, so the line width is smaller than for
an injected current, because it is composed of charges with a large and a
small mobility. So a larger line width for an injected current than for a
photocurrent is expected, contrary to what was observed
For MDMO-PPV devices, the electron mobility is expected to be higher
above the built-in voltage than below it, leading to a smaller line width
for a photocurrent above the built-in voltage than below it, contrary to
experimental results. Furthermore, the equal line widths for the injected
current and the photocurrent above the built-in voltage cannot be explained
with this reasoning.
Thus also the bipolaron model can only partly explain the different observed B0 values.
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In general, there is currently no mechanism that can explain both the
observed B0 values in Alq3 and MDMO-PPV devices. To resolve this, the
models for OMAR need to be investigated in even more detail, for example
by modeling. Furthermore, it is suggested to measure devices with different
organic materials to find out if the observations in the Alq3 devices are
more general or the observations in the MDMO-PPV devices. Finally, it is
suggested to mix PCBM through the organic layer. This material facilitates
ultrafast electron transfer from the organic layer to the PCBM molecule
[58], thereby greatly increasing the photocurrent. It is very interesting to
see what influence this has on the MC, line width, and the ∆g mechanism.

4.5.3

Observation ∆g Mechanism

Finally, we discuss the observation of the ∆g mechanism in the 70 nm
MDMO-PPV device for V < Vbi . The line shape of the mechanism agrees
with the theoretical derivation given in Section 2.4.5. Remember that in this
derivation e-h pairs are considered. For e-e and h-h pairs, no mechanism
is reported in literature to explain the ∆g mechanism, as far as we know.
Therefore, the observation of the ∆g mechanism can only be explained with
e-h pair models. The measured data raises several interesting questions:
1. Why is ∆g only observed for V < Vbi ?
2. Why is MC∆g constant for V < Vbi ?
3. Why is the ∆g mechanism not or only weakly present in the 40 nm
MDMO-PPV device?
4. Why is ∆g not measured in Alq3 devices?
Sub 1. Recall from Section 2.4.5 that the ∆g mechanism is caused by
dephasing of the spins in an e-h pair because the electron and hole a have
different g factor and therefore a different Larmor frequency. Dephasing
leads to singlet-triplet mixing. When the lifetime of an e-h pair is small
compared to the inverse difference in Larmor frequencies of the charges, the
phase difference obtained by the charges during the lifetime of the e-h pair
is small, and therefore the mixing probability is also small. Longer lifetimes
lead to larger phase differences and thus a larger mixing probability. So we
suggest that the magnitude of the ∆g mechanism is related to the lifetime
of the e-h pairs.
In an MDMO-PPV device for V < Vbi , electrons are severely trapped and
thus have a strongly reduced mobility. For V > Vbi , electrons are injected in
the device, so we believe that many more traps are filled. We suggest that
the photogenerated e-h pairs either consist of a trapped electron and a free
hole or consist of a free electron and a free hole. Below the built-in voltage,
no or only a limited number of free electron - free hole pairs are present, but
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above the built-in voltage many more. It is suggested that bound electron
- free hole pairs have a longer lifetime than free electron - free hole pairs,
because in the former only one charge carrier is mobile, leading to a lower
chance of dissociation and charge reactions. This would explain why ∆g is
only observed for V < Vbi .
This view is supported by the observation of the ∆g mechanism in devices made of polymer-fullerene blends [14]. These materials form separate
phases, in which the electrons and holes move rather independently in the
polymer and fullerene phase respectively. In unblended devices, consisting
of only polymer or only fullerene as organic layer, the ∆g mechanism was
not observed. This can be explained by the shorter lifetime of e-h pairs
in unblended devices compared to the lifetime of e-h pairs at the polymerfullerene interface in the blended devices, because in the blended devices the
mobility of the charges is reduced due to the separate phases.
An additional explanation for the different average lifetimes of e-h pairs
above and below the built-in voltage could be the chance of the occurrence of
charge reactions, which break the bond in an e-h pair. Above Vbi , charges are
injected in the material, leading to a higher charge density. This increases
the chance of charge reactions, and thus lowers the average e-h pair lifetime.
However, as the charge density changes with voltage, this would lead to a
change in MC∆g as a function of voltage, contrary to experiments.
Sub 2. We have measured a constant MC∆g for all voltages below
the built-in voltage. We believe that this is caused by the fact that the
dissociation rate of an e-h pair, i.e. its lifetime, is independent of the electric
field in the device, because an e-h pair is a neutral quantity. A constant
lifetime leads to a constant contribution to the ∆g mechanism.
Note that the current in a device is voltage dependent. Consider free
electrons and holes that are hopping through a device. The chance that two
opposite free charges encounter each other and form an e-h pair is determined
by the physical contact time, see Section 2.2.1. For higher electric fields, the
charges move faster through the material, leading to a shorter contact time
and a lower chance of creating an e-h pair. The formation of e-h pairs leads
to a lower current, as there is a chance that the pair recombines to the
ground state. This mechanism leads to a higher current with increasing
electric fields in the device, as was experimentally observed.
In Alq3 devices, a small decrease of the MC with increasing field has been
reported [17], which we believe is caused by the ∆g mechanism. The decrease
in MC was constant for all voltages, in agreement with our observations.
Sub 3. It is known that e-h pairs that are close to the electrodes, in the
order of a few nm, can be easily dissociated [38]. Thus, the average lifetime
of e-h pairs in a thicker MDMO-PPV layer may be longer because relatively
fewer e-h pairs dissociate near the electrodes. This would explain why the
∆g mechanism is observed in the 70 nm MDMO-PPV device, and not or
with a much smaller magnitude in the 40 nm MDMO-PPV device.
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Sub 4. The magnitude of the ∆g mechanism is proportional to the
square root of the difference of g factors of the electron and the hole,
see Equation (2.17). Therefore, it is interesting to compare the g factors
in MDMO-PPV and Alq3 , because it might give an indication why the
∆g is not measured in Alq3 devices. With electrically detected magnetic
resonance (EDMR), the g factors for electrons and holes in MDMO-PPV
were determined to be ge = 2.00318 and gh = 2.00255 respectively [71], so
∆g = 0.00063. In Alq3 , ∆g = 0–0.0005, as ge = 2.0026–2.0031, depending on applied bias voltage, and gh = 2.0031 [72]. This suggests that the
magnitude of the ∆g mechanism in Alq3 devices can be much smaller.
This is indeed what we have recently observed. For Alq3 devices under
illumination and V < Vbi , which show a positive MC, we have measured
a small decrease in MC as a function of field for fields between 100 and
500 mT [73]. The MC curves can be fitted well with Equation (2.18), with
MC∆g ≈ −0.2 %. An identical value has been reported in literature [17],
although there no link was made to the ∆g mechanism. These observations
indicate that the ∆g mechanism is also present in Alq3 devices, but the
magnitude is much smaller. This is the reason why it is not observed in
our measurement with fields of up to 60 mT. Without illumination the ∆g
mechanism is not observed for fields up to 500 mT.
In conclusion, we can explain the observations that are done in this work
regarding the ∆g mechanism.
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2.1
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Figure 4.17 From successive dIdB measurements, MC∞ and B0 were determined.
At t = 0, the devices were measured for the first time. (a) Alq3 device at 8 V. (b)
MDMO-PPV device at 2 V.

4.6

Conditioning of Devices

When performing two subsequent measurements on new samples, it was
observed that the MC of the second measurement was higher than the first
measurement. This effect is called conditioning [46]. Degradation of the
organic layer, discussed in Section 2.3, is believed to be the cause of this.
To study conditioning effects, various dIdB measurements with identical
operating conditions were successively performed for both Alq3 and MDMOPPV devices. The data was fitted with a non-Lorentzian. The parameters
MC∞ and B0 as a function of time are shown in Fig. 4.17. After a measurement was finished, a next measurement was started immediately. At t = 0,
the devices were measured for the first time after fabrication. It can be seen
that B0 is constant in time for both materials, with a spread of 0.05 mT.
However, MC∞ initially increases significantly in time. After a few hours of
continuous measurements, the MC stabilizes, and the measurement results
are well reproducible. On the samples that were used for the measurements
in the previous Sections, several hours of dummy measurements were performed before the actual measurements, to guarantee reproducible results.
However, for the MC to increase, the ratio between ∆I = I(B) − I(0)
and I(0) should increase. At first sight, an equal decrease of both ∆I and
I(0) by degradation is expected, leading to a constant MC. In literature, no
mechanism is discussed for the different degradation effects on ∆I and I(0),
and it is not reported how ∆I and I(0) change with conditioning.
Therefore, it is interesting to study I0 and ∆I∞ for these measurements,
with ∆I∞ = MC∞ I0 = I(∞) − I(0), see Fig. 4.18. First, a fast decrease
of I0 is observed, followed by a slower decrease. This decrease is probably
caused by the creation of traps by non-radiative recombination of excitons,
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Figure 4.18 From successive dIdB measurements, ∆I∞ and I0 were determined.
At t = 0, the devices were measured for the first time. (a) Alq3 device at 8 V. (b)
MDMO-PPV device at 2 V.

which hinder charge transport, as discussed in Section 2.2.3. As more traps
are created in time, the chance of non-radiative recombination by a two
step process increases. This process provides less energy per step, thereby
reducing the number of additional traps created, leading to a slower decay
in current [40].
For the Alq3 device, ∆I∞ also decreases in time. This decrease is slower
than the decrease of I(0), so the MC increases. For the MDMO-PPV device,
∆I∞ increases in time. The mechanism of the evolution of ∆I∞ in time is
still an open question.
The data for the MDMO-PPV device in Fig. 4.18b further shows that
the conditioning effects are (partly) reversible. From t = 2.0 hr, when
the measurement started at t = 1.86 hr was finished, to t = 2.5 hr, no
measurements were performed on the device. A subsequent measurement
yields the same results as the measurement performed at t = 1.2 hr. The I0
data obtained after the pause in measurements is shifted 0.5 hr to the left
in the graph, which shows that after the fast conditioning is finished, the
same slow conditioning is followed as before the pause in measurements, as
indicated by the dotted line.
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Conclusions
The main goal of this project was to separately investigate the photocurrent and injected-current contributions to the organic magnetoresistance.
Therefore, the response of these currents as a function of magnetic field was
measured for both devices with the small molecule Alq3 and the polymer
MDMO-PPV.
First, a new, double modulation technique was introduced to solely measure the photocurrent. Because when a device is illuminated and a bias
voltage is applied that is larger than the built-in voltage, both an injected
current and a photocurrent are present in the device. It was shown that with
this technique the organic magnetoresistance effect on only a photocurrent
can be successfully measured for all bias voltages.
Measurements were performed to acquire MC(B) curves for various bias
voltages. These experiments showed that the effect of the magnetic field is
to increase the magnitude of the current for all voltages on both devices,
excluding the unipolar drift regime for MDMO-PPV devices without illumination.
The e-h pair models predict the measured positive MC for both currents. The bipolaron model predicts the measured positive MC for an injected current, but predicts a negative MC for a photocurrent, contrary to
experiments. The ∆g mechanism predicts the observed negative high field
contribution to the MC.
The MC(B) curves were fitted with a non-Lorentzian line shape, from
which it was found that different B0 values were found. In Alq3 devices,
it was found that B0 = 3.9 ± 0.5 mT for the photocurrent for all voltages,
and that B0 ≈ 3.0 mT for an injected current. This result suggests that
the photocurrent does not add to the injected current, but that it has a
(partly) different interaction with a magnetic field than the injected current. In MDMO-PPV devices, B0 ≈ 1.0 mT below the built-in voltage.
Above the built-in voltage B0 ≈ 2.2 mT, both for an injected current and a
photocurrent.
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From the models for OMAR, it is known that the hyperfine field, e-h pair
lifetime, and branching ratio have an influence on the line width. However,
these mechanisms can currently not explain both the observed B0 values in
Alq3 and MDMO-PPV devices.
In the 70 nm MDMO-PPV device, the ∆g mechanism was clearly measured for V < Vbi . Its magnitude, MC∆g = −1.36 ± 0.2 % at B = 50 mT,
is constant for all voltages below the built-in voltage. The sign and the line
shape of the mechanism agree with the given theoretical derivation, which
is based on e-h pairs, and other observations that are done in this work regarding the ∆g mechanism can also be explained. There is no theory known
for explaining the ∆g mechanism for pairs of equal charges. Therefore, the
observation of the ∆g mechanism can only be explained with e-h models.
Finally, we have observed that the magnetoconductance increases during
the first hours of measurements on new samples. For an Alq3 device, both
I(0) and ∆I decrease in time. For an MDMO-PPV device, I(0) decreases
in time, but ∆I increases. The mechanism of the evolution of ∆I∞ in time
is still an open question.
In conclusion, we succeeded in separately investigate the photocurrent
and injected-current contributions to the organic magnetoresistance. From
the positive sign of the magnetoconductance of a photocurrent and the observation of the ∆g mechanism can be concluded that the OMAR effect can
be described by an e-h model or a combination of an e-h model and the bipolaron model, but currently not solely with the bipolaron model. However,
the measured B0 values can currently not yet be explained, and a further
study is necessary to clarify the mechanism behind these line widths.
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Chapter 6

Outlook
We have seen in the discussion of the measurements, Section 4.5, that there
is currently no mechanism that can explain both the observed B0 values
in Alq3 and MDMO-PPV devices. To resolve this, the models for OMAR
need to be investigated in even more detail, for example by modeling. We
suggest two models to focus on: the extension of the bipolaron model to e-h
pairs and the e-h pair model, because these models can explain the other
observations in this work. The polaron pair model is a simplification of the
e-h pair model, because in the former only polaron pairs are considered and
in the latter also excitons. But as illumination of the device creates singlet
excitons, it is natural to seek a model that includes these.
Furthermore, it is suggested to produce and measure devices with different organic materials to find out if the observations in the Alq3 devices are
more general or the observations in the MDMO-PPV devices. The following
organic materials are suggested, for which the OMAR effect on it is reported
in literature: PFO [7], P3HT [6], PPE [6], and pentacene [6]. Measurements
should include the magnetic field effect on a photocurrent both above and
below the built-in voltage and the effect on an injected current. When measuring the MC of a photocurrent, it is advised to measure the photocurrent
at zero field for every measurement, so the alternative, more logical way of
calculating the MC as introduced in Section 4.2.1 can be used.
Besides that, it is put forward to mix PCBM through the organic layer.
Combinations of PCBM with P3HT or PPV are widely used as solar cells,
and therefore well known. PCBM facilitates ultrafast electron transfer from
the organic layer to its own molecule [58], thereby greatly increasing the
photocurrent. This leads to a higher charge density in the device, which
has a possible influence on the chance of occurrence of charge reactions, or
leads to a larger space charge. Experiments with PPV-PCBM blends have
been done before [14], but there only the effect on an injected current was
studied. With the techniques introduced in this work, the effect on the
photocurrent can also be studied. It is very interesting to see what kind of
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influence adding PCBM has on the MC, line width, and the ∆g mechanism
for a photocurrent.
In explaining the difference in B0 values with the e-h pair lifetime, it was
suggested that that the photogenerated excitons in MDMO-PPV are much
easier dissociated than photogenerated excitons in Alq3 , because the difference between the photon energy of 3.1 eV and the HOMO-LUMO band gap
is much bigger for MDMO-PPV than for Alq3 , which have a band gap of
2.3 eV and 2.7 eV respectively. This led to an equal B0 value for the injected
current and photocurrent in MDMO-PPV above the built-in voltage, as for
both currents e-h pairs are created with a polaron pair-like character. However, for Alq3 devices, the photocurrent has a more exciton-like character,
leading to a larger line width. To test this supposition, MDMO-PPV devices can be measured with an LED with a lower photon energy, where it is
expected that then the photocurrent has a larger B0 value than an injected
current. Furthermore, Alq3 devices could be measured with an LED with
a higher photon energy, and then it is expected that the line widths of the
photocurrent and injected current will be identical.
Finally, it is advised to do a systematic study of the ∆g mechanism.
For this purpose, MC(B) curves needs to be measured to fields of hundreds
of mT, for both a photocurrent above and below the built-in voltage and
an injected current. Both Alq3 devices and MDMO-PPV devices can be
studied, while for the latter devices various organic layer thicknesses can
be considered. Thereby, it is also interesting to measure the MC(B) curves
for different voltages, as it is expected from measurements in this and other
works that the magnitude of the ∆g mechanism is constant as a function of
voltage.
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Appendix A

Derivation of the Line Shape
of the ∆g Mechanism
We have seen in Section 2.4.5 that the ∆g mechanism provides a magnetic
field dependent S − T0 mixing of e-h pairs. In this Chapter, an analytical expression of the change in current by means of the ∆g mechanism is
constructed as a function of magnetic field, in order to get a line shape.
Kaptein derived the time evolution of the wave function
Ψ(t) = CS (t) |S, χi + CT (t) |T0 , χi

(A.1)

of an e-h pair during S − T0 conversion [74] by solving the Schrödinger
equation
ih̄

dΨ(t)
= ĤΨ(t).
dt

(A.2)

The coefficients of Equation (A.1) are determined to be


J
Q
CS (t) = CS (0) cos ωt − i
sin ωt − iCT (0) sin ωt,
h̄ω
ω

(A.3)



Q
J
sin ωt − iCS (0) sin ωt,
CT (t) = CT (0) cos ωt + i
h̄ω
ω

(A.4)

q
with ω = Q2 + J 2 /h̄2 and Q given by Equation (2.14). We first consider
the situation where we start with only singlet e-h pairs. The singlet and
triplet character of the e-h pair at time t is given by [56]
|CS (t)| = 1 −
2



Q
ω

2

sin2 ωt,

(A.5)
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|CT (t)| =
2



Q
ω

2

sin2 ωt.

(A.6)

An e-h pair can separate by dissociation or a charge reaction. The free
electron and hole can re-encounter, and then again an e-h pair can be formed.
The probability f (t) of a re-encounter is given by the theory of random flights
[75]


πm2
− 32
,
(A.7)
f (t) = mt exp
p2 t
where the parameters m and p describe the transport of the charge carriers
through the material after separation. The probability P that a separated
e-h pair after a re-encounter is still separated is given by [56]
P (t) = 1 − λ |CS (t)|2 f (t),

(A.8)

with λ the probability for creating an e-h pair during an encounter. The
probability that an e-h pair is reformed after more than one encounter is negligible. The total yield Y of separated electrons and holes can be calculated
with [56]
Z ∞


√
3
P (t)dt ≈ 1 − λ p − m πQ2 ω − 2 .
Y =
(A.9)
0

In the region where
the ∆g mechanism causes S − T0 mixing, J(r)  Q.
q
2
Therefore ω = Q + J 2 /h̄2 ≈ Q, and the yield can be written as

√ p 
Y = 1 − λ p − m π |Q| .
(A.10)
Filling in the definition of Q from Equation (2.14), ignoring the terms with
a1,2 because we only consider the ∆g mechanism, the yield becomes
r


π
Y =1−λ p−m
∆gµB B .
(A.11)
2h̄
With this B dependent yield, the magnetoconductance can be calculated
q
π
λm
p
Y (B) − Y (0)
2h̄ ∆gµB B
MC =
=
∼ ∆gB.
(A.12)
Y (0)
1 − λp

So, the ∆g mechanism predicts a positive MC, which scales with the square
root of B, when starting with only singlet e-h pairs.
When redoing these calculations when starting with only triplet e-h pairs,
it is found that the yield decreases with the square root of B. Therefore, a
negative MC is predicted, that scales with the square root of B. Note further
that the sign of the hyperfine coupling mechanism (see Section 2.4.4) and
the ∆g mechanism are opposite.
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Appendix B

Setup for dIdBdP
Measurements
In Section 3.5 it is explained that for a dIdBdP measurement, both the
magnetic field and the power of the LED are modulated, with frequencies
of respectively fB = 27 Hz and fP = 45 Hz. The signal coming from the
sample consists of a summation of two frequencies, namely the sum and
difference frequencies of fB and fP , respectively 72 Hz and 18 Hz.
Both modulations need to be derived from the same reference source to
prevent a mutual frequency drift. A drift in frequency would cause a drift
in the phase of the measured signal. When for example the entire signal
is initially in Sx , this leads to an oscillation of the signal between Sx and
Sy . Due to this the sign of the magnetoconductance cannot be determined.
Furthermore, the detection frequencies fsum and fdiff are also derived from
the same reference source, to guarantee that one exactly detects at fB ± fP .
To prevent a mutual frequency drift, a setup is designed consisting of
two lock-in amplifiers and a small self-made electronic circuit. This setup
is sketched in Fig B.1. All signals are derived from the oscillator output of
lock-in amplifier 1 and are higher harmonics of the fundamental frequency
f . Here f = 9 Hz, so
fB = 3f
fP = 5f
fsum = 8f
fdiff = 2f.
Note that
fsum 6= nfB
fsum 6= nfP

fdiff 6= nfB

fdiff 6= nfP ,

with n an integer, so only the part of the current that responses to both
modulations is detected.
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Lock-In Amplifier 1

Lock-In Amplifier 2

Signal 2f + 8f
Osc. Out
3f

Ref. In

Osc. Out

1f

Ref. In

5f
:3

AC B Field

AC LED Current
Sample

Figure B.1 Setup used for dIdBdP measurements to prevent mutual frequency
drifts of the magnetic field and LED power modulation.

The oscillator output of lock-in amplifier 1, which outputs a signal with
frequency 3f , is used to set the AC magnetic field. Furthermore, this signal
is led into a circuit that divides the frequency by three, leading to a signal
with the fundamental frequency f . This signal is then led into the reference
input of lock-in amplifier 2, which takes the fifth harmonic of it and sets
it to the desired amplitude to set the AC LED power. The signal with
frequency f is also connected to the reference input of lock-in amplifier 1,
which measures the signal from the sample at the second and eight harmonic
of this reference signal.
In the future a new circuit can be build that can both generate a signal
with frequency f and 5f from a signal with frequency 3f , thereby reducing
the number of lock-in amplifiers in the setup to one.
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Appendix C

Grounding of the
Measurement Circuit
As the currents that are measured in this work can be as small as nanoamperes, care has to be taken that measurements are not disrupted by environmental electrical noise. Therefore, the measurement setup was adapted
to separate the measurement and chassis ground. All signals which are a
part of the measurement circuit were lead through shielded cables. As the
frequency of the signals is low, these cables need to be grounded on one end
only [76]. In Fig. C.1, the grounding of the measurement circuit is sketched.
When taking measurements, care has to be taken that the shielding of
unused cables that are part of the measurement circuit do not touch the
chassis ground, such as the floor of the glove box, as otherwise an earth loop
is created.
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Measurement Ground
Chassis Ground

Src+

IV SourceMeter

Sample+

RS
Src−

Sample−

Glove Box

Sample
Stick

Lock-In
Amplifier

Rack

Figure C.1 Sketch of the measurement circuit, showing separate measurement and
chassis grounds.
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Appendix D

Additional Measurements
In this Chapter, additional measurement data is presented, for both Alq3
and MDMO-PPV devices.

D.1

Alq3 Devices

In Section 4.2, we have seen that for high voltages, the MC for a photocurrent goes to zero. This is caused by the way the magnetoconductance is
calculated, namely by dividing the change in current with an applied field
by the current at zero field. When measuring dIdB, the change in injected
current is divided by the injected current at zero field. For a dIdB measurement with illumination, the change in photocurrent plus injected current is
divided by the photocurrent plus injected current at zero field. However,
when performing a dIdBdP measurement for V > Vbi , the change in photocurrent is divided by the sum of the photocurrent, injected current and
leakage current at zero field. Thus if for example the ratio of the change
in photocurrent and the photocurrent at zero field stays constant, but the
injected current changes, to MC changes too.
Therefore, the MC for a photocurrent is now calculated in an alternative
way, by dividing the change in photocurrent by the photocurrent at zero
field. The photocurrent at zero field can either be measured directly, or
calculated by subtracting an I(V ) curve without illumination from an I(V )
curve with illumination. The MC∞ obtained by the conventional method
and this method are shown in Fig. D.1. The MC calculated in this way does
not go to zero for higher voltages, but has a minimum around V = 7 V.
For an Alq3 sample, dIdB, dIdB with illumination and dIdBdP were
measured for various voltages. The acquired MC(B) curves are fitted with
a non-Lorentzian. The MC∞ resulting from fitting as a function of voltage
can be seen in Fig. D.2, the |∆I∞ | in Fig. D.3, and the B0 in Fig. D.4.
From these data, the same conclusions can be drawn as in Section 4.2.
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30
MC = ∆Ip /(Ip,0 + Ii,0 + Il,0 )
MC = ∆Ip /(Ip,0 )
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Figure D.1 MC∞ calculated by dividing the change in photocurrent by the sum
of the photocurrent, injected current and leakage current at zero field (squares) and
by dividing the change in photocurrent by the photocurrent at zero field (circles).
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Figure D.2 MC∞ versus voltage on an Alq3 device.
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Figure D.3 |∆I∞ | versus voltage on an Alq3 device.
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Figure D.4 B0 versus voltage on an Alq3 device.
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Figure D.5 MCSpinner measurement, showing |∆I| and |I0 | as a function of voltage for a 40 nm MDMO-PPV device with and without illumination.
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Figure D.6 MCM2 versus voltage, calculated from an MCSpinner measurement
with and without illumination on a device with a 40 nm MDMO-PPV layer.
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Figure D.7 MC∞ versus voltage on a device with a 70 nm MDMO-PPV layer.

D.2

MDMO-PPV Devices

MCSpinner measurements were performed on a device with a 40 nm thick
MDMO-PPV layer. The measured |∆I| and |I0 | at M2 , i.e. the strong
magnet on the spinner with B = 83 mT, as a function of voltage are shown
in Fig. D.5. It can be seen that for V < Vbi , ∆I stays approximately
constant. The MC that is calculated from these data is shown in Fig. D.6.
For a device with 70 nm MDMO-PPV as the organic layer, dIdB, dIdB
with illumination and dIdBdP were measured for various voltages. The acquired MC(B) curves are fitted with a non-Lorentzian. The MC∞ resulting
from fitting as a function of voltage can be seen in Fig. D.7, the |∆I∞ | in
Fig. D.8, and the B0 in Fig. D.9. The values and trends found for MC∞
and B0 are similar to the 40 nm thick MDMO-PPV device.
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Figure D.8 |∆I∞ | versus voltage on a device with a 70 nm MDMO-PPV layer.
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Figure D.9 B0 versus voltage for a device a 70 nm MDMO-PPV layer.
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M. Wohlgenannt, A. Köhler, M. K. Al-Suti, and M. S. Khan. Large
magnetoresistance in nonmagnetic pi-conjugated semiconductor thin
film devices. Phys. Rev. B 72, 205202 (2005).
[7] T. L. Francis, Ö. Mermer, G. Veeraraghavan, and M. Wohlgenannt.
Large magnetoresistance at room temperature in semiconducting polymer sandwich devices. New. J. Phys. 6, 185 (2004).
[8] V. Prigodin, J. Bergeson, D. Lincoln, and A. Epstein. Anomalous room
temperature magnetoresistance in organic semiconductors. Synth. Met.
156, 757 (2006).
[9] Y. Wu, Z. Xu, B. Hu, and J. Howe. Tuning magnetoresistance and
magnetic-field-dependent electroluminescence through mixing a strongspin-orbital-coupling molecule and a weak-spin-orbital-coupling polymer. Phys. Rev. B 75, 035214 (2007).
91

Bibliography
[10] J. D. Bergeson, V. N. Prigodin, D. M. Lincoln, and A. J. Epstein.
Inversion of Magnetoresistance in Organic Semiconductors. Phys. Rev.
Lett. 100, 067201 (2008).
[11] P. Desai, P. Shakya, T. Kreouzis, W. P. Gillin, N. A. Morley, and
M. R. J. Gibbs. Magnetoresistance and efficiency measurements of
Alq3 -based OLEDs. Phys. Rev. B 75, 094423 (2007).
[12] P. A. Bobbert, T. D. Nguyen, F. W. A. van Oost, B. Koopmans, and
M. Wohlgenannt. Bipolaron Mechanism for Organic Magnetoresistance.
Phys. Rev. Lett. 99, 216801 (2007).
[13] W. Wagemans, F. L. Bloom, P. A. Bobbert, M. Wohlgenannt, and
B. Koopmans. A two-site bipolaron model for organic magnetoresistance. J. Appl. Phys. 103, 07F303 (2008).
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[25] V. I. Arkhipov and H. Bässler. Exciton dissociation and charge photogeneration in pristine and doped conjugated polymers. Phys. Stat. Sol.
a 201, 1152 (2004).
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