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Abstract

Organic semiconductors are of increasing technolbgnterest in applications such
as light emitting diodes, field effect transistaaad photovoltaic devicesn order to
reveal the basic principles behind these organmig®ductors, charge transport
theory in these organic materials has been intredluand has been receiving
increasing attention over the last few years. Altjffoexcitons are known to interact
with free chargesthe effect that excited states may have on thegehmansport is
not generally considered in the field of organiecglonics. This occurs even though
organic light emitting diodes (OLEDs) are knownctmtain large numbers of triplet
states during operation. Indeed, it is quite pdesthat the mobility in working
devices may well be a function of drive currenttles excited state population will
change with operating conditions. This work is thustivated by both technological
and fundamental scientific interest.

In this thesis, the hole mobilities in bgblly-(3-hexylthiophengP3TH) andN,N’-
diphenylN,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine TRPD) devices

(" =50x10°cm? /Vs, ulop =50x10™cn? /Vs) have been measured, and

Hole

observed a remarkable mobility reduction X5%) in ambipolar samples (in both
P3HT and TPD) after applying a small DC offset biltsis correlated to the turn-on
voltage in |-V characterization, and the lumineseem the ambipolar TPD sample.
In the unipolar sample, however, there is no suaakiour. This strongly suggests
that the reduction of the hole mobility is due tte Plocking/interacting caused by
the excited triplet states.

In further experiments in the presence of a magniid (500 mT), results an
increase in the mobility 5%) and steady state current density in ambipolar

samples only, this is consistent with magneticatigdiated inter-conversion of



(blocking/interacting) triplet states to the sirtgbtates. The correlation between the
magnetic mobility increase and the steady stateentirincrease offers direct
evidence for a microscopic mechanism behind orgawaigneto resistance (OMR).
Given the experimental evidence, we conclude tkxait@ns (specifically triplet

states play a critical role in charge transporrganic semiconductors.
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Chapter one:
| ntroduction

1.1.Brief history of organic devices

1.1.1. Organic light emitting diode

The beginning of organic LEDs can be traced badk&ol1960s. Most early organic
electroluminescent devices were based on anthraogsetl, where several hundred
volts were required to obtain light emission. Arsfigant step was made by Tang and
Van Slyke in the 1980s[1, 2]. They produced a smallecule double-layer thin-film
device based on aluminium tris(8-hydroxyquinolingiés), which is an electron
transport material. The various layers were evdpdranto an indium tin oxide (ITO)
electrode on top of a glass substrate. ITO workas tagnsparent anode, which is used
to inject holes. On top of the ITO, there is a tlayper of N,N’-diphenyl-N,N’-bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD),hich is used to transport holes
to the interface with Alg Algs is used to bring electrons to the interface wiBDT
and excited states can be formed at this interfaios the recombination of these
electron-hole pairs, light can be obtained from tewice. A layer of Ag: Mg

evaporated on top of Algis used to inject electrons, see figure (1.1.1)
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Al —»

Ags —_,
TPD

ITO

Figure 1.1.1 Structure of multilayer OLED

TPD is used for hole injection/transport, the anodes glass based ITO.

The unique feature of the device was that eachr lawgs mainly used for unipolar
charge injection and transport, for instance thekwiinction of Al (® ,) are
relatively close to the LUMO of Algayer, and the work function of ITO Qo)
also matches with HOMO of TPD material. With smatergy barriers at the
electrodes interface, both electron and hole aarriejection/transport is highly
optimised and the density is roughly balanced wiailar mobility in the organic
emitting diode, while the small energy barrier begw TPD and Alglayers could
cause the charge carriers to accumulate at thedaoée In figure 1.1.2 (b) electrons
are accumulated at the LUMO level, this increaBegbssibility of recombination at
the heterointerface. All of this could lead to amprovement of electroluminescence

when compared with early anthracene devices.
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Figure 1.1.2 Schematic of energy levels

Schematic of the energy levels in Tang and Van &tyknultilayer OLED: &
denotes the work function of the metals, aptsEhe Fermi energy, (b) shows charge
injection, transport, recombination and light engesunder applied potential. The
multilayer device structure offers very low barsidor electrons and holes, while at
same time it traps the charge carriers in an ocganganic interface to allow
maximum recombination.

The first conjugated polymer-based device was &ms@m in 1989[3], by the group
in the Cavendish laboratory. This device has alsitayer structure, and uses poly (1,
4-phenylene) as both electron and hole transporhaggrial, which is sandwiched
between two electrodes, typically ITO and Al. Sirben there has been extensive
research on PLEDs[4].

Modern OLEDs are believed to have lots of advargagempared with traditional
inorganic semiconductors, such as low cost, easgessing, and the possibility of
large area fabrication. However they still currgqtesent some problems, one of the
disadvantages of organic materials in general @r thensitivity to an ambient
environment, such as oxygen and moisture. For teng-usage of those materials,

careful encapsulation can be used to avoid thisleno.
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1.1.2.0rganic thin film transistor

The field-effect transistor (FET) was first propdsby J.E. Lilienfeld[5], who
received a patent for his idea in 1930, and now filin transistors (TFT) are widely
used in computers, displays, and other electroenices.

An organic thin film transistor (OTFT) is a thremrhinal device that consists of a
gate, an insulator dielectric substrate, a semigoiad layer, and a source and drain
(see figure 1.1.3). It can be used for amplificatiswitching, voltage stabilisation,
signal modulation, and many other functions.

When the OTFT turns on, the gate voltage (VQ) (tiegaor positive) forces the
holes (or electrons) to accumulate in a thin layethe organic semiconductor at the
interface with the insulator. The voltage betweearse and drain can make the holes
(or electrons) drift across the interface, alsovbkage potential between the source
and gate can lead to a charge injection from therceo electrode into the
semiconductor.

When the OTFT turns off, the gate voltage Vg drittes holes (or electrons) away
from the interface, so, even if a voltage is agplietween source and drain, the
current cannot flow though the channel, as theeelagk of charge accumulation.
With increases in the gate voltage, more and markilencharges accumulate at the
interface, which enhances the current flow betwsmirce and drain, and eventually

reaches the saturation value.
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Figure 1.1.3 The structure of organic thin film transistor
This is a top contact bottom gate transistor, wheresource and drain are
deposited on top of the semiconductor layer, and éhgate contact is located at

the bottom of the dielectric layer.

The typical characteristic is presented in figure4 The voltage between the source
and drain is constant, and the gate voltage iesdrom 20 V to -60 V. When the
gate voltage is above 0V, the device is switchié@md the leakage current is about
2x10™A. since there is no significant current flow thgbuthe device, the mobility
of this device is too low to be detected. When ghée voltage is below 0 V, the
device switched on, and the current gradually iaseeto 2x18 with the mobility
between 0.5 to 1 cffVs. The saturated current divided by the off curis called

on/off ratio which is around £an this figure.
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Figure 1.1.4 Characteristic of OTFT, the gate voltge was scanned from 20 V to
-60 V, and then back again.

In 1986, the first organic thin film transistor (BT) was reported[6]. OTFT use
organic semiconductors instead of the traditioeahisonductor (silicon or gallium)
layer. Compared to traditional materials, polymease low melting points, hence
they are easy to process, can be cheap, and suitabarge area application (such as
big LCD displays). OTFT can also be flexible, se @TFT board can be bent to fit a
required shape, for application such as e-papeb aad so on.

The first OTFT was made using Polythiophene, betptoperties of this OTFT were
quite poor, for instance, the hole mobility wasyoh0°cn®Vs, and the on/off ratio
was only around 8] (the output current divided by the transfer remt
characteristic). Over the last 20 years or sogtheas been significant progress in the
OTFT field[7]. Not only have the electronic propest of OTFTs been greatly

improved, but new fabrication techniques have hksen found.
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1.1.3.Photo-diode device

The room temperature charge carrier mobility inaoig semiconductors is at least
two orders of magnitude lower than in silicon basechiconductors. This does not
mean that organic based photo-detectors cannot etempith traditional silicon
based photo-detectors. For instance, organic sechimbors have very high optical
absorption, which allows the organic photo-detettobe extremely thin, and still
capture most of the incident photons.

The first organic photo-detector was invented byrans and his co-workers[8]. It
is a multilayer structure device, and the energegllées shown in figure 1.1.5: copper
phthalocyanine (CuPc) is chosen as a hole transgorlayer, perylene
tetracarboxylic derivative (PTCBI) is chosen asedgctron transporting layer, and
bathocuproine (BCP) is exploited to block the eedtitstate diffusion, hence
preventing the excited states dissociating at tigeefectrode surface. The whole
system is under a reverse bias. The principle isfdavice is exactly opposed to the
OLED system that was discovered by Tang and hiwaders. Firstly, the incident
photons are absorbed by the device, which cause®tmation of excited states at
the CuPc and PTCBI interface. Due to the reveras, lthe excited states dissociate
to free holes and electrons. Holes are carriedhaaHOMO level of CuPc hopping
toward the ITO electrode, and electrons are catoyedhe LUMO level of PTCBI
hopping toward the Ag electrode under the eledigid. This allows a photo current
through the detector. By analysing the photo curaemsity, we can define the

intensity of the incident light, thereby achievitlg photo-detecting purpose.
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Figure 1.1.5 Energy level diagram of Peumans photdetector device

The diagram presents the work function of both ITOand Ag, and also shows the

HOMO and LUMO level of the organics. In order to ahieve maximum photo

current, the detector contains a multilayer structue of repeated CuPc and

PTCBTI double layers.
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1.2.Organic molecular structure and electronic propertes

Organic semiconductors were initially employed lec&oluminescence devices[9],
but are increasingly applied to many other electraevices, such as field effect
transistors[10] and photovoltaic devices[11]. Thpplacation of organic materials
depends on the unique semi-conducting behavioureéin molecular structures.
Two main semi-conducting organic materials will fodly described before further
discussion, namely Poly-(3-hexylthiophene)[12] ¢ddkmown as P3HT for short), and
N,N’-diphenyl-N,N’-bis(3-methylphenyl)-4,4’-diamin€éTPD). Both these materials
are used throughout this work. Figure 1.2.1 (g)s{iows the molecular structures of
both P3HT and TPD[13].

The electronic states in these two organic materglay a crucial role in
experimental semi-conducting devices. The benzioetsre in these materials is an
important example for explaining semi-conductinghdgour in organics, this is
shown in figure 1.2.1 (c) (d). Each carbon hasci&rge occupancy 42¢, 21, in
order to form the bonds between the carbon atopZshgbridised bonds are formed.
The 2s level mixes with two of the available 2péksy which gives a configuration
of 1<, sff, sif, sf, p[14]. For a specific carbon atom,?is fully occupied, and
three sp hybridised bonds form threg-bonds whose excitation energies are very
high. The remaining p-orbitals, which are perpeuldic to the molecule, form
relatively weakr-bonds, and thig-n stack has a much lower energy. Because of the
Pauli exclusion principle, the highes{bonding) orbital that is occupied by electrons
is called the highest occupied molecular orbitaOWO), while the lowestr*
(antibonding) orbital that is unoccupied by elentras called the lowest unoccupied
molecular orbital (LUMO)[15], HOMO and LUMO can, in some cases, be
considered equivalent to the valence and condudtéord for the hole and electron
transport in an inorganic semiconductor. It is ehesbitals that are responsible for

the electronic properties of conjugated organidse &rea ofr-bond overlap and
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charge delocalisation in a benzene ring[14] arevshim figure 1.2.1.(c) (d). The
semi-conducting behaviour of organics depends esetlsmall energy gaps between
HOMO and LUMO[16], typically less then 3eV. Otheseithe charge injection will
be prohibited by the large energy barrier at thterfaces between electrodes and

semiconductor; therefore the organic will perforsnaa insulator.

@ Q
_QQ
&

H3C

(b)

S

Figure 1.2.1 a) Molecular diagrams of TPD and b) R3T and c) d) schematic of

n-bonds orbitals in benzene

There are some similarities in charge transportvéenh organic and inorganic
semiconductors, though ordinarily charge transporrganic materials is different
from that in inorganic crystalline semiconductorhis is mainly because, within the
organics, the charge carrier is strongly localisedan individual site e.g. TPD
molecule or P3HT polymer segment. The sites therasehre highly disordered.
Doping them may radically change their charge partscharacteristics, for example

modifying the structure of the materials or servasgtraps for carriers.
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Figure 1.2.2, shows a typical model to explain ghahopping inside the organic
diode structure, since the charge carriers aree\odi to be strongly localised (the
localisation centres are called sites), and movéddyping across the material via
these localised states under the electric bias.eb#pg on the relative energy
distribution, a carrier can hop to the nearest mmgr, be trapped in lower energy
sites or de-trap if the carriers have enough endéngygure 1.2.2 (b), the HOMO and
LUMO site energies are shifted under the eleciatdf If the electrodes are Ohmic
contacts and charge injection is sufficient (qutemall energy barrier for charge
injection), then the electrons are injected froma tdathode, and hop via the LUMO
sites from negative to positive (which can be ustberd as hopping from the high
energy sites to the low energy sites). Converghby, hole carriers can be injected
from the anode and hop via the HOMO sites in theation of the electric field. In
figure 1.2.2 (c) (d), there is a large energy dédfece between the anode electrode
(work function) and the HOMO level, and also a &algarrier between cathode and
the LUMO level, which makes the charge injectiomast impossible under this
reverse bias. Even though this model has been g@énaccepted and is broadly
cited to explain many phenomena[l17], it is stiltrexnely challenging to develop a

consistent theory for charge transport in orgaenaes.
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Figure 1.2.2 General case of hopping motion withia diode

The blue lines represent each molecule or “site” ahthe red lines represent the
presence of a trap: (a) the hopping sites in organimaterials with no applied bias
applied, (b) with in forward bias applied[15]. (c)and (d) shows that the charge

injection is prohibited under the reverse bias.
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In order to define the charge transporting abilgtybasic parameter is introduced,
which is called free carrier mobility (see Equatib@.1). By definition, it is the drift
velocity of free charge carriers normalised toehextric field.

V4= LE Equation 1.2.1
wherevy, is drift velocity of the free charge carrieggmeans the carrier’s mobility,

andE is the electric field strength.

Since charge transport in amorphous organic m#&eosiecurs mainly by thermally
activated hopping between localised states, theilityobsually increases strongly
with electric field and charge concentration, andcrdases with decreasing
temperature. For instance, the relationship betvebange mobility and electric field
in highly field-dependent semiconductors is presénn equation 1.2.2, which is
called Poole-Frenkel (PF) behaviour[18], and thel@®&renkel behavior can also be
observed at a low electric field due to the trdj;mfi mechanism in semi-conducting

materials.
U=y exp(BVE) Equatio2.?

Where i is the mobility of the samplgy = ¢ (E=0, T)is the mobility under zero
electric field, bothiy =  (E=0, T) and SA(T) are material-dependent parameters,

which are also related to the temperature.

Due to the hopping conductivity mechanism and dismd nature of organic
semiconductors, the mobility is not only field-dedent, but also strongly
temperature-dependent. By using the Monte-Carlailsitions, Bassler and his co-
workers[17] accomplished the temperature and éteéigld dependencies of the
hopping mobility in the limit of high electric figs, which can be given by equation

1.2.3
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Cexp@?-X?)EY?, ¥ =15
u(o,2 Ex exp(—g&) Equation 1.2.3
Cexp(@? - 225*)EY?, 3. <15

Wherep is a temperaturdependent parametes, is disordered parametey, is the

degree of positional disordé,is electric field.

Dunlap and co-workers[19-21] studied the hoppingbitity in random disorder
systems and achieved an empirical equation (e.g.4)L.for the mobility in

amorphous semiconductor.

2 3/2
30 o eak .
= - +C, || — - ||— E tion 1.2.4
MU= U, ex (SKBTJ {(kBTJ } J} quation

Wherecois a standard deviation of the energetic distrdrubf the density of states,

T is the temperature artd is the electric field, whileCy=0.78 is empirical/fitting
parameterg is the minimal charge-dipole separation. Expegewth the Gaussian
Disordered Model (GDM) suggests thatcharacterises geometrical disorder and

thus should depend upon transport site concentratio

The current density and voltage behaviour of omaemiconductors normally
follow Mott-Gurney’s law[22], which has been illuated in figure 1.2.3.

In reality, there is a background concentration cbirgesny (intrinsic charge
concentration) in the semiconductor (due to therneakitation or due to
impurities/defects). As a result, when the injectadrier densityn; is much lower

thanng at very low voltages, Ohm’s law will be obeyed €guation 1.2.5).
J= erb,u% Equation 1.2.5

Wheree is the electronic charg¥,is the voltage drop across the sample, drsithe
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sample thicknes®eE 1.610-19 C), wherd is current density.

When the injected carrier density almost reachesrttiinsic charge density at the
transition voltageVy, the I-V dependence will change as well: the injected @harg
carrier concentration becomes dominant, since taemals may contain low lying
energy sites, and the charges will be captured heget empty traps. This can
immobilise most of the injected carriers, leadio@gtgreatly reduced current at lower
injection levels. Since there is a finite numbesbéllow traps in the material, as the
voltage finally reaches some critical voltagg all traps will be filled and the value
of the current will increase to the space chargetdéid (SCL) trap-free value. This
maximum current (SCL) is limited by the maximum ambof charge that can be
injected into an semiconductor, due to Coulombjoulgion from charges already

injected in the sample.

A

log J

»

Vi V7eL log V

Figure 1.2.3 Schematic graph showing vsV for an semiconductor with energy
traps

() — ohmic region, (Il) — trap-limited Space Charg Limited Current (SCLC),
(ll1) — trap-free SCLC
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1.3. Excited states in organic devices

1.3.1.Categories of excited states

Light emission from organic devices requires thenfation of excited states. These
are called excitons. Generally speaking, the erag@an electron and hole pair. They
attractively interact with each other via coulontbreection. There are two different
ways to classify the exciton.

An exciton can be categorised as Frenkel excitdhefelectron-hole pair is located
on the same molecular unit, or a Wannier-Mott excif the pair spans over a few
adjacent molecular units, also known as transferit@x{23]. Unlike inorganic
semiconductors, the excitons in organic materigdsna@ostly Frenkel excitons, which
means that the exciton is localised on a singlgmet unit or a small molecule.

The exciton can be classified by the different smientations of the electron-hole
pair. The first group is called singlet states igated by figure 1.3.1 (b)[14]),
whereby the electron and hole are orientated wpih anti-parallel and opposite

(spin momentum gx0), and the total angular momentum equals to #8g@~=0,

with combinationi(u - 11)). The second group is call triplet states (shown i

V2

figure 1.3.1 (c)), and contains three possible spientations. First, both electron
and hole are spin up (with spin momentung=inand total angular momentum
Sota=1). Secondly, both the electron and hole are dpimn (m=-1, Sota=1). Thirdly,

both of them are spin opposite but with a non-zesultant spin component &0,

Stota=1, With combinationl—z(T L+ 11))[24]

NE;

One can represent the different excitons by consigethe precessing of the

individual electron spins as in figure 1.3.1 (b) (c
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Figure 1.3.1 Exciton spin arrangements

Figure 1.3.1(a) represents the ground states, simgland triplet, (b) and (c)

indicate the spin momentum and angular momentum o$inglet and triplet states.
Last but not least, because of the spin-allowedhtiae decay, the singlet states have
a much shorter lifetime, compared to the decayripfet states, which is generally

forbidden by the conservation of spin symmetry. i@adly, it is at least a factor of
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one thousand shorter than triplets, for examplerdidéative recombination time for
singlets in Alg is of the order of 10- 20 ns whilst that for tatd is of the order of 25

us* ms[25].

1.3.2.Generation of excited states

Excitons can be generated in two different ways:otph excitation (or
photoluminescence) and electrical excitation (@ckbluminescence). Both ways
can achieve light emission in an OLED device.

Photo excitation is usually achieved using a lasight is incident on the diode and
iIs absorbed by molecules in the organic semicowdutite energy of the incident
light lifts an electron into a higher energy stdéaving a hole behind it (see figure
1.3.2). However this excited state is very unstadhel it can easily lose energy. Both
electron and hole recombine, emitting a photonsTificalled photoluminescence.
The exciton can also dissociate to a free eleara@hhole at the hetero-interface or at

defects.
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Figure 1.3.2 Schematic of photoluminescence procgks4]

This figure represents (1) the photo-excitation frsm a ground state molecule to
an excited state, (2+4) Phonon emission between rabonal levels, (3)
Photoluminescence. The change in molecular potentsacaused by the photo-
excitation is indicated by the change in shape ohé excited state potential and

the shift along the configuration coordinate.

Electrical excitation can be observed by applyingottage to an OLED device.
Holes are injected from the anode into the HOMCelef the hole transport layer
and meet with the electrons that have been injdcted the cathode into the LUMO

of the electron transport/emission layer. Once Iygpes of charge are present in the
emission layer[14{or interface)excitons are generated by those electron hole pairs
with required spin orientatioi this case, both singlets and triplets are fornvéith
singlet recombination, luminescence can be obsenvdbe system, so it is called

electroluminescence.

35



According to figure 1.3.1, given the random spin @éctron and hole, the
triplet/singlet generation ratio is 3:1. The spufisnjected charge carriers from anode
and cathode are random, without any external inflee exciton formation is solely
governed by spin statistics, so the electrical takioin causes 25% of excitons to

form singlets, and 75% of excitons to form triplets

1.4.Magnetic field effect on excited states

A small magnetic field can affect the spin-dynamiéselectron-hole pairs, which
lead to an inter-conversion between singlet arpletri Since triplet excitons possess
a magnetic moment, it is perhaps not surprising thay can be influenced by a
magnetic field[26].

Organic magneto-resistance (OMR) was first obskmeorganic light emitting
diode (OLED) structure by Kalinowski et al. in 2(QR3]. They found that in an Alq
based OLED, both the light output and the currdmbugh the device were
modulated by the presence of an applied magnaetid. firhe effect of the applied
field on the light output was attributed to the &gfine scale mixing of the singlet
and triplet states [28, 29¢sulting in an increased singlet concentration ledce
greater efficiency, as well as a reduction in tif@ddt concentration. The effect of the
field on the current through the device was atteduto this increase in singlet
exciton concentration affecting the dissociatiomrent in the device and reducing

the role of free carrier trapping at triplet stg3€$.
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Figure 1.4.1Relationship between different exited states

(@) A schematic diagram of the excitation and recombin#on pathways in an
organic molecule. The excitation pump P produces no triplets under
illumination (i.e., B=0), but in electrical pumping producesA=0.25 andB=0.75.

(b) A vector diagram illustrating the increased simglet m=0 triplet intersystem

crossing due to a magnetic field[31].

In figure 1.4.1 (a), we show a simple schematigidien of the processes controlling

the population of singlets and triplets within argamic molecule. There is an
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excitation pump that can generate singlets oretgpla recombination of either of
these states, and an inter-system crossing betthhedwo states. Also figure 1.4.1 (b)
is a simple vector diagram showing how the presefia magnetic field can act to
alter the intersystem crossing between the tweestalhe effect of this magnetic
field induced mixing would be able to increase jgKinter-system crossing rate)
and would depend on the relative concentrationrglsts and triplets as well as the
temperature of the system. If the temperature wégiently high to overcome the
potential barrier and if there were an excessipletis in the system, increasingk
would lead to a reduction in the triplet concendrat However, if there were an
excess of singlets, then increasingckvould lead to an increase in the triplet
concentration[31].

For photo excitation most of the excited states aanglets therefore, due to the
application of a magnetic field, the inter-systemssing rate kc would increase,
with the excess of singlet states caused by lighbgption, increasingde could lead
to an increase in the triplet concentration.

However, theoretically for electrical excitatiohgttriplets to singlets ratio is 3:1 if
there is no external influence, so with this excekdriplet states in the system,

increasing kcwould lead to a reduction in the triplet concentrat
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Chapter two:
Theory

2. Theory
2.1.Site blocking

Several microscopic mechanisms for the interacbetweentransiting holes and
excited states may be considered (primarily longditriplet states, for short lived
singlets this effect is ignored). If thansiting hole has the same spin state as the
holeon the triplet, the exciton acts as a blockie for the transiting hole and will
reduce the mobilityVe note that the electron in the exciton cannoilyebsd with
the transiting hole (releasing its own holetfansport), as the triplet binding energy
prevents this. It ipossible that this interaction could occur but ¢heould besome
energetic barrier to overcome and hence, at thg least, there would be some
degree of site blocking dransport delay. If the transiting hole has a défe spin
state to that on the exciton, then there are pwssibilities. The triplet can be
quenched (leaving a ground state) by the free eyaori can interact with it, but
leaving a hole antfiplet, resulting in an effective scattering irgtetion. These two

processeare summarised in Equation 2.1.1[32].

k,

kl * .
T,+D, = (T,..D.y,) = Dy + S, Equation 2.1.1

Where T, means triplets state,.D» represents the free charge carriers, andsShe
ground singlets, and; and k; denote the rate constants of formation and
backscatteringrom a pair state T;...D.10), ko is the rate constant fdriplet

quenching.

39



Both of these processes will take some tand reduce the hole mobility. The net
effect is thatpn average, half of the triplet exciton sites asalitbwedas transport
sites, as far as the transiting holes @ecerned, and the others would still cause
interactions with théole, which would be expected to reduce the mgbiMI of

these processes have been presented in Figure 2.1.1

’Xh\A ’—5\) /—\A
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Figure 2.1.1 Schematic of possible reactions betweexciton & charge carriers
Fig (a) shows the free carrier, fig (b) representthe triplet state, fig (c) indicates
the pair state (T;...D.1/2). Fig (d) and fig (e) show the process of quenchgn

dashed line presents the hopping path of free chaegcarriers.

2.2.Magneto-resistance

A change in current due to a magnetic field throaghorganic device is known as
organic-magneto-resistance (OMR).

There are two contrasting approaches to explai@MR. One group of theories
focuses on the role of excited states such asams;iind several models have been
established from this aspect, which will be introeld in the following paragraph
(Frankevich model, Kalinowski model, and our QM rabd Another approach is

though the bipolaron model, which is thoroughlyfetiént from the excitation model
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and will be introduced in section 2.3.

Frankevich[33] observed magnetic field effects iBVPderivatives in 1992. His
research showed a sharp rise in a photo curredfrofinder the magnetic field about
4 mT. When the magnetic field was greater than 4th€l'change in photocurrent
was saturated.

The Frankevich explanation for this phenomenorrésented in figure 2.2.1. In this
graph,Mg is the ground state, and the excited st&tésand>Ms are equivalent to
singlet and triplet states. Above the excited stalere are short range charge pair
states’(P".P) and3(P".P), while on top of these there are long range harajr
states(P*...P) and®(P"...P). Above all there are well-separated charge [ir§,
which are respectively dissociated polarons. Edcthese states has an equivalent
behaviour to singlet and triplet states. Frankevadsumed the mixing between
singlet states and triplet states can only occtinénlong-range pairs. By applying an
external field, the long range pairs are convettesinglet and triplet states with zero
To spin momentum, which reduced the population inahd T.;. This may help the

long-range pair states’ dissociation, hence inengathe photocurrent.
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Figure 2.2.1 Frankevich model

Kalinowski et al.[34] found a sharp increase of falcarrent in the Algdevice under
the magnetic field up to 65 mT and followed by atghu or decrease for high field,
and through this work they established a model Wwiscshown in figure 2.2.2. The
excited Alg molecules can either radiatively decay or nonataely decay, with the
decay rate kand k, respectively, and can also form a pair state 1(e.whjch is
equivalent to the singlet characteristic. These pites can revert to excited Alq
states (with rate.K) or possibly just dissociate to free electrons hakks (with rate
ki). Another possible pathway for this pair stateogransfer to a triplet-like pair
state (with rate §, which can also dissociate to free electrons lamds (with the
rate k). Kalinowski assumed that the singlet pairs areariikely to dissociate to
free charge carriers, so applying a magnetic fietild increase the singlet

population and lead to an increase in dissociabetiopcurrent.

42



Alg3—L— s Alg3* KL le. .h— K esh
kr+knr ktr
Alg3+y Ye..h—2  yeth

Figure 2.2.2 Kalinowski model

Although excitons are known to interact with frdeages,the effect that excited
states may have on the charge transport is notrglgneonsidered in these two
models (even though these light emitting deviceskaown to contain large number
of excited states). Neither of these approacheddwvoredict a change in mobility
with magnetic field. But, according to the site ¢kimg theory in section 2.1, it is
quite possible that the mobility in working deviaasly well be a function of drive
current and magnetic field, as the excited stapuladion will change with operating
conditions.

Therefore, | believe that the inter-system crossmupel provides a more detailed
explanation, as shown in section 1.4, figure 1.A Inagnetic field can change the
population ratio between triplet states and singlettes and thus enhance the
working current and photo-luminescence in an oigdivde. The mobility of charge
carriers in an organic semi-conducting device coodd correlated to the triplet
concentration, as shown in section 2.1, since anetagfield can affect the triplet
concentration, it could also affect the mobilityaaifrriers in these devices.

For example, electric-excitation mainly generatgsdt states (triplet to singlet ratio
3:1, under no external influence), therefore wiktess triplets inside the system,
applying a magnetic field could increase the intstiesm-cross ratede and lead to a
decrease of triplet states. With fewer triplet esablocking/interacting with the free

charge carriers (see section 2.1), the carrier ipbif this device should increase,
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then enhance the current density of this devicgyedlsas the luminescence intensity.
This phenomenon might be a valid approach to emlgi magneto-resistance in

organic semiconductor systems. This thesis is ratgt/ by this approach.

2.3.Bipolaron theory for MR

Another explanation of OMR is the bipolaron theomhich was established by
groups at the University of lowa and Eindhoven [35]. If two electrons have
different spin states, a bipolaron intermediatéestan be formed (see figure 2.3.1

(@)). If they have the same spin, a bipolaron stateot be formed. These bipolarons

can be considered as electron trapping sites.

1
v v |

Charge carrier Bipolaron

(@)

’zlj\
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Bexternal

(b) (c)
Figure 2.3.1 Schematic of bipolaron, hyperfine pregssion and total magnetic

field precession of injected charge carriers, (a) ipolaron formation, (b)

hyperfine precession, and (c) injected charge press under total magnetic field
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In the bipolaron model, it is suggested that cotidacin disordered organic
materials takes place by hopping of charge carbetaeen localized sites having a
density of states (DOS) that is often assumed tGdugssian, with a widtt~0.1-0.2
eV. Because of strong electron-phonon coupling,rggsa form polarons and the
energy penaltyJ for having a doubly occupied site, i.e., a bipotares modest.
Experimental indications are thdt- 6. Because of strong on-site exchange effects,
they assume that bipolarons occur only as spinlei;igTwo polarons having the
same spin component along a common quantizatiols &@ve zero singlet
probability and cannot form a bipolaron. This “sglocking” is the basic notion of
their mechanism[35].

The hydrogen atoms generate a very small hypeffiele inside the organic
semiconductors, and this is totally random due gim statistics. Injected charge
carriers will precess under this small hyperfireddi(see figure 2.3.1 (b)), as charges
hop across the bulk of the material, the spin sthtbese injected charges would flip
with the random hyperfine field. Hence the spinmpécted charges can flip to any
possible direction due to the random hyperfinedfiekhich could maximise the
possibility of bipolaron formation. When an extdrnmaagnetic field (much greater
than the hyperfine field) is applied it dominatiee total magnetic field in the organic
material, therefore all the injected charges shquétess with the overall magnetic
field (see figure 2.3.1 (c)), causing a fixed pbsiy of bipolaron formation.

With less bipolaron formation under the externaldicompared to null magnetic
field (random hyperfine precession), the devicaentr as well as the luminescence,

should increase. This is the basic idea of bipoldheory.
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Chapter three:
Experiment

3. Experiment

3.1.Materials

The materials used in our experiments are mainiTP&nd TPD. P3HT is provided
by Merck Chemicals (molecular weight 44000 and 9&¥ioregularity) and used
straight away. TPD is purchased from Sigma Aldmgth the purity > 99.9%, and
then further purified via evaporation and depositimethod to ensure the good
performance. ITO is purchased from Sigma Aldrichweedl, with the thickness of
125 nm and resistance about @5q. Gold is also purchased from Sigma Aldrich

with the purity of 99.99%.

3.2.Sample

3.2.1.Unipolar and ambipolar P3HT devices

The typical device structure used in this chapepresented in figure 3.2.1. It is a
thin layer of P3HT film (1.5 um), which is drop-cast from a chloroform-based
solution on top of the etched ITO coated glass tsates (20 X 20 mnf) with four
gold contacts as bottom electrodes. On top ofhiredrganic film there is a strip of
gold top contact for the unipolar device and alwminelectrode for the ambipolar
device. All contacts are made through thermal ekatpmm. The overlap area of

cathode electrode and anode electrode is the deegien with a working area of
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Figure 3.2.1 Geometrical configuration of the samg@ device, which is viewed

from above

At the very bottom there are 6 ITO squares, whih etched from standard ITO
substrates. Afterwards four gold electrodes arentaBy evaporated on top of the
etched substrates, and then a thin layer of P3HWm f§ drop cast from the
chloroform solution. Finally, for the unipolar dewia strip of gold is evaporated on
top of the P3HT film, and for the ambipolar devitlee top contacts are made by
aluminum via thermal evaporation.

As gold is a very soft material, to prevent it lgestratched by the contacting pin in
the sample holder and hence lose contact, somd Biftakquares are etched from
the glass based ITO substrate, so even if the ciimgapins penetrate the soft gold

electrodes, the ITO squares can still provide alggectrical contact.

3.2.2. Unipolar and ambipolar TPD devices

The device structure (fig 3.1.2) is similar to #@HT sample, which was introduced
in section 3.1.1. A thin layer of TPD~610 nm) was thermally evaporated and
deposited on top of the etched ITO substrate<(20 mnf), then a strip of aluminum

was deposited on top of the organic semiconduaprtife ambipolar, but for the
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unipolar device, ITO and gold were designed to waskanode and cathode, as both
of them had the TPD material sandwiched in betw@ée. structure of this sample
was shown in figure 3.2.2. Obviously a new mask wepiired to etch the ITO
substrates to this new pattern with four bottomdenelectrodes, and the shape was
presented in figure 3.2.2. The overlap area of atghand anode was the device

region with the working area of around 3fim

Anode
ITO
TPD /
AN
i
\x
Cathode Al

Figure 3.2.2 Schematic of the TPD device, top view

On the bottom of the substrate there are four strig of etched ITO contacts that
work as cathode electrodes, and then a thin layen¢rmally around 616 nm) of
TPD is thermally evaporated on top, finally, a thinlayer of anode material (Al
around 1000 A in these experiments) is deposited abe the TPD semi-

conducting layer.

3.3. Sample preparation

3.3.1.Cleaning, etching and plasma-treatment

It must be emphasised that the sample preparatigm is a key issue in this
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experiment, and as such is explained by the foligwaaragraph.
1. Cleaning ITO substrates

e Thoroughly clean the ITO substrates with detergpeut the wash powder on top
of the glass, rinse it with water and hand cleahing

e Ultrasonic bath in a water solution of detergemtif6 min

e Change the detergent water, ultrasonic bath inlldétwater for 15 min and
repeat this process once more.

e Ultrasonic bath in acetone for 10 min and repeatglhocess one more time.

e Ultrasonic bath in chloroform for five minutes, anepeat this process once
more, then dry the sample via nitrogen gun.
2. Etching ITO substrates

e Spin-casting photoresist (S1818G2) on top of ITOstates (spin speed 2000
rpm for 20 s, followed by 40000 rpm for 1 min).

e Thermally cure the sample in an oven at 100°C fomin.

e Wait for five minutes, let the sample cool downgahen cover it with the mask,
exposing it to UV light (350 nm) for 1 min.

e Wash the uncovered photoresist by Na(@t2b%) with distilled water (75%)
solution for two minutes, and then rinse it in thstilled water.

e Soak the substrates in HCI (48% volume percentagjsjilled water (50%
volume percentage) andMNO; (2% volume percentage) solution at 48c5@or
1.5 min, then rapidly transfer to distilled watentash away the acids.

e Quick ultrasonic clean of the substrates in acet@am& chloroform twice, the

sample must be dried between each ultrasonic tegdatm

Then a plasma treatment is used to modify the gatiest surface condition using a

Diner Electronic femto Plasma system. The purpddki® modification is to remove

any remaining organic residuals from the patterfi€d and also increase the work
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function of the ITO electrodes[37]. During the treant, this system is evacuated by
a rotary pump using pressure around ~0.3 mbar, lzemd dxygen gas is introduced
into the chamber via a needle valve. In order tkemsure that there is enough
oxygen in the chamber, the gas flow rate was sdtegp the chamber pressure
around ~1.5 mbar for at least five minutes. Evehjutile pressure is adjusted to 0.2
~0.3 mbar by the oxygen needle valve, and the gewepawer is set to 30 W for

five minutes.

3.3.2. Deposition

For P3HT device, the electrodes are thermally eradpd and deposited, and the

organic layer is processed using drop-casting.
1. Deposition of bottom contact

e Ultrasonic bath separately in acetone and chlonofeolution twice, and dry the
sample via nitrogen gun.

e Move the sample to evaporation chamber (home bpithp the pressure to
1.5x10° mbar, choose the right mask and power, thermatiperate (Au or Al)
under 1 A/s for the first 10 nm, and 2A/s till ttréckness reaches 50 nm.

e Wait for the sample to cool down before movingut of the chamber.

2. Drop-casting

e Carefully weigh 7 mg of P3HT, dissolve it into 1 afiloroform solvent.

e Gently heat the solution up to B5if it has not dissolved properly.

e Drop four drops (each drop approx. 0.15 ml) of PaIbroform solution on
top of the substrate. Cover it with a funnel towsldown the chloroform
evaporation and prevent the air-flow. This will eresa good quality organic

film, with a very smooth surface.

For the TPD device, the whole sublimation processompleted under thermal
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evaporation and deposition using a Kurt J. Lesgecsos evaporation system.

Once the cleanly preparations are complete, thestiaib was sent into the
evaporation system for TPD layer fabrication. Tiensfer time must be kept to a
minimum in order to prevent the oxygen trappingamof the substrates. Since TPD
is a small molecule organic semiconductor, therevaboration-deposition is chosen
to build this device rather than the lesser qualityp-casting method, which gives a
rough film. A Kurt J. Lesker SPECTROS evaporatigatem is deployed for TPD
growth, and the schematic of this system is presemt figure 3.3.1. It consists of
two vacuum chambers, one acting as a load lockd faeloading the substrates to
the ultra high vacuum evaporation chamber, whike dther contains the equipment
for both organic and metallic evaporation. The snalbs sample holder is loaded onto
a transfer arm in the load lock, which can be eatenl using scroll and turbo-
molecular pumps to produce a pressure arounfl ibar. The main chamber is
evacuated using a scroll and helium cryo-pump poessure around Tombar, this
may increase to ~10mbar during evaporation. Inside the main chamer six
boron-nitride crucibles for organic sublimation aae sources for metal deposition,
in this case only one of the organic cruciblestteen used for TPD sublimation, one
titanium-diboride crucible is designed for alummudeposition, and another
molybdenum crucible is used for gold deposition.

Above the crucibles is a cassette where the subdtEder can be supported. The
cassette can be moved in height and contains tls&smeeeded for the organic and
metallic layer growth. During evaporation the c#&ses rotated in order to improve
the uniformity of the layers. This arrangement afoibles and masks allows for all
layers to be grown without breaking vacuum. Bothathie and organic crucibles are
resistively heated. Deposition is controlled thhoug calibrated quartz crystal
monitor. Once the TPD layer is finished, the mask ®e changed to continue

cathode deposition. Once the cathode layer (Aulph&s been deposited above the
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TPD molecular layer, the whole evaporation processmplete.

When the device is complete, it can be returnethéoload lock for access. The
required preparation method for materials will dep®n the device structure. The
most common device structure consists of 610 niiR®D sublimed onto the ITO
substrate, which is purchased from Aldrich. Aftecheange of masks, the aluminum
or gold cathode is ready to be evaporated, andig éxperiment it is grown to
approximately 1000 A. The overlap area of ITO aathode layers defines the shape

of our device.
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Figure 3.3.1 Kurt J. Lesker SPECTROS evaporation sstem[14]

The top pane shows a schematic of the whole systehine bottom pane shows a

schematic of the crucible assembly.

All sample preparation steps are processed insalieaa room with a particle density
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of less then 10000 pfn Organic solvents are purchased from Sigma-Afgramd
the P3HT is provided by Merck-chemical.

Once the device has been fabricated, it is immelgiatansferred to a sample holder
and evacuated. This can prevent any unnecessatizatkon and contaminations.

All devices are placed in an electrical sample éofor testing, as shown in figure
3.3.2. The sample holder is built in a manner #ilmws electrical access from one
side via a LEMO connector which is a 6 pin adag#[ Four of these pins, which
correspond to the bottom anode electrodes, areecteuh to four BNC connectors,
and marked separately, so which electrode has bgetwh can be easily recognized
during measurement. Two other pins, which areedl&b the top cathode electrodes,
are connected together and lead to just one BN@emar. This kind of design
makes the electrical circuit connection more comen The other side of the holder
gives optical access for luminescent measurement®r use as a laser incidence
window. The sample holder can be evacuated thoghvacuum port by using a
Leybold PT50 pumping station giving pressure of >rhbar. As P3HT is not very
stable in atmosphere due to the oxidization andadizgion, all the experiments are
kept in a high vacuum environment.

\Vacuum port Clamping ring

| - Oring

=
1 | l_sample
T

|

Gold fontacts
Figure 3.3.2 Schematic of the sample holder used rfall electrical and

LEMO

luminosity measurements[14]
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There is a vacuum port channel for evacuating tildemn and the sample, which is
located on top of this sample holder. This diagraliso represents the electrical
connections, including the spring-loaded gold cotstawhich are used to maintain a
gentle but constant contact with the electrodeshefsample. The glass substrate
seals against an O ring. The clamping ring enstivasthe sample is held securely

and that a good vacuum seal is achieved.

3.4. IV characterisation

A Keithley 236 source-measure unit was used to fedkaeasurements, by providing
a series of constant voltages while recording timeeat density through the device.
From the source-measure unit, a triax cable leadsntadapter to connect to the
LEMO connector on the sample holder. The adapten fthe triax lead to the LEMO
connector is kept as short as possible in ordamitamise noise[14]. This setup
allows for measurements of current from*iGo 10* Amps. Luminosity was
measured using a Newport 1830C optical power mé&mr.measuring luminosity
there is a silicon photo-diode (818-SL) and matghimegrating sphere (819M). This
setup comes pre-calibrated and allows for absohgasurements of luminosity at a
certain wavelength. As the luminescent spectraldi[@s are broad, the power meter
is not capable of giving absolute power measuresnént these devices under all
luminescence wavelengths. In order to get a use&asurement, the power meter is
set to the peak wavelength of the emission spectiuthe sample. As this work is
mainly focused on a certain device, the problerganding power measurements are
negligible since the devices are not being compé&reather devices with different

emission spectra.
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3.5. Dark injection (DlI)

3.5.1.Standard DI

The dark injection transient current technique ([3B, 39] is often used to measure
the mobility of the device. This method is basedapplying a voltage pulse to the
sample in a dark environment and recording theectifiow through the device. This
is displayed as a voltage across a load resist@noascilloscope. Mobility can be
calculated from this transient time by measuringvHong it takes these charge
carriers to drift across the sample.

Figure 3.4.1 is the schematic of the dark injectexperiment set up. The pulse
generator output applied to the injective electrad®l the shape of the voltage step,
is shown in fig 3.4.1 (b). As charge carriers ajedted into the unipolar device, the
current density increases. When the front edgehafge carriers almost reaches the
counter-electrode, there is a reduction in changgriion, causing a reduction of the
dark current. The dark current eventually reachessteady state dark currdgg,.

As a result of this, a current density peak appearshe oscilloscope, as shown in
figure 3.4.1 (c). This can be explained by the agdt drop between the frontier
charge carriers and counter electrode. As the feoigie keeps drifting toward the
counter electrode, the gap between the frontiemrgesaand counter electrode
decreases, leading the driving electric fielgkY/d) to increase at the beginning of
the injection. But the maximum amount of charget tban be injected into the
organic semiconductor is limited by the coulombepulsion from the charges
already injected into the sample[15]. This evenyualrces the dark injection current
down, hence the dark current increases at the biegirthen drops down until it
finally reaches the steady stdte,. The time at which the turning point of the dark-
current occurs, is called the dark injection transitime (or #, for short), and this
relates to the time it takes for the frontier cleacgrriers to hop across the devigg. t

is a vital element for the mobility calculation.
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The curve in figure 3.4.1 (c) is considered as d@deali model, which means that
during the charge drift there is no presence gfstrar diffusion, and an ideal Ohmic
contact[40] is used. This contact can sustain gaees-charge-limit current through
the sample, and act like an infinite reservoir barges. In this experiment, gold
contacts are attached to the organic as electrstes the work function of gold is
quite close to the HOMO level of P3HT, implying thanly an extremely small

energy barrier exists for hole injection, therebyxan be considered as an Ohmic

contact.
Injective electroce _ ,
/ Organic material
Metal electrode
\_ N e
+
+ -
+
+
+
+
Pulse + e
generator + Oscilloscope
bo----- ' Buffer amplifier
(a)
\oltage Current
density
V
ot
Time Time

(b) ()

Figure 3.4.1 The schematic of the dark injection mesurement

(a) The Dark-injection experiment set-up, where theoscilloscope is used to
measure the voltage across the resistance R of theffer amplifier, then the
current flowing through the device can be given by/R. (b) The applied step
voltage as function of time, (c) the current densjtJ flowing through the device

as a function of time.
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A buffer amplifier is used to protect the oscillope, in case the sample short-
circuits results in a large current passing throtilghsample and damaging the costly
oscilloscope. It also allows the load resistor,ahhiletermines the RC time constant,
to be varied.

According to equation 3.4.1, in order to calculdite mobility of the charge carriers,
the transit timet{ang) — which is the time taken for free charge casrierdrift across
the device under a space-charge-free environmemist be found. It means that all
the charge carriers are driven only by the unifetectric field and not disturbed by

each other’s own electric field (or coulombic force

2

MU= =w/E Equation 3.4.1

rans

uis the charge carrier mobilitg is the distance between two electrodéss the

voltage drop across the electrodes, gadis the transit time.

The space-charge-free transit timg,s can be obtained from the dark injection
transit time {p;). The relationship betwedp, andtyans is presented in equation 3.4.2.
To meet the requirement of this equation we asdhatst is a trap-free device.
tor = 2(1-6Y) tyans = 0.786tans Equation 3.4.2
Thereby: i =0.786 Vo,
Wheretp, indicates the dark injection transit time, and thanerical factor 0.786

relates the DI time to the transit time[40].

As shown in equation 3.4.2, during dark injectioeasurement the carriers actually
arrive at the counter-electrode much faster thahenspace-charge-free case. This is
because the voltage across the sample is mainppddbacross the time-dependent
gapd(t) between the leading edge and the opposite elec{sze figure 3.4.1 (a)). So,

the electric field which drives the front carriexdge toward the counter electrode
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(E=VI/d(t)) is increasing and is higher than the value ofdleetric field in the space-
charge-free environmenV/d). This results in a faster transit time acrossdéeice
for the frontier carriers. The overshoot of thereat density above the SCL value
JscL can be easily understood in terms of the amounmjetted charge before the
time tp;. Due to a higher average electric fieldtatl tp, the amount of injected
charge is some 10% higher than that in the stetadg-SCL situation, which results
in a higher current density(tp)) >> 1.2XJsc[40]. Finally, at timest > tp, the
current density eventually relaxes towards thedstestate valuelsc, as in figure
3.4.1 (c)[15].

In a real dark injection system, the DI peak (shamwfigure 3.4.2) is different from
the ideal curve. This is due to diffusive broadegnithe field-dependence of the
carrier mobility, trap filling, and the presence RC displacement current decay at
short times. Charge trapping especially can haverg pronounced effect on the
shape of the SCL transient, and strong trapping @vay cause the DI transit peak to

disappear.
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Figure 3.4.2 Typical DI space charge limited holewrent transient curve
This measurement is under 26 volts for the P3HT dése (both cathode and
anode electrodes are gold and the thickness of P3Hietween two electrodes is

roughly equal to 1.5um).
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Besides the broadening of the dark injection ttamsak, the RC displacement decay
is also observed at short times in a real DI csee figure 3.4.2). Depending on the
decay time, this might shadow the DI peak, andigmay time of RC displacement is
proportional to the RC, which is shown in equatiofh.3.

r=CXR Equatiod .3
wherer is the RC displacement time constant, & the total resistance of the
measuring circuit (including the cable resistarnbe,electrode resistance, the sample
resistance and the load resistance of the amplReR:apiet Relectroddt Rsampigt Rioad)

while C is the capacitance of the device (typically seielrain our samples).

During the dark injection experiment, we have tauee the duration of RC
displacement current as much as possible. Fasgeltarriers (under a high electric
field for example), can result in a DI transit peatoving towards the RC
displacement peak. So, if the RC peak is too brdas DI transit time () might
hide and disappear inside the RC displacement peadarding to equation 3.4.3, we
can either reduce the capacitance of the sampbdtae the RC decay time, and this
can be achieved by decreasing the electrode aremreasing the sample thickness
(according to equation 3.4.4), or we can reduce rimstance in the whole
experimental circuit, this is normally accomplisi®ddecreasing the load resistance
of the buffer amplifier. It looks like that a deas® in the device area or increase in
the device thickness will cause the sample registatp increase thereby
compensating for any decrease in sample capacitdhoeever, R is not only
determined by the device resistance, but by thesteexe of the entire circuit
(equation 3.4.3.). Therefore, a change in the eamahave a beneficial effect on the
RC decay timeCarrying out the experiment at a lower electritdfis an alternative
solution, which meansitis relatively larger than it is in high electrielfl, so the DI

transit peak might move out of the RC displacenstiatdow. The drawback of this
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method is that it sacrifices the high field datainggy because of the limited
measuring window. This may not always be a validoop especially in a thick

device. In order to reach the required electriddfian extremely large voltage
becomes compulsory.

Since our sample consists of two parallel metattedeles and a semiconducting
layer in between, it can be considered as a phrplEte capacitor, and the

capacitance is given by equation 3.4.4

C=¢,¢, 2 Equation 3.4.4

C is capacitancegis Permittivity of vacuung, dielectric constant$is the electrode

overlap area andis the distance between both electrodes.

Generally speaking, the dark injection transit eatrmethod is a mature technique to
calculate mobility in amorphous organic materiald & has been intensively used in
mobility measurements[41, 42].

In this experiment, a Berkley nucleonics (model ®0gulse generator suppliduke
voltage step needed to carry out the DI experinvemth was connected directly to
the substrate electrode. The DI currgansient was observed as a voltage drop
across a loadesistor (typically 47Q) connected to the input of a buffmplifier
whose output was digitised using a Tektronix TDS20fscilloscope.n this
experiment, signal averaging over several pulses garied out to reducghite

noise at a frequency of 5 Hz.

3.5.2.DI with photo-excitation

For traditional dark injection measurements, ordjel or electrons are supposedly
injected into the unipolar device. Since excitomfation requires both holes and

electrons, this indicates that excitons do nottexside the unipolar device during
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DI operation. In order to investigate the effectseercited states, excitons must be
generated inside the unipolar device, and perhhpsonly option is via photo-
excitation. A laser has been deployed to pump tbkecaoles to excited states.

To understand the light absorption behaviour of P3BV visible absorption spectra
are used, shown in figure 3.4.3. Clearly the alismrgpeak is around 550 nm. So a
green laser (LCS-DTL-316) was chosen for this psepwith an output wavelength
of 532 nm, which is quite close to the absorptieakpof P3HT, to achieve maximum

excition density inside the device.

[ ' I ' T T T
P3HT (M,=14,000 g/mol) -

Absorption (a.u.)

Maser = 532

Wavelength (nm)

Figure 3.4.3 Absorption spectrum diagram of P3HT

The absorption peak of P3HT is roughly around 550 m, it is very close to the
laser (LCS-DTL-316) wavelength that is used in thigxperiment for exciting the
molecule from ground states, data was obtained vidJV-Visible spectrum

(Hitachi U-3000 spectrophotometer) on a P3HT coateduartz.
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The experimental set up is shown in figure 3.4He Tdea of this experiment is to
investigate the role of excitons on charge cartiansport. During the operation
excitions are generated by an adjustable lasecepgradually increasing the optical
intensity of the laser, and more ground states waraped to excited states. Due to
the photo-excitation mechanism, most of these edcistates are singlets (as
discussed in chapter 1.2.3). As part of these siagtansfer to triplet states by inter-
system crossing, however, we assume that thetgiptgoulation could also increase
with the laser intensity, the assumption being thate and more free charge carriers
would be caught by those triplet states, henceyawjathe charge carriers drifting

across the device.

Gnlcl electrode P3HT film

GTeeu{aser \ i Gold electrode

Pulse ‘ ‘ ST
Oscilloscope
generator |

Buffer
amplifer R(\j
ty

Figure 3.4.4Schematic of the dark injection measurement with Iser to generate

enough excitons inside the sample

The pulse generator provides a voltage step tasdmeple, and the oscilloscope is
used to record the current density drops on the lesistance R (in this experiment it
is 4792). An adjustable green laser is used to generatiéoas inside the sample,

and the laser is illuminating the whole device.
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3.5.3.DI1 with electric excitation

Normally, the dark injection technique is appliedunipolar devices, which means
the work function of the cathode and anode contacsoth close to HOMO level,
or LUMO level, so technically, only holes or elests can be injected into the
semiconductor. As the excitons require both holg @ectron, unipolar devices are
not viable, therefore ambipolar devices are buoilathieve electric excitation. Both
holes and electrons are injected using an anode aviivork function close to the
HOMO level for hole injection, and a cathode foeatton injection which has a
smaller work function close to the LUMO level. Adiigh the device has been
changed to ambipolar, there is not much differemcehe hole mobility due to
contact change. So the dark injection resultsH ambipolar device are still valid
in this specific case.

For this method, excited states are generatederthiel system by a small DC offset
bias, therefore an adjustable DC \oltage sourecee&led, also a summing amplifier
is deployed to add the DC offset voltage to thespudignal. This adjustable DC
voltage source and summing amplifier are hand .bigure 3.4.5 shows the
structure of the DC offset source, whereby a végiabdsistor is used to distribute the
voltage, and a multimeter is connected parall¢h&oDC output to monitor the offset
value. Moreover the output for this voltage souscgesigned to be negative (

“Vbce ofised, @S the positive pole of the batteries is grodndée reason for this kind
of arrangement is to match with the summing anwlifiwhich is actually a

differential amplifier.
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- DC Offset
a Output

oMultimeter

Figure 3.4.5 Schematic of the variable DC offset acce

The battery is 18 volts, which is more than enougfor the measurements, the
variable resistance can be changed from 0~%X and the multimeter model is
Wavetek Meterman 27XT. The DC offset output is adjgtable and depends on

the distribution of the variable resistanceR.

The structure of the summing amplifier is presentetigure 3.4.6. It is built using

four identical resistances, each one of them is KkDOwith an ER27AB-LM6171-

BIN operational amplifier. The output voltagevjs =V,

In+

-V,,-. As the DC offset

voltage output is a negative valueVic ofise), the real output of this amplifier is
Vou=Vpuise{(—Vbe offsed, SO Vou=Vpuise?Voe offset, Which achieves the original purpose,

adding the DC offset voltage to the pulse signainifthe pulse generator).

In, +
R = 100k

Figure 3.4.6 Schematic of the summing amplifier

vcrut
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The experimental arrangement is presented in fi@uer. A Berkley nucleonics
pulse generator supplyirige voltage step was connected directly to the teaties
electrode (inthe case of no offset) or fed into onetbé inputs of a summing
amplifier, with the other inputonnected to a DC supply (in the case of
measurementsvith offset voltage), and the summing amplifier muit is then
connected to the substrate electrodes. Beforeingrout the DI measurements, the
summing amplifieoutput was monitored using a Tektronix TDS2002 lesgope
and thesize of the offset and absolute value of the velsagp Vo) was recorded and,
where necessary, adjusted.

An ambipolar device is deployed to achieve exciemeration (more specifically,
mainly triplet generation), and the mechanism @ #xperiment is pre-generating
excited states into the system by the DC offsetagel before the dark injection
measurement, and keeping the voltage st&p &t the same absolute value (see
figure 3.4.7). When the DC offset voltage is lelsant the turn-on voltage of the
sample, only hole carriers can be pre-injected theosystem. As exciton formation
is prohibited, the mobility of the device shouldrere all less the same as that with
a zero offset voltage. If we gently increase the Bf3et voltage above turn-on
voltage, both holes and electrons can be pre-egeicito the device via the Au anode
and Al cathode, leading to exciton formation inside device (mostly triplet states

3:1).
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Figure 3.4.7 Experimental setup for the ambipolar évice

The variable DC voltage source can provide a DC ¢fét bias for the system, and
the summing amplifier is used to add this DC offseto the pulse generator.
Therefore figure (a) represents the shape of the egp voltage from pulse
generator, figure (b) shows the shape of the offsgbltage from the variable DC
voltage source, and figure (c) is the shape of theoltage pulse after the

combination via the summing amplifier.

In order to test whether a mobility change is doetlhte effect of excited states
(mainly triplets) and not some mechanism relatetthéocurrent density in the device,
a unipolar device (Au-P3HT-Au) was used to makemmarison. There are several
reasons for introducing the unipolar device. Hysthe different electrodes may
affect the sample mobility, e.g. the impuritiestioé electrodes may cause different

potential drops at the interface and lead to dfférelectric fields across the
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semiconductor, therefore the unipolar device camudm to test this possibility in
this experiment. Secondly, as only holes can leetagl into a unipolar device, triplet
formation is prohibited even under a large offsailtage. Thirdly, the DI
measurement might be disturbed by the DC offsetagel as the dark injection is
highly dependent on the electric field inside tlaenple, the pre-applied DC offset
voltage could affect the internal electric fieldstibution. So, by comparing the
mobility data of the unipolar device with a varietiyDC offset voltages (including
zero offset voltage) we can test whether the DGetbfbias disturbs the measurement
or not. If the mobility of this unipolar device veethe same under different DC offset
values (including zero offset voltage), this woaldan that the pre-applied DC offset
voltage does not influence the internal electraldfi so the DI technique is still
capable of this measurement.

Lastly, and most importantly, if the experimentasults agree with these
assumptions, the mobility change for the ambipdkrice could only be caused by
the excited states, as the only difference betws®polar and ambipolar devices is
the existence of excited states, while all othesspmlities have been ruled out

according to previous discussions.

3.6. Time of flight (electron and hole mobility)

Another classic method to investigate charge trartsig the time of flight (ToF)
technique, which is capable of both electron anlé hwbility measurements. It was
introduced into the field of organic crystals byex[43] and Leblanc[44] in 1959-
1960. In this method, a thin sheet of excited stétdectron-hole pairs) is generated
next to the semi transparent contact by absorpifca short duration strong optical
laser pulse. If it is an asymmetric device, a regdrias is applied to the device, by
using a small work function electrode as anode aimrge work function electrode

as cathode. As a result, an electric field is aubto the sample without introducing
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any charge injection, this design is very efficieat charge extraction. If the laser is
incident on the anode, then, under the influendb@fapplied electric field, electrons
combine at the anode and a sheet of remainingdinalege carriers will move across
the device under the electric field, eventuallycteag the counter electrode. The
hole mobility can be detected in this way. On thieeo hand, if the laser is shone on
the cathode, the hole combines with this electiantt leaves the electrons to move
under the applied field and drift to the anode tetele, hence the electron mobility
can be obtained. This process is represented umefi§.5.1 (a). A sheet of charge
carriers is drifting across the sample under tleetat field. In an ideal case there
will be a constant photo generated current passimgugh the device which

suddenly falls to zero as the sheet of charge erarrreaches the counter-

electrode[15], (represented by the solid line ia 3t dependence in Figure. 3.5.1

(b)).
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Figure 3.5.1 Schematic diagram of time of flight[1p

Diagram (a) experiment set up, and graph (b) time foflight transient results on

oscilloscope.
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In a real situation, however, ToF transients woulot be this ideal shape.
Realistically, there will be a finite absorptionpdle of the incident light, resulting in
a finite thickness of a sheet of free charges eariMoreover, there will be a
diffusive broadening of the distribution of drifgjncharge carriers and mobility
variations. As a result of these effects, assuntivaj most of the carriers have a
constant average drift velocity (so called non-dispsetransport), the observed ToF
signals would have a shape similar to the dasimedwhich is shown in Figure. 3.5.1
(b). It is still possible to determine the averagasit time and, normally, the transit
time in this case has been generally acceptedeasitiment when half of the charge
carriers have reached the counter electraggstti,, and the broad distribution
W=(to-t1/2)/t1/2, See figure 3.5.2 (a)). However, in many cases th&at®n is quite
different as the charge carriers in a photo-gemdraheet move with a very broad
distribution of drift velocities, resulting in anlnaost featureless photocurrent
transient, such as the dotted line in Figure 3(B)1 This type of transient is called
dispersiveand is observed in many amorphous organic matefratsrder to analyse
such transients they are usually plottedioip | — log trepresentations where a knee,
corresponding to a characteristic transit time, atien be seen (see figure 3.5.2 (b)
and (c)). By knowing the transit timgyts of charges across the device, we can find

out the charge mobility from equation 3.4.1, in section 3.4.1.
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Figure 3.5.2 The ToF transit time calculation

Where ty is the fastest transit time andty, is the average transit time. Figure
3.5.2 (a) non-dispersive behaviour with linear plgtand the transit time is half of
the fastest arrival, (b) dispersive behaviour withlinear plot where there is no
obvious feature, (c) dispersive behaviour with doule-log plot, where there is a

clearly seen correspondence to the transit time.

The electrical contacts in the time of flight expeent are different from dark
injection, as generally they are blocking conta€tss kind of contact usually has a
large energy barrier for charge injection, makih@lmost impossible, hence the
charge carriers are solely created by the lighvigdt®n. Ideally, it can be considered
as a space-charge-free environment, because dovepopulation of charge carriers
is generated inside the system via photo-excitatibence the electric field

perturbation caused by these charge carriers ighadtsignificant, so the charge
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carriers can be considered to be driven only byuthiform electric field.

The absorption depth of the optical excitation maestsignificantly smaller than the
thickness of the organic semi-conducting film. @ise, as the light penetrates the
sample, charge carriers are not only generatedtogke semi-transparent electrode
but also created inside the bulk of the devicethsocharge carrier travelled distance
Is not the sample thickness any more. In additiba,spatial distribution of charge
carriers inside the sample may cause the timeagiftfsignal to broaden and become
dispersive. In order to keep the result convincihg, minimum thickness of a ToF
sample must be far more than the penetration degtiimeted, which is the inverse
of extinction coefficienta at the laser wavelength for a given material. fdwired
minimum distance between both electrodes can lardat using equation 3.5.1, and

equation 3.5.2.

0= 1 Equati®.5.1
a(A)
d :
0 — Egoat3.5.2
1C

d is the thickness of the devicé,is the penetration depth, amdis the extinction

coefficient.

The extinction coefficient is a crucial element g@arching the minimum thickness
of a ToF device, hence UV-visible absorption spestiopy is used to investigate this
parameter. Usually this technique is used to meathe optical densityQD,) for
absorption of the sample. TRID is defined in equation 3.5.3.

OD,=log(lo/) Equation 3.5.
WhereOD, is the optical density of light at a certain wavelth, A, |, is the intensity
of the incident light, antlis the intensity of the transmitted light througysample of

thickness.
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Since transmission at a given wavelength is reldatedoth incident light and
transmitted light intensity, as the extinction dméént a (see the equation 3.5.4),
equations 3.5.3 and 3.5.4 can be brought togethalidw direct measurement of the
excitation coefficient, and calculate the penetratiepth using equation 3.5.5.

I/l =g 9D * Equation &.5.
a is the extinction coefficient of a certain lighttivthe wavelengti, andx is the

thickness of the device

a(A)=In(l,/1)x @/ x) _logl /1) 2.3%log(l,/1)x (/ x) = 23x0D, / x
xxloge

Equation 3.5.5
The relationship between extinction coefficient aoptical density under the

maximum absorption wavelength,

Last but not least, the optical pulse duration nhestshort compared to the transit
time for charge carriers across the sample, ifogppecal pulse step lasts too long, it
will generate fresh charges carriers while drifoezurring and distort the time ToF
signal, so that the transit time of charge carr@snot be properly detected. Low-
intensity optical pulses are used so that the pbeteerated charge carrier density
does not significantly disturb the uniform electfield (see equation 3.5.6) in the
structure to keep the photocurrent in the spacegehfaee condition.

This condition is:

qphotogenerated= J. Idt << CV Equation 3.5.6
0

where q is photogenerated chargds,is instant currentf is time, C is sample

capacitance and is voltage.

The absorption depth of the optical excitation mhst much smaller than the

73



thickness of the organic semi-conducting film, &scassed earlier in this section.
Therefore, before a time-of-flight experiment, thenimum thickness of the sample
must be calculated out via equation 3.5.1 to eqoai5.5. Otherwise, with a random
sample thickness, the obtained mobility value isaomvincing. In order to achieve
this purpose, a UV visible absorption spectrum seduto obtain all necessary
parameters. The spectrum of a quartz-based TPRaleith a thickness of 2000 A

is shown in figure 3.5.3, with a maximum absorptmapproximately 350 nm.

1.5
200nm TPD

1.0+
a
@]

0.5

O-O T T T T T T

300 400 500 600

Wavelength (nm)
Figure 3.5.3 Absorption spectrum of TPD
The sample is thermally deposited (via Kurt J. Les&r spectros evaporation
system) on top of a quartz substrate with the thickess 2000 A, and the
measurement is taken by using UV-visible spectrum Hjtachi U-3000
spectrophotometer).
The minimum sample thickness is calculated as\ialo
d=100
As &=1/a (according to equation 3.5.1),
Sod=10/a(A)
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According to equation 3.5.8(1) = 23x0D, / x

10

Sodz———
23x0D, / X

As OD,=1.41,x=2000 A, 4=355 nm (this is the wavelength of our laser oJtput
Therefored= 616 nm

d means the minimum sample thickness which is Gh@after the final calculation,
ODy is about 1.41 and sample thickness x is 2000 A.

Therefore, the chosen sample thickness is arou@agil

As the experiments must take place under reveess the ITO electrode is chosen
as the cathode, and aluminum is used as the abedayse the work function of ITO
(4.9 eV) is quite far from LUMO level (2.55 eV) &PD and the work function of
aluminum (4.3 eV) is quite far away from HOMO leél5 eV). As a result, the
applied voltage can only provide an electric fisddthe sample without introducing
any extra charge carriers into the system, becafue large energy barrier.

A laser pulse (made by Big Sky Laser Quantel, whiatput Nd:YAG doubled 532
nm and tripled 355 nm) is used to generate a #yarlof excitons into the system, a
pulse generator (mode: TTi TG1010A Programmable Mgz DDS Function
Generator) is set at 3 Hz to apply the reverseratduias for the ToF measurement,
and an oscilloscope (mode: Agilent infiniium) igptieyed to record the ToF result.

A voltage pulse is triggered 7Q3 before the laser pulse to provide the electeifi
for the ToF measurement, and the voltage step éagisoximately 30 ms, which is
long enough for the charge carriers to drift acriessample. Figure 3.5.4 presents
the ToF curve on the oscilloscope, the voltage stapted at -7xIf(given by the
first RC displacement peak), which means it stéf8 us before the laser pulse is
triggered (indicated by the second displacemeri)pead the beginning of the laser

pulse is defined as time zero on the oscilloscope.
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Figure 3.5.4 Current versus time plot of ToF measwement
This is the hole mobility measurement curve for TPDwith a thickness of 610 nm,

under 3 volts reverse bias.

The device is set under a reverse bias, and pleccéte sample holder in a high
vacuum environment with pressuset to ~5X10° mbar. The hole mobility in a
sample is obtained by having the laser incidenth@n aluminium anode, and the

electron mobility is measured by shining the lasethe ITO cathode.
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3.7. Dl in thin TPD devices

Since TPD films are thin, even a small voltage @uan sustain the dark injection
measurement. It is not necessary to use a higlagmlgenerator, instead, a more
accurate and delicate pulse generator (model: TGL0L0A Programmable 10MHZ
DDS Funcion Generator) is used to give a voltageepand a DC offset voltage at
the same time. The summing amplifier is no longecessary. As a small voltage
pulse cannot damage the oscilloscope, the buff@litaen is also removed. A more
sensitive oscilloscope (model: Agilent infiniiumg used for data collection. Any
light output from the device is observed using aorfih EMI 9202V S-20
Photomultiplier and SignalRecovery 7265 lock-in &figg. The schematic is
simplified in figure 3.6.1.

ITO TPD

/ Al

+ 4 ,ﬂ'f
+ +
+ + 2 1

+ +
+ +
+ +
+ +
+ +
+ +

Pulse

SEnERtOr -~ oscilloscope
o«

excItons

++++++F++

Figure 3.6.1 Schematic of the electric measuremeaircuit for a TPD device

The pulse generator is set with the frequency of Bz, and the input resistance of
the oscilloscope set to 5@, figure (a) represents the shape of the voltage |[se
given by the pulse generator, which contains bothhe step pulse and the DC

offset voltage.

The experimental method is an exact repetitionhat in section 3.4.1, except the

pulse generator is more sophisticated, as it canige both voltage pulse and offset

at the same time. Also the oscilloscope is morsisee, and the resolution is 16 bits
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instead of 8 bits.

3.8. ToF with forward bhias

This experiment is different from the traditionahé-of-flight measurement, as we
know that ToF experiments are normally taken urspece-charge-free condition,
with two blocking electrodes providing the electfield without injecting any free
charge carriers into the system. However in thecdje case, we need to generate
excited states inside our sample to observe thectsffof excitons. Therefore
blocking electrodes are not suitable, instead Olooi@acts are used to inject both
electrons and holes into the device. As the worlction of ITO (4.9 eV) is quite
close to the HOMO level of TPD (5.5 eV), it is cbasas the anode electrode for
both unipolar and ambipolar devices, while alunmmius chosen as a cathode
electrode for ambipolar devices even though it as very efficient for electron
injection. On the other hand, gold is used as hock for unipolar devices, as it is
expected to be considerably worse than aluminiueleatron injection.

The sample structure is typical of dark injectia@vides (introduced in chapter five).
The ambipolar devices are still fabricated by IT@d@e, aluminium cathode with
TPD semiconductor sandwiched in-between while Uaipdevices were composed
using ITO-TPD-Au structure, hence all preparatiaresexactly as same as in chapter
five.

The experiment set up is represented in figurel3During this experiment, a laser
pulse (made by Big Sky Laser Quantel) is used tegde a thin layer of free charge
carriers behind the transparent ITO electrode, &epwenerator (model TTi
TG1010A Programmable 10MHZ DDS Function Genera®iet at 3 Hz and not
only provides the electric bias for the ToF measwet, but also generates triplet
states inside the sample, while an Agilent infimiwscilloscope is deployed to

record the ToF results.
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Figure 3.7.1 Schematic of time-of-flight measuremen

The laser is incident to the anode electrode, thexea thin layer of electron-hole
pairs are generated beside the ITO electrode, uhdeglectric bias provided by the
pulse generator, electrons in this thin layer redwom with the anode contact
immediately, leaving the holes to drift across Sample and finally reach the
counter-electrode. Nevertheless, the pulse gemeratmot only used to provide
electric field, it is also used for the injectiohaharge carriers.

The timing of this experiment is similar to the anesection 3.5. The principle of
this experiment is to provide a voltage step to sheple device before the laser
pulse is triggered, hence hole and electron paggee-generated in the ambipolar
sample via ITO and alumina ohmic contacts, whiocbnéwally leads to the formation
of triplets, then triggers the laser pulse and nlesethe behaviour of time-of-flight
results with the formation of excitions. As we dgntaise the step voltage, the
concentration of excited states would also increasd as a result the observed hole
mobility of the device would be affected by the qmece of triplet states. In order to
make a comparison, a unipolar device is also degloy¥heoretically, for unipolar
devices only a hole can be injected into the sarfiple the anode electrode and
extracted by cathode contact. Exited states coatdtherefore, be generated inside
the device, hence the mobility of the unipolar sknghould not be affected by the

step voltage.
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3.9. MR measured by DI and ToF

At the first stage of this experiment the samplebitity is measured by DI, and
excited states are pre-generated by a DC offséagml A magnetic field is provided
by 10 Neodymium Disc Magnets, and the field intgnisi measured by Hirst GM05
meter, given an average value of 0.52+0.005 T.

Another test is to use time of flight technique dompare the DI results in the
presence of a magnetic field. The samples are mezhsinder reverse bias, so the
contacts do not provide charge injection. The magfield is provided by a U shape
Neodymium Magnet with a field intensity of aroun@ Q.

The device is still made from TPD, with the struetidentical to that used in section
3.1, so the preparation processes are also exhetlgame as those introduced in
chapter three. Ambipolar and unipolar devices &e ased to make the comparison.
The dark injection experimental set up is exadily same as for the dark injection
experiment (see figure 3.6.1, in section 3.6).

In order to probe changes in charge transport duembgnetic fields, DI
measurements on the diode structures are carriedyuepeatedly placing and
removing a small neodymium magnet (magnetic figjgically 500 mT) directly
above the sample. These are carried out on botandl Au cathode samples, at
different DC offset values.

According to chapter 1.4, if the device is excited electric excitation then most
excited states are triplets, therefore a large Ef€ebvoltage (higher than turn-on
voltage) could generate more triplet states in#lidedevice than singlet states (and
the ratio is 3:1, under no external influence). drcling to figure 1.4.1 in chapter 1.4,
by applying a large magnetic field, the high conraion of triplet states can inter-
convert to singlet states via intersystem crossifigerefore we suggest that the
reduction of the triplet population can lower traatsering/blocking effect on free

charge carriers, and lead to an increase in camuility. When we increase the
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offset bias, more triplets are generated insidedthace, and under the influence of a
magnetic field more triplet states would transfersinglet states via intersystem
crossing. As a result, the mobility improvemente do the effect of a magnetic field,
would also increase.

The time of flight experimental set up is similarthat in chapter four. In order to
investigate the effect of the magnetic field, tlid=Tmeasurements are carried out by
repeatedly placing and removing a small U shapelyraium magnet directly above
the sample. These are carried out on both holeskruiron mobility measurements.
The reason for choosing a U shape magnet is thagdh between two magnet poles
can provide the magnetic field without blocking taser beam, and the schematic of
this arrangement is presented in figure 3.8.1. mlgnetic field is measured by the
Gauss meter behind the substrates (which is thelinear magnetic field intensity
effect on the sample) and is about 0.2mT.

The experiments are carried out under reverse fwadoth contacts behave as
blocking electrodes, and no extra charge carriars e injected into the device,
hence electric-excitation is prohibited and photoHation mainly generates singlet
states, which have an extremely short lifetime eanthot act as charge blocking sites,
so applying the magnetic field should not affe@ ToF mobility too much due to a

lack of triplet excitons.
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Figure 3.8.1 Schematic of ToF measurement with magtic field
Figure 3.8.1 (a) shows the ToF measurement setuptivimagnetic field, and the

side view of the U magnet.
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Chapter four:
P3HT Results

4. P3HT Results
4.1.Dlin P3HT

The dark injection technique[38, 39] was chosemmiasure the hole mobility in
poly-(3-hexythiophene) devices, as it is much neuiable for both dispersive and
non-dispersive materials when compared to the tifrfght technique. As P3HT is
a typical dispersive organic semiconductor, itssially easier to measure using the
dark injection technique.

The dark mobility in P3HT is measured using thekdafjection technique, and is
compared with the literature to confirm the valdif our experimental technique. If
the samples are carefully prepared and all testiegs are followed, then our results
must agree with other research.

Figure 4.1.1 presents the current versus time (05 thick P3HT) on the
oscilloscope traces, and the arrows indicate thérdisit time. Obviously, the DI
transit time scales correctly with the increasingelvoltage, for instance the transit

time at 60 V is nearly half of that at 30 V, whicheys the mobility equation 3.4.1.
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Figure 4.1.1 Current versus time of P3HT device

Clear dark injection transit peaks are indicated bythe arrows for bias=26 V.

Drift velocity can be obtained using the samplekhess divided by the space charge
free transit time (~0.785t,). Figure 4.1.2 presents the drift velocity vershe
electric field. According to equation 1.1.1 in chapone,u=v./E, uis mobility, vq
denotes charge carrier velocity aadepresents the electric field. So the slope & thi
schematic is the mobility of the P3HT sample, whistaround 6.33xI8cm?/Vs),
and it is comparable to those reported in theditee for P3HT[45, 46]The linear

fit of this data does not pass through the origumich indicates a slight field

dependence of the mobility or a systematic erraoime measurements.
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Figure 4.1.2 Drifting velocity versus electric fiedl

The calculated hole mobilities, using the same tafaure 4.1.2, are also shown as
a Poole—Frenkel plot in Fig. 4.1.3. In this figatethe mobilities are measured under
a reasonable electric field (E>1000 V/cm). Lessttias value, may experience trap
filling, and the mobility could increase rapidly ti electric field, leading to
inconsistent results). The average mobility foftdrelocity versus electric field~(6

X 10°cm?/Vs) agrees with not very field dependent mobilityfigure 4.1.3 (~8X
10°cn?/Vs). This information is also confirmed in our exjmental techniques and

data collections.
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Figure 4.1.3 Poole—Frenkel plot of PS3HT sample. Theample thickness is 1.05
pm.

4.2. DI with photo-excitation in P3HT
4.2.1. Results

This experiment involves two parts, first a compani of the mobility in a dark
environment and under a laser incidence. Theollgtiexcited states do not exist
inside the sample under a dark environment. Inrastitwith 2 mW laser incidence
excited states can be generated, which might caobdity variations.

Figure 4.2.1 shows the DI curve for P3HT devicé (Im) in a dark environment,
and the DI transit time scaling correctly with thaltage bias. Figure 4.2.2 presents
the current versus time for the same device but &iW laser incidence. According

to this figure, it is obvious that the DI technigie still capable of mobility
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measurements, even though the device is not uhdeddrk environment anymore.
All the measurements are taken under the sameielgeld as that in figure 4.2.1, to
provide a good comparisoithe current density in this graph is slightly higtigan
in figure 4.2.1, which could be caused by the fiipg due to exciton dissociation.
In these graphs (figure 4.2.1 and figure 4.2.28yrdhs a small bump in front of the
DI peak, which might be due to the amplifier ostitbn. As it does not move with

the electric field, it cannot be the DI turning ipi
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Figure 4.2.1 Current versus time of P3HT device ia dark environment
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Figure 4.2.2 DI curve for P3HT device under 2mw laar incidence

At the second stage, we increased the laser ityestsp by step, while recording the
mobility of the sample at given voltage. The cutremlace on the oscilloscope is
present in figure 4.2.3, the transit time decreasedhe laser intensity increases,
indicating that the mobility in the device increases a function of laser intensity. In
order to pick the transit time more accurately, Bietransit peak is fitted with a

cubic polynomial curve. Thus the transit time ca&nchlculated by the derivative of
the fitted equation. Most importantly, in order éiminate unnecessary artificial

errors, all the transit times are chosen in thig thaoughout this thesis.
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Figure 4.2.3 Current versus time under different |&er intensity

4.2.2. Discussion

For the first part of the experiment, by calculgtithe mobility and drift velocity
from figure 4.2.1 and figure 4.2.2, the drift vatgoversus electric field is plotted in
figure 4.2.4 for both measurement conditions. Adoag to this, the mobility of the
device in the dark has no significant differenaafrthe mobility under 2 mW green

laser incidence.
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Figure 4.2.4 Carriers drift velocity versus electrc field
For the sample in the dark environment, the mobiliy is around (3.07+0.42) X
10° cm?/Vs, and for the sample under the 2mw laser incidere, the mobility is

around (3.02+0.47) X 10° cm?/Vs.
Figure 4.2.5 shows the Poole—Frenkel plot for datidn under the dark environment

and laser incidence. However, there is not muderdiice between both conditions.

Therefore the result does not firmly back up owuasption.
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Figure 4.2.5 Poole—Frenkel plot of P3HT sample witkthe thickness of 1.4am

The mobility is measured both under the dark envirmment and laser incidence.

Figure 4.2.6 represents the steady state currersitgeboth under dark environment
and under 2 mW laser incidences. At lower eledtald both current densities are
quite similar and no significant differences can dizserved. However, at higher
electric field the current densities are slightligher after laser incidences. This
might be due to the de-trapping at high electetdfi Since singlets can dissociate to
free electron and hole pairs at the interface atefécts, or within the bulk material
itself, there will be more charge carriers in thevide under the laser incidences.
With more charge carriers trapped at the lowerggnsite, it is more likely to de-trap
under higher electric field. This can thereforedl¢é@a an increased current density at

higher electric field under the laser incidences.
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Figure 4.2.6 Steady state current density versus pped voltage

Currents are measured both under the dark environmat and 2 mW laser

incidence.

In the second stage of the experiment, we graduatlseased the laser intensity.
Theoretically, the mobility of the sample shouldciemse as the optical intensity
increases, resulting in more and more triplet geier via inter-system crossing.
But the reality is contrary, according to figur@ Z.the transit time decreases as the
laser intensity increases, indicating that the titgbin the device increases as a
function of laser intensity (see figure 4.2.7). 98 exactly opposite to our original
suggestion. So this phenomenon confirmed that tbkility change in this case is
not due to the reaction between triplet states feewl charge carriers, but to some

other unknown mechanism that must take place irtbielelevice.
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Figure 4.2.7 Mobility of the P3HT device as a funabn of incident light intensity
The increase of incident laser intensity enhancefieé mobility of the device, this
is not expected by our assumption, but might be dut the trap filling inside the

P3HT unipolar device.

After careful consideration, we realised that samical mechanism was missing at
the very beginning of our assumption. Except fa $imall amount of triplet states
caused by the intersystem crossing, most of théegkstates photo-excited inside
the system are singlets, so the effect of thesesiaglet states cannot be ignored in
this situation. Singlet states are widely reckonedhave a very short lifetime.

According to what we have discussed before, it digeociate to free electron and
hole pairs at the interface or at defects, or witthie bulk material itself, and this is
the principle of how organic photovoltaic devicesris. In the OPV system the

organic molecule can be excited by light absorptidhese light excited singlets can
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dissociate to electron and hole carriers, Therejererating current flow through the
device.

In this experiment, as we gradually increase thensity of the laser, the singlet
population should increase as well. As a resulhefhuge population of singlet states
generated, exciton dissociation is inevitable (just the situation in photovoltaic
devices), so these dissociated free charge caowens fill up some lower energetic
trapping sites and lead to a sample mobility ineeea

In conclusion, this phenomenon can be explainet thidh a very low intensity
incident laser (2mW), the singlet concentrationta® low to generate enough
dissociated charge carriers. Hence the lower engitgg were not filled up by the
free carriers, thus the mobility of the device Marchanged at beginning. As the
laser intensity increases, the singlet populatiooull increase very rapidly. With
more singlets dissociated to free charge carriben) the lower energy traps start
filling up causing the sample mobility to increasea function of laser intensity.
Even though we are able to provide a plausibleamgilon, it is built on too many
assumptions, which makes the conclusions not coemgn Other experiments were
set up to test the effect of excited states ongeh#mansport. In these, a small DC
offset voltage is used to achieve electrical etictainstead of photo-excitation, as

discussed in chapter three.

4.3. DI with electric-excitation in P3HT
4.3.1. Results

According to figure 4.3.1 (a,c,d), hole DI tranggeshow a cleapace-charge cusp
in the ambipolar device (Au-P3HT-AIl) and the transne scales correctly with the
applied voltage pulse. This suggests that the reledhjection and transpoutithin

these devices is not balanced with that ofhibles, as observed in some cases for

94



P3HT[46]. Indeed, wprepared our devices in air, which is likely toules strong

electron trapping, limiting electron transport imarepronounced fashion compared
to the hole transport. Figure 4.3.1(b) shows thlidteeping the total voltage pulse
step stable and increasing the DC offset voltag8 tmlts, the transit time is still

clearly detectable but becomes longer.

0.14
* 26V
f (a)
0.12+ 267 with 8V offset?)
1.2um P3HT
< 010
S i
= 20V
(c)
0.08-
0.06- 1 16V (d)
T [ T [
0 40 80
t (us)

Figure 4.3.1 Oscilloscope trace of ambipolar P3HTasnple: figure (a), (b) and (c)
showthe DI transients obtained under 26V, 20V and 16V ias without the offset.
Fig (d) shows the DI transient under 26V with the fiset. The mobilities are

calculated using the equation 1.1.1

The calculated hole mobilities are shown as a P&woknkel plot in figure 4.3.2,
showing a slight electric field dependence bothhwand without offset (in this
specific case, the offset voltage is 8V), and amamarable to those reported in the
literature for P3HT[45, 46] and also our own dat&hapter two. It is also confirmed

by the velocity versus electric field plot (see #¢3.3), as both of them are not
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passing through the original coordinate point.Hase graphs it is clear that, under
the same electric field, the mobility of the ambgyalevice with 8V offset voltage is

obviously less than the mobility with OV offset.

10?
JoL2gmP3HT Tl o OV offset |
B TR ® 38V offset|...
T>n‘ I R
NE R (@ U OO ........ QL
O
° [ ]
10° I —
400 500
ELY2 (viecm)H2

Figure 4.3.2 Mobility versus the electric field wih and without offset voltage

The filled circles represent the mobility of the deice with zero offset voltage,
and the open circles represent the mobility with 8volts offset voltage. The
mobility of the device with 8 volts offset voltages clearly less than the mobility

of the device with no offset voltage.
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Figure 4.3.3 Velocity versus electric field
The average mobility under 0 V offset is 2.11x10cm?/Vs, and the average

mobility under 8 V offset is 1.57x16 cm?/Vs.

Figure 4.3.4 presents the raw DI transit curvedorambipolar device. In order to
keep the experiment under the same conditiond@lirteasurements are taken under
the voltage step yof 26 V, therefore the internal electric fieldailsvays the same. As
the offset voltage increases, the DI transit pdaftssto longer times, indicating that
the increase of offset voltage can lead to a ntgldécrease in the ambipolar P3HT

device.
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Figure 4.3.4 Current versus time for the ambipolardevice under different offset
voltage
The thickness of this ambipolar device is 1.2um. Although the offset voltage
varies from 0.1 V to 8.0 V, the absolute voltageep applied on the device is kept
at 26 volts throughout the whole experiment, whichensures that all data is

collected under the same conditions.

Figure 4.3.5 shows the current versus time forutmpolar device, all the data is also
collected at 26 V for comparison with figure 3.3@ this case the DI transit time is
not affected by the offset voltage, indicating ttfs hole mobility is not related to

the offset voltage in the unipolar system.
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Figure 4.3.5 Current versus time for the unipolar @vice under different offset
voltage

The thickness of this unipolar device is 1.jum. Although the offset voltage
varies from 0.1 V to 8.0 V, the absolute voltageep applied on the device is kept

at 26 V throughout the whole experiment for compaison with figure 3.3.4.

4.3.2. Discussion

After carefully fitting and analysing tHet curves in figure 4.3.4 and figure 4.3.5, the
hole mobility in both unipolar and ambipolar dewaean be obtained. Figure 4.3.6
shows the mobility ratio, defined as the calculatedbility with nonzero offset,
divided by the mobility at zero offset, ij@(offsett0)/u (offset=0), versus the offset
for three hole-only (Au—P3HT-Awnd three ambipolar (Au—P3HT-AI) devices. The
hole-only devices showirtually no change in hole mobility irrespectivetbe offset,
up to 8V, strongly suggesting that at the expeni@earrier concentrations, all hole

traps are filled (if there werenfilled hole traps, then an increase in measured
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mobility wouldresult from the increased offset). For offset vidts below ~0.6 \the
data obtained for ambipolar structures is simitartiioseobserved for hole-only
devices in so far as the mobility is unaffectedisTis because with the DC offset
voltage less than the turn on voltage of ambipBBiHT devices (see figure 4.3.7, the
inflection point is ~0.8 V), only holes can be pngected into the system, thus
exciton generation is prohibited. The hole mobilighaves as though it was in a
unipolar device. When the offset voltage >~1V, oliserve a marked decrease in
mobility as a function of offset voltage in the apdlar architecturesThis can be
explained when the DC offset voltage is higher ttirensample turn on voltage: both
electrons and holes are pre-injected into the systand cause excited states
formation, as a result of excited triplet sitesematction with free charge carriers, the
hole mobility would be expected to drop. If the Dset voltage keeps increasing,
more triplet excitons are pre-generated insidedince, which can cause the hole
mobility to decrease further.

We also not¢hat the average zero offset P3HT hole mobilitmsthetwo types of
sample (unipolar and ambipolar) are in agreemewtngsample to sample variation,
being phua=(5.1+0.9)x10° cnf/Vs and |a._a=(4.8+1.8)x10° cnf/Vs. This
shows that there is no difference in the sampledalthe use of gold or aluminium

as the togontact, such as from metal diffusion into the devi
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Figure 4.3.6 Mobility ratio versus the offset voltge in P3HT devices
With regards to the reproducibility, three unipolar (Au-P3HT-Au) and three
ambipolar (Au-P3HT-AI) devices have been measured ot confirm the

reproducibility of this experiment.

The mobility reduction (in figure 4.3.6) could begaed that the reduction in
mobility actually correlated with the injection @lectrons and hence columbic
trapping may be the cause rather than interactotistriplets. The role of trapped
charge on current transport has been studied thealhg by Rackovskyet al[47].
They demonstrated that trapped charge levels abd0€ cm® would affect carrier
mobility if the trapped charge was acting as shaliaps. In our system the electron
concentration in the layers can be estimated tatdeast 10 times lower than the
level needed to affect the dark injection pulse ang trapping of holes with free

electrons would be likely to produce the excitorsattwe are considering
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(J = erb,u!, son, =A, wheree is electron chargey is the population of
d ex uxsxV

charge carriersy is the charge mobilityy is the voltage across the device and

the current flow through the sample).
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Figure 4.3.7 |-V characteristic for both ambipolarand unipolar devices
Clearly the turn on voltage for the Au-P3HT-Al ambipolar device is around 0.8V,

but for the unipolar (Au-P3HT-Au) device the current density increases very
smoothly with the applied voltage, therefore theras no inflection point on the

curve.

Figure 4.3.7 shows the current-voltage characiesigtmeasured by a Keithley 236
source-measure unit) of the two typeslevice investigated here. We note that the
hole-only characteristic displage sharp transitions and tends towards Ohmie\()

regime. It also shows much higher current densaiésv voltage compared to the
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ambipolar device. The latter cde due to a combination of factors, such as
interpenetrationf the evaporated gold within the organic layefg@fvely reducing
the device thickness) and the efficient hole inggctand extractioty gold. The
ambipolar structures show typical diode device b&ha consisting of a hole-only
current at low voltages,sharp increase in current at ~0.8V (the turn-ospeiated
with the onset of electron injection), and a speftarge limited(l o<V regime
developing at high voltages. Note that the onée&llectron injection in figure 3.3.7
(~0.8 V) corresponds to tlmset of mobility reduction (~0.6 to 1 V) seerfigure
3.3.6.

The IV characteristic in figure 4.3.7 followed Mdburney law[22] perfectly. As the
current density is high enough to fill up all chatgapping sites, the unipolar device
is under a trap-free, high field limit conditioneading the current density
proportional to the applied voltagé, o= Vappieas SO the slope of the IV curve in a
double log plot is approximately 1.

However for the ambipolar device, when the voltégenuch less than 1 V, the
device follows Ohm'’s law. The current density isgortional to the applied voltage,
J o< Vappiiea With the slope of this IV characteristic at ab&utVhen applied voltage
is around 1V, the injected charge carrier densitstill too low to fill up those low
energetic sites inside the organic, the chargdsbwicaptured by these empty traps,
and thereby immobilise most of the injected castideading to a greatly reduced
current at lower injection levels, with o= Vappied- When applied voltage is higher
than 2 volts, all traps will be filled and the cmt will reach the space charge limited
trap-free condition. According to Mott-Gurney lathie current density should be
proportional to the square of applied voltages Vagpied, and indeed the slope of the
IV characteristic curve is 1.98 (with?80.999) above 2 V in the ambipolar device.
We attribute the reduction in hole mobility (figu4e3.6)to interactions of the holes

with excited states present timle P3HT. This is for the following reasons. If the
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lengthening of the DI arrival time were solely disghe injection of electrons into
P3HT and the corresponding electrostatieening effect of these electrons, then the
arrival time woulchot be affected by the offset.

Clearly, electrons will be readityapped in our devices and, as a consequence, will
directly interact (electrostatically) with injected holeseWbserve an offset hole
current, however, prior to the application of thiesieptherefore, it is reasonable to
assume that all trapped electravi have formed a bound electron-hole pair before
the DImeasurement is carried out. Given the long timedQ~Bs) forwhich the
offset is applied before the DI experimentasried out, it might be argued that most
bound pairsvould be in the form of triplet excitons. Triplexatons,however, are
long lived, thus can be expected to diffttm®ughout the bulk of the P3HT film prior
to theDI pulse being applied[48].
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Chapter five:
TPD Results

5. TPD results
5.1.Time of Flight (electron and hole) in TPD
51.1. Results

Figures 5.1.1 (a), (b) and (c) show ToF hole phat@nt transients, and figures
5.1.1(d), (e) and (f) present the ToF electron ptwtrent transients for an ITO-TPD-
Al architecture, both of them measured from 3 vaits8 volts reverse bias. The
transit time ¢ans can be obtained from the inflection point in tlg-log plot of

current versus time[49], which scales correctlyhvitte applied bias, and it is clearly
detectable for both hole and electron photocurreritss suggests that even though
TPD is used for hole transport purposes, surptigiigcan transport both holes and

electrons, both mobilities of this sample are dali®d using equation 5.1.1.

2

=— Equation 5.1.1
H Vi q

Whered is the sample thicknes¥, is pulse voltage amplitude, anfb0] is the

transient timet{ans).
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Figure 5.1.1 Typical time of flight currents obtaired in a 600 nm thick TPD
devices

Figures (a) (b) and (c) are hole photocurrents at &, 4 V, 3 V reverse bias, and
figures (d) (e) and (f) are electron photocurrentsat 8 V, 4 V, 3 V reverse bias.

The inflection time t is used for mobility calculaton.

The photocurrent transients are dispersive in édud.1, possessing a decay with a
characteristic “knee” on a double logarithmic pldDispersive transport is an
indication of disorder, which may be due to traptesd in the hole transporting
TPD[17]. Note that, the photocurrent transientsobee less dispersive as the electric

field increases, this can be attributed to fastieade-trapping under the influence of
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the electric field[49], as has been studied inij&#. The electron photocurrents are
more dispersive than the hole photocurrents, becalectron transport might be
more sensitive to an ambient environment (suchxggem and moisture) than hole
transport, resulting in more electron trappingssiteside the device, and causing the
ToF photocurrent to become more dispersive.

The calculated mobility is shown as a Poole-Frermtet in figure 5.1.2, showing
virtually no electric field dependence at room tengpure, which is comparable to
that reported in the literature[51] for TPD. We endhat, although our sample is a
hole transport material, the electron mobilities1@*cn?/Vs) in the TPD sample are
of the same magnitude as the hole mobilities (Fetf/Vs). This strongly suggests

that a TPD device can transport both holes andrelecwith a very similar velocity.
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Figure 5.1.2 Poole-Frenkel plot of the hole and eteron mobility
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Figure 5.1.3 shows the hole and electron drift eitiles as a function of the applied
field, the slope of linear fit gives a mobility v of (9.72+0.45)x10 cnf/Vs for

hole transport and (6.97+0.19)xi@n¥/Vs for electron transport. Both linear fits
pass through the origin, which means that bothtrelecand hole mobility is electric
field independent, and this agrees with figures.Both hole and electron mobility

was measured once again, and presented in figu 5.
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Figure 5.1.3 Velocities of both hole and electronsaa function of electric field, at
room temperature
The fittings are forced to go through the originalcoordinate, with R at more

than 0.99.
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Figure 5.1.4 Repeats of the hole and electron moity, Poole-Frankel plot (top)

and vq versus electric field (bottom).

5.1.2. Discussion

(TPD) is a well known hole transporter[52-54] asdnidely used as a hole transport

layer in organic light-emitting diodes (OLED)[53for a very long time it has only
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been considered as a hole transport material, atel hobility has been widely
reported ranging from pure TPD samples to dopedures at various temperature
ranges [56-58]. Electron mobilities have not beenegally considered, until now
there has been only few reported papers on thér@emobility in TPD[59], their
results are much lower than what we have obsematthey did not present the
measuring technique and method, and the way teevetitheir data is unknown.
Since the light emission is found in TPD-only de&c[30, 48], this is a firm
evidence that TPD contains excited states durirggatipn, implying that both holes
and electrons must be injected into the device tearported by the organic to meet
and form excitons. This could mean that hole trartsprganics can also transport
electrons. Indeed, the hole and electron mobiliteesvapour-deposited TPD films
are measured by the time-of-flight (ToF) methode Tiole mobility for the TPD
device at room temperature is around Ix&0Y/Vs, which is comparable with the
literature[60], and the electron mobility for thanse device under the exactly same
condition is around 7xIbcm?/Vs

In conclusion, we have measured a reproducible litoldor both holes and
electrons travelling in TPD (figure 5.1.4). We saggthat the reason it has been
defined as a hole transporting material is not beeaof its hole-only transporting
characteristics, as the mobility of both hole atetteon carriers are quite similar.
Thus, the reasonable explanation could depend ataciresistances (the energy
barrier between the electrodes and the organid¢s.ehergy difference between the
work function of ITO (4.9eV) and HOMO level of TPB.5eV) is smaller than that
between the work function of aluminum (4.3eV) aidMO level of TPD (2.55eV),

as a result the hole extraction is much more efficthan the electrons.
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5.2.DlI for thin TPD device

After succeeding with the organic polymer P3HT, twed another small molecular
organic called N,N’-diphenyl-N,N’-bis(3-methylphdi,4’-diamimobiphenyl
(TPD) to test the general validity of our theory g organic semi conductive
materials, and also to complete our theory. Thereevertheless, still one flawith
the P3HT experiment, exciton formation inside tegide could lead to a light output
of the diode, although no luminescence has beesrcidet from P3HT, this could be
caused by the relatively longer electroluminescemaee length (660 nm), which is
far from the sensitive region (=520 nm) of our pmhdetector. Luckily the
electroluminescence of TPD is around 520 nm arid bgtput can be detected.
Compared to P3HT, TPD is relatively more stablatmosphere and less dispersive.
So, the time-of-flight method is also consideredrdmmforce our theory in another
aspect. So considering the experimental consistamy the familiar techniques
which have already been successful with P3HT, dgéction measurement has still
been chosen to confirm our theory at this stagelewitme-of-flight technique will

be discussed in the following chapter.

5.2.1.Results

Althoughthe sample is an ambipolar device, hole DI trarisishow a cleaspace-
charge cusp, as presented in figure 5.2.1 (a). Jlggests that the electron injection

within these TPD devices is not balanced to thahelfioles.
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Figure 5.2.1 Original dark injection data recordedfrom the oscilloscope
Figure 5.2.1 (a) showshe DI transients obtained under different bias wihout
offset in an ambipolar (ITO-TPD-AI) sample. Figure 5.2.1 (b) showghe DI
transients obtained under different bias without ofset in a unipolar (ITO-TPD-
Au) sample. In both graphs the peak timép, scales correctly with applied bias

and isclearly detectable.
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The resulting calculated mobility and drift velgcit different fields are shown in
figure 5.2.2 and 5.2.3, for the ambipolar and uldpsample respectively. Both of
them show slight field dependence. More importariibth of them are comparable

to those reported in the literature[60], thus coniing our experimental techniques.
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Figure 5.2.2 Mobility of ambipolar device (ITO-TPD-AIl)
Figure 5.2.2(a) represents the hole drift velocityersus electric field, and figure

5.2.2(b) is the Poole—Frenkel plot of hole mobility
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Figure 5.2.3 Mobility of the unipolar device (ITO-TPD-Au)
Figure 5.2.3 (a) shows the drift velocity of holesersus electric field, and figure

5.2.3(b) is the Poole—Frenkel plot of hole mobilityn the unipolar TPD device.

We noteahat the average zero offset TPD hole mobilitigstiietwo types of sample

(unipolar and ambipolar) are slightly different lstill the same order of magnitude.
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Given sample to sample variation, the mobilityled ambipolar and unipolar devices
are 4 , = (5.0£0.7) x10 cnf/Vs  andp%¥ ., = (1.6+1.2) x10" cn?/Vs. This

difference in the samples may be doethe use of gold or aluminum as the top
contact, such as metal diffusion into the devicdifferent contact resistance.

The DI experiments carried out with zero offsettbe ambipolar sample of figure

5.2.1 (a), and the DI transit at different voltagjeps with 4V offset on the same
sample, are shown in figure 5.2.4. The DI is delelet and the cusp peak clearly

scales with the electric field.
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Figure 5.2.4 (a) The current trace of the ambipolaimPD device without offset, (b)

the current trace of the same device with 4V offsett different fields.

The calculated hole mobilites with and without effaire illustrated in figure 5.2.5.
They show a slight electric field dependence, hwith and without offset, in this

specific case the offset voltage is 4¥here,both lines of best fit do not pass through
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the origin. In these graphs it clearly shows thatlar the same electric field, the
mobility of the ambipolar device with 4V offset vaye (1.87X 10“cn?/Vs) is

obviously less than that with zero offset voltaBe80x 10“cm?/Vs).
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Figure 5.2.5 Poole—Frenkel plot of hole mobility (rand drift velocity versus the
electric field (b) in the ambipolar device both wih and without offset voltage.
The hollow squares represent the mobility of the dece with zero offset voltage,

and the filled squares represent the mobility with4 V offset.
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Another way of studying the effect of an offsetaskeep the same electric field and
vary the offset bias. Figure 5.2.6 presents the dank injection curves for the

ambipolar device, with all the measurements taketleu 7V voltage step. As the
offset voltage increases, the DI transit peak stidt longer times, which indicates
that an increase in offset voltage can lead to ailihodecrease in the ambipolar

TPD device.
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Figure 5.2.6 Current versus time for the ambipolardevice under different offset

voltage. The measurement pulse is 7 V.

The thickness of this ambipolar device is 610 nm.lk offset voltage varies from
0.0 volts to 6.0 V, the absolute voltage applied tihve device was kept at 7.0 V
through the whole experiment, ensuring that all thedata is collected under the

same condition.

In contrast to figure 5.2.6, figure 5.2.7 shows ¢herent versus time for the unipolar
device (data collected under a 7V voltage stepfigare 5.2.7 the DI transit time

does not vary with offset voltage, which indicatieat the mobility is not related to
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the offset voltage in the unipolar device.
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Figure 5.2.7 Current versus time for the unipolar evice under different offset

voltage. The measurement pulse is 7V.

5.2.2.Discussion

Figure 5.2.8 shows the mobility ratio (as defined Bsection 3.3 as

u (offsett0)/u (offset=0)) versus the offset for two hole-oiu—TPD-Au)and two
ambipolar (Au—TPD-Al) devices. All the DI meaurensrare taken under 7 V
voltage pulse. The hole-only devices do not shignificant change in hole mobility,
up to 5V, strongly suggesting that, at the expentalcarrier concentrations, all hole
traps are filled (if there werenfilled hole traps, then an increase in measured
mobility wouldresult from the increased offset). For offset wpdtsibelow ~1.6 \the
data obtained for ambipolar devices shows a sligbtease with offset bias,
suggesting that the experimental carrier conceatratcould be too low to fill up all

hole traps. Enhancing the offset voltage could eamere and more traps to be filled,
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hence the mobility of the device is slightly incsed.When the offset voltage

>~1.6 V, however, we observe a marked decreas®hility with increasing offset

in the case of ambipolar devices only.
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Figure 5.2.8 Mobility ratio versus offset voltagen TPD devices
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Two unipolar (ITO-TPD-Au) devices (circular dots) and two ambipolar (ITO-

TPD-AI) devices (square dots) are used to check theeproducibility of this

experiment.

Figure 5.2.10 (a) shows the current-voltage charstics of the two types device

investigated by DI. The ambipolar structures shgpicil diode device behavior

consisting of a hole-only current at low voltagessharp increase in current at

~1.2 V (the turn on, associatedth the onset of electron injection), and a space-

charge limited! =<\/%) regime developing at high voltages. We note thatonseof

electron injection in figure 5.2.10 (a) (~1.2 V)r@sponds to thenset of mobility
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reduction (~1.4 to 1.6 V) seen figure 5.2.8. It also shows much higher current
densities abwer voltage for the unipolar device comparedh® ambipolar structure.
This carbe due to a combination of factors such as interjpationof the evaporated
gold within the organic layer (effectively reducithg device thickness) and efficient
hole injection and extractidoy gold or the contact resistance of electrode$orBe
turn on, the current of the ambipolar device (ITRBFAI) is extremely low (around
10™ A) in figure 5.2.10, under this current density moany carriers have been
injected into the device, therefore hole trapsravefilled by the carriers. Increasing
the voltage results in more and more carriers baijegted into the system, these
carriers will gradually fill up the hole traps amduse the measured mobility to
increase until the dc offset voltage reaches the tin voltage (~1.2 V in figure
5.2.10), and this is consistent with figure 5.2v8gre there is a slight increase of the
mobility as the offset voltage is below ~1.4-1.@Nowever, according to figure
5.2.10 the current of the unipolar device (ITO-TRD) is roughly 10 A if the
voltage is below 1.2V, with this much current fleygithrough the sample, the charge
concentration is sufficient to fill all hole trapsside the device.

The different current before turn on voltage istguikely due to the different
leakage currents. Since the current is extremely (around nA and pA), the
absolute difference of these currents is not siggmit. Due to sample to sample
variation the leakage current may slightly diffdras well, this is quite common in
semiconducting devices. There is also a turn omawehbr in the ITO-TPD-AU
device, this may be caused by the mismatch ofreldes.

From studies done on wide varieties of organic nmedte with different metal
interfaces, it is concluded that there is a retabetween the dipole formation, work
function for the organic material and the work fiimie of the metal used [61, 62]. A
main trend observed is that there is always a negaacuum level shift, which

causes a lowering of the vacuum level. Based upisrtrend, the origin of the dipole
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at the interface and the cause of the vacuum khiéll were explained by Ishét al.

and the mechanism was illustrated in Figure 5.2dated from Ref. [61]). The
main cause of the dipole can be electron transdewden the metal and the organic,
as shown in Figure 5.2.9, causing the positiversghtive charges to separate across
the interface. The origin of the charge separatibrthe interface (and resulting
electric field) is similar to conventional band derg, which also results from the
charge transfer across an interface. In the casieeahterfacial dipole, however, the
electric field is confined to a very narrow regiormgt more than 1-2 nm[63]. This
kind of electron transfer occurs for combinatiorfsaostrong donor organic-high
work function metal as shown in Figure 5.2.9 (a)acstrong acceptor organic-low

work function metal as shown in Figure 5.2.9 (b)[37

(@) (b)

Figure 5.2.9 the interface dipolar at the metal orgnic interface

It is well recognized that oxidative treatmentshsas oxygen plasma or UV ozone
could dramatically enhance hole injection. Oxidativeatments incorporate more
oxygen onto the surface, and this could cause facgurich in negatively charged
oxygen resulting in a dipole layer formation nela surface region of ITO, hence
increasing the work function of the ITO anode.

Therefore the dipolar structure at the ITO-TPD ifatee could be different from that
at the TPD-AU interface, and this dipolar structacelld change the work function

of the electrodes, and resulting in two mismatatledtrodes.
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Figure 5.2.10 IV characteristics and luminescencelq of TPD devices

On top are the IV characteristics of both the uniptar and ambipolar devices.
Before turn on point (~1.2V), the current of the anbipolar (ITO-TPD-AI) device
is almost two orders of magnitude lower than the uipolar device (ITO-TPD-
Au). The bottom graph presents the luminescence cheacteristics of TPD devices.
In both graphs, circles represent the unipolar dewde, and squares indicate the

ambipolar device.

It should also be noted that light output can bseoked from the ambipolar (ITO-
TPD-AI) device but not from the unipolar (ITO-TPDJA device. This was
measured using square wave from a pulse generator and detesiad a Thorn

EMI 9202V S-20 Photomultiplier and SignalRecove63 lock-in amplifier. All
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sample measurements (I-V-L and DI) were carriedmatvacuum (~¥10° mbar) to
reduce device degradation.

We are able to unequivocally link the reductionhimle mobility (above ~1.6V in
figure 5.2.7) to the presence of excited statest asnot only consistent with the
inflection point in the IV curve of an Al cathodarsple occurring at ~1.4V (see
figure 5.2.10), but also with significant light put from such a device occurring
above ~2 V (see figure 5.2.10). This is furtherfoamed by the Au sample results,
where there is no significant change in hole moplilip to offset voltages of 4.5V
(figure 5.2.8), consistent with the lack of lumioesce shown in figure 5.2.10.

We attribute the reduction in hole mobility (Fig238)to interactions of the holes
with excited states presenttire TPD materials, and the mechanisms are exdmwdly t
same as we discussed in chapter 2.3 for P3HT rakekRirst, if theéransiting hole
has the same spin state as the baol¢he triplet, then the exciton acts as a blocked
site for the transiting hole and will reduce thehifity. Secondly, if the transiting
hole has a different spstate to that on the exciton, then there arepossibilities.
The triplet can be quenched by the free caareran interact with it, leaving a hole
andtriplet, resulting in an effective scattering irstetion. Both of these processes
will slow down the charge carriers and reduce thie mobility.

Until now, the hole mobility in both poly-(3-hexihibphene) and TPD samples are
measured by the dark injection transient techniqueoth hole-only and ambipolar
devices. By applying a small offset bias prior lte woltage step, electronic excited
states are generated in the ambipolar but notarhtte-only devices. The presence
of excited states reduces the room temperature tholality by as much as 15%
compared to that measured without offset, in cehtiathe hole-only devices where
no significant mobility reduction is seen at thansa or indeed higher, current
densities. We attribute the lower mobility to irtetions between the charge carriers

and the long-lived triplet states and to an effectreduction in the number of
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transport sites available.

5.3.ToF with forward bias

5.3.1.Results

A voltage pulse is triggered 700ns before the lgmése to pre-generate excitons
inside the ambipolar device, and the voltage stsfslapproximately 30ms which is
long enough to provide the electric bias for thelghToF measurement. Figure 5.3.1
presents the ToF curve on the oscilloscope. Theagelstep started at -7x16
(given the first RC discharge peak), which meanstatted 700ns before the laser
pulse is triggered (given the second RC dischasgk pand this is counted as the
starting time of the measurement, defined as zaru),this period is certainly long
enough for triplet formation. During laser pulseidence a thin layer of free carriers
can be generated into the system, and as a resututrent density is enhanced after
the laser is triggered. By analysis the carrianditatime t.ansand the hole mobility of
the sample device can be obtained. Typical cutier@-traces are shown in figure

5.3.1 for varying bias 3 Vto 10 V.
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Figure 5.3.1 Raw ToF data from oscilloscope

The first peak around -7x10*s is the RC displacement current caused by the
voltage step, and is followed by a constant dark ctent. The second peak
around Os is the photocurrent caused by the laserutse. For timest>0 the

resulting current is simply the sum of the dark curent and photocurrent.
In order to analyse the ToF photocurrent the psefla@ark current is subtracted and

the resulting photocurrent plotted in figure 5.3&th graphs show a clear transit

“knee” on the-t curves which indicates this material is not togdrsive.
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Figure 5.3.2I-t curves of both unipolar and ambiploar devices.
Figure 5.3.2 (a) indicates the ambipolar device, ahfigure 5.3.2 (b) shows the

current trace of the unipolar device, all devices i@ measured in a voltage range

between 5V to 10 V.
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5.3.2.Discussion

Using the arrival times from figure 5.3.2, a Poéleenkel plot of hole mobility from
both unipolar and ambipolar devices is displayefigare 5.3.3. Two ITO-TPD-Au
devices and two ITO-TPD-Al samples were measureghétk the reproducibility. In
the Poole-Frenkel plot, the unipolar device showsnarease of hole mobility with
the square root of electric field typical of orges)i however, the ambipolar device
shows no such increase.

For the unipolar device there is an absence ofjpreerated excitons, therefore in the
Poole—Frenkel plot the mobility is slowly increagiwith the electric field just like
other disordered semi conducting materials thatedeetric field dependent. The
reason for this increase has already been discusseldapter 1.2. using equation
1.2.2. However, inside the ambipolar device, thpler states are pre-generated,
therefore free charge carriers could be scatteyetid excited sites with a relatively
longer lifetime, this affects the mobility in theo®le—Frenkel plot. Unlike the
mobility behaviours inside the unipolar device t@asl of going up, the hole mobility
of the ambipolar device almost remains the samb thi¢ increase of electric field.
The current before laser pulse in the ambipolaicgels higher, if there is any trap
filling, the mobility of the ambipolar sample shduhcrease, but in contrast there is
no such increase, implying that the mobility of fledd independent behaviour in the
ambipolar device is due to the triplets blockingl astattering. However there is
another possibility that the traps have alreadynbileed by the excess injected

charges due to the higher current density.
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Figure 5.3.3 Poole—Frenkel plot of hole mobility inTPD device

Two unipolar devices and two ambipolar devices argested to check the
reproducibility of this experiment. Clearly in this electric field range, the
mobility of unipolar devices increases, but the mabty of ambipolar devices

remains almost the same, or even decreases a littli.

The hole mobility in TPD samples are measured i tof flight technique in both

hole-only and ambipolar devices. By applying a stelbage pulse prior to the laser
pulse, electric-excited states are generated irthiel@mbipolar but not in the hole-
only devices. The presence of excited states affdwd room temperature hole
mobility quite obviously compared to that measusgithout in the hole-only devices.
We attribute the effect of mobility to interactiobetween the charge carriers and
relatively long lived triplet states, and to aneefive reduction in the number of
transport sites available. Therefore, both darkedtpn and time of flight

experiments are in agreement with our assumptibigiwhas confirmed our theory.
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5.4.Magnetoresistance (MR) measured by DI
54.1. Results

Figure 4.7.1 presents dark injection transit curigesthe ambipolar device (ITO-
TPD-AIl) both with (figure 5.4.1 (b)) and withoutidtire 5.4.1 (a)) an applied
magnetic field under 0.6 volts offset voltage (agk step ¥=5 V). The DI transit
peak in figure 5.4.1 (a) is marked by the red And extended to figure 5.4.1 (b), and
there is no significant difference of between two graphs. The small offset voltage
could result in this small mobility change, as tifset bias is less than the turn on
voltage (see figure 5.2.10 (a)), only holes camiected into the sample, since there
are no excited states, s $hould not be affected by the magnetic field.

Figure 5.4.2 presents dark injection transit curiggsthe ambipolar device (ITO-
TPD-AI) both with (figure 5.4.2 (b)) and withoutidtire 5.4.2 (a)) an applied
magnetic field under 3.5 volts offset voltage¥8 V). The DI transit peak in figure
5.4.2 (a) is marked by the red line and also exdrid figure 5.4.2 (b), and there is
an obvious decrease i under the influence of the magnetic field (figbrd.2 (b)).
The higher offset voltage results in an obvious itgbmprovement, with the offset
bias above the turn-on voltage (see figure 5.2a))) friplet states can be generated
in the bulk of the TPD device, and applying a maignéeld could lead to a
reduction of triplet states due to intersystem sirgg hence improving the sample

mobility.
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Figure 5.4.1 DI transit curves of the ambipolar deice under 0.6 V offset voltage
Figure 5.4.1 (a) is the sample absence of magnefield and figure 5.4.1 (b)

presents the sample under 0.5 T magnetic field, arttiere is not much difference

of tp) between the two figures.
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Figure 5.4.2 DI transit curves of the ambipolar deice under 3.5 V offset voltage

Figure 5.4.2 (a) is the sample absence of magnefield and figure 5.4.2 (b)
presents the sample under 0.5 T magnetic field, artiere is an obvious decrease
of tp; when magnetic field is applied, indicating the moitity increases under the

magnetic field.
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Figure 5.4.3 shows the DI transit curve of the olap device (ITO-TPD-Au) with
and without a magnetic field. All these measuremeané under zero offset bias. The
DI transit peak in figure 5.4.3 (a) is also marksda red line, and extended to figure
5.4.3 (b). It is clear that under zero offset vgétahere is no significant difference in
tpr between these two graphs. This indicates thattagnetic field does not have
any effect on charge transport in the unipolar cevi

Figure 5.4.4 presents the DI transit curve of thpaolar device (ITO-TPD-Au) with
and without applying magnetic field, using a 3.50ffset. The DI transit peak in
figure 5.4.4 (a) is marked by a red line, and edéehto figure 5.4.4 (b). Again, it is
clear that even with 3.5 V offset there is still significant difference ingf between
the two graphs.

It is safe to conclude that the magnetic field doetsaffect the charge transport in
the unipolar device, irrespective of the applief$etfbias. The reason for this is that
only holes can be injected and transported insidmipolar device, therefore it is
very difficult to generate excited states insiddapatar architecture. Due to the
absence of triplet states scattering/blocking tke tharge carriers, theoretically, the
magnetic field should not change the dark injecti@ansit time # in a unipolar

device.
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Figure 5.4.3 DI transit curve of unipolar device at0.6 V offset voltage
Figure 5.4.3 (a) is the I-t curve for device withoua magnetic field and figure

5.4.3 (b) represents the I-t curve for device unded.5 T magnetic fields.
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Figure 5.4.4 DI transit curve of the unipolar devie under 3.5 V offset voltage
Figure 5.4.4 (a) is the device without a magneticdeld and figure 5.4.4 (b)

represents the device under 0.5 T magnetic fields.
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Because the working current density in a semi-cotidg device is highly related to
the sample mobility, the device steady state ctrneast behave similarly to the
carrier mobility under the influence of a magndiigtd. As the magnetic field is able
to enhance hole mobility as a function of offseltage in an ambipolar device, then
the improvement of steady state dark current (smdegge limited currentscy)
(AlscL= I'scumagnen— Iscumagnet=) Should also follow the same pattern as the nmgbili
improvement. On the other hand, in a unipolar devibe improvement in hole
mobility is not affected by the offset voltage, berany improvement in steady state
dark current flscL = lscumagnen— Iscumagnet=p Should also remain the same under
different offset bias.

Figure 5.4.5 presents the steady state dark cuggnoth with (figure 5.4.5(b)) and
without (figure 5.4.5(a)) a magnetic field for taenbipolar device at 0 V offset. In
this figure the average steady state dark cutggpnincreased by less than 0.005 mA
(the increase is about 4.5%) due to the effect ajgmatic field. More importantly a
statistical analysis will be presented in the déston to establish whether the change

is significant or not.
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Figure 5.4.5 DI steady state currentdc. plot of the ambipolar device under OV

offset voltage

Figure 5.4.5 (a) is §cL versus time under no magnetic field and figure 5.5 (b)

represents it under 0.5 T magnetic fields.

If a 3.5 V offset voltage is applied to the ambaradlevice, a remarkable increase of
steady state dark curredtsc, (approaching 0.01mA, this may looks not signiftcan
enough. However, if judged by the percentage, tipraovement almost reached 10%,

the small absolute improvement is just due to thallscurrent flow in the sample) is
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observed in figure 5.4.6, resulting from the preseof magnetic field. This increase

(~ 10%) of kcLin figure 5.4.6 is much more significant, if com@aurto that in figure

5.4.5. (~ 4.5%)
0.11

(a) 15 repeats 3.5V offset without magnetic

0.10 1

I (mA)

0.09

t (ms)

0.12

(b) 15 repeats 3.5V offset with magnetic

s
lw \ I |
w

MJ
"‘,Hl“l Yll “ _\‘, |
t i | I t‘\ "
[ s !

i 'M
AR
i

1“\)
i \

0.1 ’“M )M “l\%

I (mA)

—“—

»’

il
:

il
u N ) |
0.104

T T T T T T T T
0 20 40 60 80
t (ms)

Figure 5.4.6 DI steady state currentdc, plot of the ambipolar device under 3.5

V offset voltage. Figure 5.4.6 (a) issk. versus time without magnetic field and

figure 5.4.6 (b) represents it under 0.5 T magnetitields.

In order to make a comparison, DI steady stateeatstsc are also measured in the
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unipolar device. In figure 5.4.1scLis measured at O volts offset bias both with
(figure 5.4.7 (b)) and without (figure 5.4.7(a)etmagnetic field. The steady state

current change (J(klz 40 ms used) is too small to be observed (if thieeaverage

value both with and without B field, and the difece is only about fiA).
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Figure 5.4.7 DI steady state current dc. plot of the unipolar device under OV
offset voltage. Figure 5.4.7 (a) issk. versus time without magnetic field and

figure 5.4.7 (b) represents it with 0.5 T magnetidield, there is little difference

between these two graphs, and it is too small to loketected.
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Even if the unipolar device is at 3.5 volts offees (figure 5.4.8), the steady state
current changellsc, due to the magnetic field is extremely small aifficdlt to

distinguish (the difference of the average valugbsut 0.1A).
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Figure 5.4.8 DI steady state currentdc, plot of the unipolar device under 3.5 V

offset voltage Figure 5.4.8 (a) is §c. versus time without magnetic field and

figure 5.4.8 (b) represents it with 0.5 T magnetidield, there is almost no

difference between these two graphs.
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5.4.2.Discussion

By fitting the data near DI peak, as describedantisn 4.2, the hole mobility is
calculated for each experimental result from figbi4.1 to figure 5.4.4. Figure 5.4.9
shows the calculated hole mobility in an ambipalavice (ITO-TPD-AI) and a
unipolar device (ITO-TPD-Au) under different DC st voltage (0.6 volts and 3.5
volts) both with and without a magnetic field. Inder to reduce the noise, each
experiment was repeated 15 times. With a smalebffeltage (0.6V in the ambipolar
device), the average mobility in the ambipolar skenmpcreased very little~2% as a
result of the magnetic field. However if the DC s&ff voltage is increased to 3.5
volts, by applying a magnetic field the average ititgbin the ambipolar device
increased by~7%. This phenomenon is consistent with the conatuseached in
chapter 5.2 (see figure 5.2.8). Since almost refristates exist at a low offset
voltage (below the turn-on voltage of the ambipadavice), as confirmed by IV
characteristics and lack of luminescence in figar2.10, there are no mobility
changes in figure 5.2.8 and very little mobilitygrovement due to magnetic field in
figure 5.4.9. With a 3.5V offset, the mobility ing ambipolar TPD device decreased
by more than 10% in both figure 5.2.8 and figu4.%. Since light output has been
detected in figure 5.2.10(a), this implies thapleis have been generated inside the
ambipolar sample at 3.5 volts offset. As the magrfetld can convert these triplets
to singlets, this leads to a 7% increase in holiling much higher than the 2% at

0.6 volts offset.
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Figure 5.4.9 Mobility in TPD devices with and withait magnetic field at two

different offset voltages

Theoretically, there are no excited states indigeunipolar device, as only holes can
be injected into the system, but in practice a brmadount of electrons could be
injected into the unipolar system, as a resulheflarge voltage step supplied by the
pulse generator for the DI measurement. After apglya magnetic field to the
unipolar device, the mobility shows a small inceeésee figure 5.4.10), but this was
not influenced by the offset voltage and remaineaghly constant under different
offset (see figure 5.4.10). This phenomenon cordiour suggestion that the electron
injection is caused by the pulse voltage from theegator, which remains constant
throughout all experiments, meaning that any resplexciton concentration is
constant in measurements. Thus any mobility imprear@ would also remain the
same, irrespective of the offset voltage (see &du4.10).

When the offset voltage is higher than the turnvoitage of the ambipolar TPD

devices £1.2 V), the mobility improvemently/ (MmagnetoHmagnet=9 in the unipolar
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system is much less than that in the ambipolarcgewVe believe that there is a
higher triplet concentration in the ambipolar devikan exists in the unipolar system
under these conditions. This is because the exsisés inside the unipolar device
are only generated by the voltage pulse from thvegpsource, but for the ambipolar
device they are primarily generated by the offsas bapplying a magnetic field can
convert more triplets to singlets in the ambipotkavice, causing the mobility
improvementdy in the ambipolar device to be greater than th@alar system (at
3.5V offset).

This is consistent with the ambipolar structuresvéhg a drop in the zero magnetic
field mobility of ~15% between the 0.6 V and 3.5®ffset (figure 5.2.8), whereas for

the unipolar sample there is no effect due to ffeebvoltage.
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Figure 5.4.10 The plot of mobility increase in a mgnetic field, under different
offset voltages. Each data point is the average wa after 15 repetitions to
reduce the white noise, and the circles represenhe mobility improvement of
the ambipolar device, while the squares indicate # mobility improvement of

the unipolar device.
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The hole mobility improvement4{/ =pmagnetoHmagnet=9 caused by the presence of
the magnetic field versus offset voltage is showifigure 5.4.10. Each data point is
averaged over all 15 measurements to minimise n¥i&e note that the mobility
improvement in the unipolar device remains rougtdpstant 4¢~-1.1x10° cnfV’
s1) irrespective of offset voltage (from OV to 3.5.Vlhis is in contrast to the
mobility improvement in the ambipolar device whichanges from 1X10° cnfV-
st at OV offset voltage to 3xA0° cn?V st at 3.5 V offset. The increase in mobility
improvement is due to a magnetic field in the pneseof a large number of excited
states and provides the most striking confirmatdrihe role of excited states in
organic magnetoresistance (OMR) The differencewdst the absolute values of
hole mobility measured in the Al and Au electrodenples can be accounted for by
sample to sample variation or different contactstaace, and in any case do not
affect any of the arguments presented so far, agdlative changes in measured
mobility in a given sampledue to either excited states or a magnetic faaiel
discussed. The offset independent magnetic fieldilypenhancement displayed by
the Au electrode sample may be due to the smalbeurof excited states generated
by the DI measurement pulse itself, although we rioat it is not inconsistent with
OMR theories which do not require ambipolar injexfB5]. The same mechanisms
can explain the relatively small magnetic field ntibpenhancement seen in the Al
electrode sample below turn-on. Thus, the most emwasive interpretation of the
results is that the microscopic magneto-resistameehanism, which requires excited
states, is at least equal in magnitude to one wihagfs not, simply by looking at the
(roughly doubling of the) magnetic field mobilitydrease as the Al sample is
measured below and above turn-on.

In order to link the mobility improvement (due teetMR effect) to the steady state
current improvement (also due to the MR effedt}scLis also fully investigated, by

averaging each noisy DI steady state curtegitfrom figure 5.4.5 to figure 5.4.8 in
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section 5.4.1, and plotted in figure 5.4.11. Alsoprder to reduce the errors, each
measurement is repeated 15 times. In this gramhabvious that the steady state
currentlsc increased significantly4sc,=6.0 pA) in the ambioplar device under 3.5
V offset, compared to that under 0 V offsdtg-=3.0yA). This enhancement ¢,

is attributed to the higher triplet concentratiaside the ambipolar device at a higher
offset voltage (3.5 V). In the presence of a magretld, more triplet states could
transfer to singlet states via inter-system cragdirence more charge blocking sites

(triplets) would disappear, leading to a lafgge improvement.
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Figure 5.4.11 DI steady state currentlgc) plot both with and without presence
of magnetic field at two different offset voltagesRepeat measurements ofscy,

using unipolar (Au cathode) and ambipolar (Al cathale) samples, in the
presence (red dots) and absence (black dots) of agnetic field. The two offset
values, 0 V (top) and 3.5 V (bottom), have been cben to correspond to regions
below and above device turn-on respectively in thembipolar sample. The two
offset voltages for the unipolar sample, 0 V and 3V, are virtually

indistinguishable.
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In contrast to this, in the unipolar device, nongigant improvement ofisc.is
observed even at higher (3.5 V) offset. This caeXygained, since as a result of the
electrodes used, there are few excited stateseirsidnipolar device even under a
large offset bias. Any excitons are solely generdig the step voltage from the
power source, which remains constant during allsuesanents. So, in the unipolar
system the magnetic field should not significamttfect the working current, as there
are only a few blocking sites.

Before future discussion, there is a very importaghenomenon which must be
pointed out. Since the space charge limited (SGljyent (see figure 5.4.5 and
figure5.4.6) is very noisy under the magnetic fiatds hard to judge whether the
SLC current increase is due to the big noise oritifleence of magnetic field.
Clearly in figure 5.4.11, the SCL current is in@ed every single time when a
magnetic field is applied, the only difference isetamount of improvement.
Therefore, the noise in figure 5.4.5 is literalgused by these various improvements.
If take these SLC current values and present iarsgply (see figure 5.4.11), it is
quite obviously that the SCL current consistentigreased under the influence of
magnetic field, just the absolute improvement valgevarying during each
measurements. So there is no doubt, that the S@krtuis truly increased after
applying a magnetic field and this is definitelyt modisguise of those noise.

The behaviour of the steady state current improvenmefigure 5.4.11 agrees with
the mobility improvement in figure 5.4.9. This confed our MR measurements
with the magnetically mediated steady state curf(astmeasured in “traditional”
OMR experiments).

To investigate the relationship between offsetagdt and steady state dark current
improvementdlsc,, figure 5.4.12 shows the measuridc under different offset. It
is clear that the steady state dark current imprere dlsc increases as a function

of applied offset bias in the ambipolar device.sTkind of behaviour is expected, as
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increasing the offset voltage means more tripleés generated inside the device,
with the applied magnetic field reducing the numéieblocking sites and leading to

a larger increase d§c,.

In a unipolar device, however, only few excitedtetaare generated by the pulse
voltage for the DI measurement, hence only a fewekdihg sites can be converted,
irrespective of the offset voltage. Therefore theeady state dark current

improvementdisc should not vary with offset bias, and remains alncogistant.
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Figure 5.4.12 DI steady state current improvementersus offset voltage
Each point here is averaged over 15 times to redudbe experimental errors.
The circles represent the ambipolar device (ITO-TPBAIl), and the squares

indicate the current change of the unipolar devic€§ITO-TPD-Au).

With the large error bars in figure 5.4.12, it iardily to argue that there is a real
mobility increase in the ambipolar system. In ortteconfirm whether the mobility

increase trend in the ambipolar device is significa not, a statistical trend analysis
is plotted in figure 5.4.13 (a), also another statal trend analysis for the unipolar

device is presented in figure 5.4.13 (b), for corigma purpose.
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Figure 5.4.13 statistical trend analysis for both mbipolar device (ITO-TPD-AI),
see figure 5.4.13 (a), and unipolar device (ITO-TP{Au), see figure 5.4.13 (b).

The changes in hole mobility with magnetic fieldasered in TPD (see figure 5.4.10)
can be compared with the change in the steady statent after the DI pulse (see
figure 5.4.12). In the steady state for the unipglample the triplet concentration

will be independent of the offset voltage as itiedermined by the magnitude of the
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DI pulse. This is indeed the case, and for the $esnpith the gold cathode the OMR
was 7.5+4.7%, whereas for the aluminum cathode€i&® 8.7+3.0%. These values
are the same as the mobility changes measuredinwéttperimental error, and
support the view that the change in current caattsbuted to the change in mobility.
Moreover, if the applied voltage and device strietare fixed, then the current
density in a working device should be proporticiaihe sample mobility. Hence, we
plot the mobility improvement4y) due to magnetic field, versus steady state dark
current improvement4lscy) also due to magnetic field in figure 5.4.14. how's a
clearly linear relationship between the two in #mbipolar device. The fitted red
line is forced though zero coordinates with thepslaround 2 (1.96), and this
perfectly matched with the relationship betweerrentrand mobility, which further

confirmed our assumption.
8

0 T T T T T T
0 1 2 3

M a=o:52n Ma=on (10'5cm2/\/s)
Figure 5.4.14 Al ¢, versus4u plot in ambipolar device
The linear fitting (with the slope around 1) matche the relationship between
current and mobility, which relates the magneto-restance to the mobility

change.
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The magneto-resistance of organic semiconductardeaexplained as follows. The
microscopic mechanism for OMR, proposed by our graiates that the primary
action of a magnetic field on an OLED is to incee#ise singlet concentration within
the organic layer[31], resulting in improved eféocy, at the same time it also
reduces the triplet concentration. By reducingtthpet concentration, their effect on
the mobility is also reduced. We have proposed thate are three primary
mechanisms through which triplets can affect mgbjB0, 31, 35, 64-67] depending
on the relative spin states of the polaron andetrigf a polaron encounters an
exciton in the triplet state, and its spin statthessame as the corresponding electron
or hole of the triplet, then the site is blockedgdigure 2.1.1) and the mobility is
decreased, as the polaron has to find an altemedivte. However, if the polaron has
the opposite spin state, then it can interact withtriplet molecule, and here there
are a number of possible outcomes, again deperwhinthe spin conditions (see
figure 2.1.1). The polaron can depart the moletedeing a triplet behind, although
both polaron and triplet may exchange their spiretult in different spin states, or
the polaron can quench the triplet leaving just pmdaron [31]. Both of these
processes will change the mobility of the polarad,an addition, they would likely
have some magnetic field dependence, which woulcbbgolved with the magnetic
field dependence of the triplet population (caubgdhe change in the intersystem
crossing mentioned earlier). This probably accountsthe observed difference
between the magnetic field dependence of the deffc@ency and current seen in
OMR experiments [30, 31, 64, 68].

In this chapter, hole mobility in thin films ofN,N’-diphenylIN,N’-bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD) $iabeen measured by the
method of dark injection transients (DI). These sueaments were performed in the
presence of a small variable offset bias in unipated ambipolar samples, with and

without an applied magnetic field. The applicatadra magnetic field (~500 mT) has
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the effect of increasing the measured mobility bgw percent. The magnetic field
mobility increase is enhanced by the presence ctezk states in ambipolar samples
(from ~1.710° cn?V s below turn-on to ~3:8L0° cnV *'s*above), as opposed to
the unipolar samples, where it remains constant.1¢i0° cn?V's?). This
enhancement is interpreted as resulting from a etagily mediated increase in the
intersystem crossing rate between the majoritg Bibcking, triplet states and the
short lived singlet states (the short lifetime netrmat they are more likely to decay
before they have led much site blocking effect) pravides direct measurement of a
microscopic mechanism accounting for the phenomehaorganic magneto-

resistance.

5.5.MR measured by ToF

The time of flight technique was also used to testhypothesis. In order to ensure
these experiments are valid, both hole and eleatobility were measured and
compared to the literature. The raw ToF data isvshim figure 5.5.1 where the ToF
transit time scales correctly with electric fieldth in hole and electron measurement,
and the measured mobilities are presented in figube2, with the hole mobility
around ¥10° cm?V's?, which is absolutely comparable with the literaf6d], the
electron mobility is around 6&80%cm?V*s?, which also agrees with that measured

in chapter four (7.810%cm?V*s™), given the sample to sample variation.
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Figure 5.5.1 Time of flight transit curve of TPD deice
Figure 5.5.1 (a) hole transit curve under varied ectric field, (b) electron transit

curve under different electric field, both measuredunder reverse bias.
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Figure 5.5.2 Time of flight mobility of TPD
Figure 5.5.2 (a) presents the hole mobility obtairteby ToF, and figure (b) shows

the electron mobility of TPD, both of which are eletric field independent.
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In order to reduce noise, both hole and electrohilippwas measured by repeatedly
(15 times) placing and removing a small U shapedmweium magnet, and the
calculated mobility is presented in figure 5.5.3 éxpected, the hole and electron
mobilities remain unaffected by the magnetic fialthder reverse bias, subject to
random variation. This is quite understandableirdutime of flight measurement,
electric-excitation is prohibited due to the blogkicontacts, so all excited states
inside the sample are solely caused by photo-dimitand are mainly singlet states
with extremely short lifetimes. They do not causg significant site blocking effect,
so applying magnetic field can not affect the Toébifity due to absence of triplet
excitons, if these short lifetime singlets couldheert to triplets, these could cause
the mobility decrease. The average electron mgbilihder magnetic field is
8.70x10% cm?/Vs, and it is 8.86xI0 cnf/Vs with zero magnetic field, the average
hole mobility is identical around 1.0210° cn/Vs.
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Figure 5.5.3 ToF mobility both with and with out magnetic field
Figure 5.5.3 (a) presents the hole mobility carriedut by repeatedly placing and
removing magnetic field, and figure (b) shows thelectron mobility carried out

in the same conditions, both have not shown any magtic field dependence.

In conclusion, charge mobility is measured by dajiction and time of flight, both
with and without magnetic field, and the only diface between DI and ToF is the
existence of excited triplet states, therefores tmmparison is a double confirmation

that the magneto-resistance inside organic diodesuly due to the inter-system
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crossing between triplets and singlet states, @sripplets can block and interact with

free charge carriers.

5.6. TPD with ferromagnetic electrodes

As discussed before, magnetic field can changebtiance between singlet and
triplet states, and some other mechanisms canadilsct this equilibrium, such as
doping and spin state controlling. It is not sy, therefore, that the use of
ferromagnetic electrodes can also influence thetexkcstates conformation due to
the spin state control of injected charge carrietsich eventually leads to a balance
shifting between singlets and triplets

Thus nickel-iron anode has been used for hole tiojecas its work function is quite
close to the HOMO level of TPD. During the sampiegaration, the evenly mixed
nickel-iron powder (with 21% of nickel and 79% abn) is compressed into a
nickel-iron tablet using a hydraulic press. Thighen placed on a tungsten boat in
the evaporator, evaporated and deposited on amcetdfO substrate as an anode
electrode. The sample structure is exactly likeahe made for DI in chapter three:
the semi-conducting layer is still TPD, and thehode electrode is still aluminium,
except that the anode contact is changed fromtgahitkel iron mixture.

The sample is immediately transferred to the sarhpleer after fabrication and
evacuated though the vacuum port using a pumpatgstgiving pressures of ~10
®mbar. It is then measured by standard dark injectiechnique to check the
efficiency of hole injection, and hole transportltliby.

Figure 7.1.1 shows the originat curve of DI measurement, which had very good
charge injection, and the transit peak scales ctyraith the applied electric field,
which indicates that this ferromagnetic device t@nused to accomplish further

experiments.
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Figure 7.1.1 Originall-t curve of DI measurement

Dark injection transit curve for nickel-iron/TPD/Akvice, the transit time tDI scales

perfectly with pulse voltage.

Figure 7.1.2 presents the drift velocity versusteie field: the slope of this fitted
line is the mobility of this device, as it does mat though the origin, which means
the sample mobility is slightly field dependentistis shown in the Poole-Frenkel
plot of figure 7.1.3. The mobility of this devica@wvs a slight increase with electric
field. The calculated average hole mobility of thesromagnetic device is aroudd
X 10%cm?V*s?, which agrees with that measured from the ITO arincthapter five

(6 10*cm?V's?) given sample to sample variations.
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Figure 7.1.2 drifting velocity versus electric fiedl in nickel iron device
The scattering drifting velocity data is fitted with linear function and
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10°
O nickel-iron
O
@) o ©

» O
= © o
I
IS
o)
=1

10-4 " T " T " T " T "

300 350 400 450 500
Ell 2 N/cm)ll2

Figure 7.1.3 Poole-Frenkel plot of nickel iron dewie

The hole mobility shows just a slight increase wittelectric field.
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Chapter six:
Discussion

6. Discussion

In this thesis, we have measured the hole mobilityoth P3HT and TPD in section
(4.3.2) and section (5.2.2), in both cases obtgimesults in good match with
literature. Our work shows that for a unipolar P3H&vice we see no change in
mobility with DC bias, whereas for the ambipolavide we obtain a reduction in
mobility (~15%) that can be perfectly correlated with the tamvoltage in I-V

characterisation. This behaviour is not only obedrin P3HT devices but also
demonstrated in TPD devices, and the reduction ability is still around 15%,

irrespective of the material. In TPD the mobilisduction perfectly correlates with
both the turn-on voltage in IV characterisation alight emission, strongly

suggesting that excitons play a critical role imuweing the mobility in organic

semiconductors. These two experiments confirmedyémerality of the site blocking
mechanism, which solely depends on the spin stdt@gected charges and on the
formation of excited states (primarily triplet). &tactual semi-conducting organic
material is not important in the theory and we mead essentially identical
behaviour in two very different materials, note &tample the similarities between

figure 6.1.1 and figure 6.2.2.
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The site blocking theory is also supported by tb& Tesults with forward bias in
section (5.3.1). In the unipolar device the mopiiiicreases with the applied electric
field (this may be due to a number of causes, asnuonly observed in organic
semiconductors), however, in the ambipolar deviee mobility remains constant
with electric field, and this is consistent withetlexcited state blocking/interacting
effect, suppressing any mobility increase. Howedae to higher dark current
density in ambipolar device, this phenomenon cbeald¢aused by trap filling as well.
The DI and ToF are consistent and support the oblexcited states in charge
transport. From these experiments, we can safelycleade that the mobility
reduction in the ambipolar devices is due to thes@nce of excited states (triplets)
and that these excited states are blocking/inteigaavith the carriers. There are
several ways to confirm our hypothesis. First, etreugh the architecture of both
unipolar and ambipolar samples is identical andctireent density in both devices is
quite similar (even higher in the unipolar deviddg mobility reduction can only be
observed in a given ambipolar device, but not tngolar sample. This indicates
that the mobility reduction in the ambipolar devisedue to the exciton generation,
which can not occur in the unipolar device. Aldte tobility reduction can not be
caused by the increased current density, sincdahecurrent in the unipolar device
is higher than the ambipolar sample. Second, thkilityoreduction starts after the
turn on of the ambipolar sample, see figure 6.hd Bgure 6.1.2, which is also
correlated to the light emission. Before this cativalue, no excitons are generated,
so mobility is roughly the same (or even slightigreased in the TPD device). After
turn on, since electrons and holes are injectexltimt device and can form excitons,
light emission is observed in ambipolar TPD samplédss can easily confirm the
existence of excited states. Therefore the mobiituction after this threshold value
(turn on voltage) is direct evidence of excitedesalocking/interacting with carriers.

In ambipolar samples (eg: Au-P3HT-AIl) in our expeents, the hole DI transients
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show a cleaspace-charge cusp and the transit time scalesctgrmth the applied
voltage pulse. This suggests that the electrorctioje and transpomvithin these
devices is not balanced with that of times. We also notiat the average P3HT
hole mobilities for théwo types of sample (unipolar and ambipolar) aragreement,
given sample to sample variation, being.j4,=(5.1+0.9)x10° cnf/Vs and h.
A=(4.8+1.8)x10° cnf/Vs. Thisshows that we perform valid measurement of hole
mobility in the organic irrespective of cathode eratl, as a matter of fact only the
anode is crucial for the DI measurement, which sg¢edoy Ohmic contact for good
charge injection.

The excited states (triplets) blocking/interactimgchanism is strongly supported
when measuring the effect of a magnetic field anrttobility of holes in TPD under
different bias conditions. The magnetic field résuh a significant increase in
mobility for the ambipolar sample but not in theipolar sample, and this can be
explained by the intersystem crossing between lwegt triplets and short lifetime
singlet states. With an applied magnetic fielghléts generated inside the ambipolar
device can inter-convert to singlet states, and teaa reduction of blocking sites,
hence increasing the mobility and steady stateentrrNo such mechanism is
possible in unipolar samples. In figure 6.1.3, émebipolar sample displays a clear
increase in mobility and steady state current dgmgth magnetic field in contrast to
unipolar results. So, the increase of dark curremtot due to exciton dissociation,
but simply caused by the increase of mobility

Since a magnetically mediated mobility improvemisnteasured in the samples at
the same time, as a magnetically mediated incréasgteady state current (as
measured in “traditional” OMR experiments), we ahirectly compare the two. In
figure 6.1.4, we show a direct correlation betw@&aproved mobility and current

density, which only occurs in ambipolar samples.
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These results conflict with the bipolaron theoryhene the mobility and current
density change is solely caused by bipolaron famnmaand this should not be
affected by the electrode choice. That is, accordinthis theory, the magnetically
mediated increase in mobility and current densitputd be observed in both
unipolar and ambipolar devices. We see a much@redfiect (more than two times)
in the ambipolar case. As the current flows throtlgh device, the injected charges
can either hop to an empty site, forming a polamnhop onto an occupied site,
forming a bipolaron. So, bipolaron formation carcurcbefore the turn on voltage,
even though only one type of charge is injectedis Tihdicates a magnetically
mediated increase in current should be observed wWieze is any current flow in the
sample. We observed significantly higher magndticahediated current in
ambipolar case above turn on, and this points tiyréc the formation of excitons,
which can only be generated above the turn on gelt®ccording to bipolaron
theory, OMR should behave similarly in both unipoknd ambipolar devices.
However in our experiments both the magneticallydiaed mobility and the
magnetically mediated current are very differeriiveen the unipolar and ambipolar
samples. See figure 6.1.3 (a) and (b), there igrdfisant increase in mobility and
current density for the ambipolar sample but notha unipolar sample, this is
directly linked to the formation of excitons, whichn only occur in the ambipolar
sample but not in the unipolar device. Howeverpath figures there is a small
magnetically mediated mobility and current densityinipolar device, which could
be due to the measurement voltage pulse, or th@adogn mechanism, or both of

these effects.
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We can also rule out a columbic trapping mechardasman explanation for mobility
reduction in ambipolar devices. According to tthedry, the hole mobility should
not be affected by the external magnetic fieldth&spopulation of electron trapping
centers is not influenced by the external magrfetld. This suggestion is in direct
conflict with our observation and offers no meclsamifor explaining our results.
TPD is a sufficiently different molecular systemth@ previously reported P3HT to
confirm the site-blocking mechanism as a genestufe of long lived excited states
in organic semiconductors. These results thereftyengthen the view that excitons
have a significant effect on carrier mobility, tueviding support for the TPI model
of organic magneto-resistance. Furthermore, owlteesnay have more far-reaching
implications, for instance in device modeling, wdéhne role of excitons on current
transport in OLEDs has been overlooked until nawdekd, if even the very low

exciton concentrations present in our structurage (tb the considerably smaller
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electron injection compared to holes) can reduchilities by 15%, then the level of
excitons present in functional OLEDs should caugaificant changes in mobility.
This may be, at least in part, the origin of thenawonly observed turnover in current

voltage characteristics observed for OLEDs witlreasing drive voltage.
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Chapter seven:
Conclusions

7. Conclusions

In final summary, since both DI and ToF technigbage been used to complete our
experiments, as well as two organic materials (PaHd TPD) have been involved
to check the generality of our theory. It is safestiggest that the excited states
(specifically long lived triplet states) play ataal role in reducing the mobility in
organic semiconductors. The hole mobility decreagieich was observed in an
ambipolar system, can be attributed to the tripsétes blocking and interaction with
charge carriers, hence affecting the charge trabhspoorganic semiconducting
system. Due to the intersystem crossing mechartisen|ong lived triplets can be
inter-converted to singlets (much shorter lifetirbg)the presence of a magnetic field.
So the reduced mobility due to excited states (@rigtriplets) can be recovered in
the presence of a magnetic field, hence providirdir@ct microscopic mechanism
for OMR. The understanding of these basic prinsipleehind the organic
semiconductors may lead to the possibility of inyimg the performance of organic

devices, e.g. the efficiency of OLED and OPV.
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