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Abstract

The thesis investigates the application of molybdenum trioxide (MoO3−x) as hole

injection layers (HILs) in polymeric light-emitting-diodes (PLEDs). Recent applica-

tion of metal oxides into the PLED architecture has been motivated by the benefits

of enhanced device performances, as well as, for the protection against the intrusion

of oxygen and water into PLEDs. In this thesis, the performance of MoO3−x HILs

in PLEDs is investigated by fabricating ITO/MoO3−x/TFB/F8BT/Ca/Al electro-

luminescent devices and characterising their efficiency and luminescence properties.

Also the performance of the device is studied within the context of the physical prop-

erties of MoO3−x films and electroluminescent polymers, experimentally determined

by various techniques. Three different types of PLEDs are fabricated and charac-

terised, each incorporating MoO3−x HILs with different electronic properties. Such

difference in the films are achieved by post-deposition annealing of MoO3−x films in

air and nitrogen. It is determined that annealing MoO3−x films in air has the effect

of increasing their hole concentration. This improves the performance of MoO3−x

as hole injection layers in PLEDs. Upon annealing the as-deposited MoO3−x HILs

in air, the maximum current efficiency of PLEDs increases from 1.27 cd/A to 1.44

cd/A. Also the maximum luminescence increases from 2723 cd/m2 to 5680 cd/m2.

Kelvin probe and electroabsorption spectroscopy measurements show that annealing

MoO3−x films has the effect of decreasing their work function by 0.3 eV. Finally,

using time-correlated single photon counting (TCSPC), the photoluminescence (PL)

lifetime of F8BT and TFB single layers, and TFB/F8BT bilayers are determined,

with and without the presence of a MoO3−x contact. The PL lifetime of excitons

in pure F8BT is measured to decrease from 1300 to 760 ps upon incorporation of a

MoO3−x contact. In contrast to F8BT, the PL lifetime of TFB is determined to be

500 ± 40 ps, regardless of the presence of a neighbouring contact. The TFB/F8BT

bilayers exhibit biexponential decay characteristics with two lifetime values; 800 ±

50 ps and 5000 ± 400 ps.
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Chapter 1

Introduction

Polymer light-emitting diodes (PLEDs) are emerging as a technology the behind next

generation of electronic displays and lighting systems due to their unique properties

such as efficient and bright electroluminescence, flexibility, and ease of processing

over large areas. A large body of on-going scientific research deals with the wide

range of technological issues regarding the implementation of PLEDs into real world

applications. It is of paramount importance to understand the science behind the

operation of PLEDs in order to make significant technological leaps. This chapter

presents a brief overview of the basic theory behind the properties of charge carriers

and photophysics in conjugated polymers. Also the principles of physics governing

the operation of PLEDs are reviewed, specifically focusing on the charge injection,

transport properties and energy levels of PLEDs. The final section presents a brief

summary of the recent application of metal oxides in PLEDs and a short outline of

the thesis.

6
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1.1 π-conjugated semiconducting polymers

Semiconducting conjugated polymers are long-chain carbon-based molecules, with

extended π-orbitals. These polymers are considered promising materials for appli-

cation in (opto)electronic devices due to their unique mechanical and optical prop-

erties, and potential low-cost manufacturing. [1–6]

Figure 1.1: a) Schematic representation of pz orbitals overlap in a conjugated seg-
ment of the polymer. b) Bonding π and antibonding π∗ orbitals of the primary
conjugated molecule; ethylene. [7]

In general, semiconducting polymers have an alternating sequence of single and

double bonds along the polymer backbones as illustrated in Figure 1.1 a). The va-

lence electrons of carbon atoms in this sequence are arranged into three hybridised

sp2 orbitals, which leaves one pz orbital perpendicular to the chemical direction, un-

hybridised. The sp2 orbitals form strong σ bonds along the axis connecting adjacent

carbon nuclei and provide the strong interatomic bonding, an important factor in

determining the geometric structure of the molecule. The overlap of the pz orbitals,

perpendicular to the plane of the σ bonds gives rise to π bonds and to the formation

of a π-electron cloud, delocalised over the conjugation length of the polymer. The

unique semiconducting characteristics of conjugated polymers are due to the pres-

ence of filled bonding π-orbitals and unoccupied antibonding π∗-orbitals as shown
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in Figure 1.1 b).

Semiconducting polymers are not ideal conjugated systems, they have breaks in

the conjugation length due to twists and kinks, as well as due to chemical defects.

This results in variations in the conjugation length of the segments and concomi-

tantly in spread of the electronic energy levels, as illustrated in Figure 1.2. Hence,

polymeric semiconductors cannot be described by delocalised valence and conduc-

tion bands formed by π and π∗ orbitals, respectively. The π-π∗ gap is defined as

the energy separation between highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO), where the spreads in energy levels

of HOMO and LUMO are approximated by a Gaussian distribution of the density

of states. The discrete π-π∗ levels form quasi-continuous bands broadened by the

interactions with neighbouring π orbitals. The ultimate width of polymer bands

depends on the effective conjugation length of the polymer chains and is the cause

of the decrease in the energy gap with conjugation length. Disorder contributes to

the broadening of the energy levels and, alongside the vibrational and rotational en-

ergy levels, gives rise to the broad spectral features typically observed in the optical

absorption and emission spectra of molecular solids. Most semiconducting polymers

have an energy gap that lies in the range of 1.5 - 3 eV, which makes them ideal for

applications in optoelectronic devices operating in the visible light range.

1.2 Charge carriers in conjugated polymers

Conduction in conjugated polymers occur when extra charges are added to the poly-

mer chain. This is usually done by doping the polymer chain with electron acceptors

or donors, or, in device configurations, by injecting charge from an electrical contact.

As shown in Figure 1.3, when a charge is added to a polymer chain, the polymer

relaxes to a new bonding geometry. For example, when an extra electron is put

into a pz orbital of poly(p-phenylenevinylene) (PPV) to form a lone pair, it disrupts

the double bonding scheme. The structure relaxes by swapping the position of the

carbon-carbon double and single bonds, giving rise to a chain that is an admixture
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Figure 1.2: Schematic energy diagram showing the formation of band-like electronic
states. i) atomic states; ii) bonding and antibonding states; iii) in a collection of
atoms, interactions between orbitals broaden the bonding and antibonding states
into quasi-continuous energy bands. [8]

of the lower-energy benzoid and the higher energy quinoid PPV configurations. The

structurally relaxed negatively charge state is called an electron polaron. Similarly,

removal of an electron leads to a hole polaron. Further addition or removal of elec-

trons can lead to doubly charged excitations called bipolarons. The formation of

polarons or bipolarons creates new electronic states in the band gap, symmetrically

located above the HOMO and below the LUMO.

Polaron states are responsible for electronic conduction in conjugated polymers.

In the solid state, the polymer material is an amorphous matrix of a multitude

of polymer chains with different conjugation lengths. Charge carriers in such dis-

ordered systems are localised in distorted lattice sites which leads to finite mean

free path. Therefore transport in conjugated polymers occurs via a hopping mech-

anism [10–13] through a manifold of localised molecular states. Polarons require a

specific activation energy to escape the potential of their localisation sites for charge

transport to occur. The variation in the conjugation length of the polymer seg-

ments, the presence of defects and of other topological and chemical disorder results

in localisation sites with a spread of energy levels. Hopping through these localised

polaronic states results in dispersive charge transport [14] and carrier mobilities that

are strongly electric field dependent and relatively small (e.g. Meyer et al. [15] have
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Figure 1.3: Schematic representation of the benzoid (top), quinoid (middle) and elec-
tron polaron (bottom) bond configurations in poly(p-phenylenevinylene). Adding
an extra electron modifies the lower energy benzoid bond scheme to form a lone pair
(bottom left). Also switching from the higher energy quinoid configuration back
to the benzoid configuration results in formation of an unpaired pz orbital (bottom
right). [9]

determined the hole mobility of PPV to be µ ∼ 10−8 m2/Vs at room temperature).

1.3 Photophysics of conjugated polymers

A photon is emitted in a conjugated polymer via radiative recombination of a

polaron-exciton, which consists of two Coulombically bound polarons of opposite

charge. The wavelength of the emitted photon is determined by the energy separa-

tion between HOMO and LUMO. The inverse process to light emission is absorption,

where a polaron is excited upon absorbing an incident photon. The large Stokes’

shift separating the peaks of the emission and absorption spectra is due to the lo-

calisation of the polaronic states and their strong interaction with the chain. The

dielectric constant of the order of 3 as compared to 10 in inorganic semiconductors

results in strongly bound Frenkel-like localised excitons. Hence, exciton effects are

important at room temperature in contrast to inorganic Wannier type excitons with

a binding energy of about kT at room temperature. Excitons in conjugated poly-

mer do not readily undergo thermal dissociation, giving rise to important spectral
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features in the spectroscopy even at room temperature.

In the emission process, a neutral polaron exciton is formed when two polarons

of opposite charge recombine prior to radiative decay, where the lattice relaxes by

local structural modification. The amplitude of Stokes’ shift is determined by the

magnitude of lattice relaxation. Emission is from the radiative decay of a bound

polaron exciton with a binding energy of a few tenths of an electron volt, [16,17]

The large binding energy is a consequence of the electron-electron interaction which

provide Coulomb attraction between the electron and the hole as well as simultane-

ously acting to lower the polaron-exciton lattice relaxation with respect to separated

polarons.

The appearance of an apparent Stokes’ shift can be due to a combination of

several factors. Emission takes place from an electronic state that is different from

the one involved in the absorption process. This is the case for instance when there

is crossing from a high energy state to a lower triplet state, or, energy transfer from

a high to a low energy state. Such intersystem crossing may inhibit the fluores-

cence since the excitation relaxes to a metastable electronic state that is poorly

coupled to the ground state; non-radiative decay can dominate and the lumines-

cence is quenched. Disorder leads to localisation of the wavefunctions and a distri-

bution of effective conjugation lengths. Absorption can take place from anywhere

in the sample and is then characterised by inhomogeneous broadening. The excited

electron-hole pairs, whether bound or not, can subsequently travel along and among

chains via a random walk process and can be trapped on those chain segments with

the longest conjugation length (lowest energy), from which emission then occurs. In

such a case, not only is the emission peak red-shifted with respect to the absorption

peak but the emission bands appear much sharper than the absorption bands.

1.4 Polymer light-emitting diodes

After the discovery of electroluminescence in conjugated polymers in 1989, the first

polymer light-emitting diode (PLEDs) was reported by Burroughes [1] that year.
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Figure 1.4: Schematic representation of polymer light-emitting diodes

Research and development in the use of conjugated polymers as the active semicon-

ductor in PLEDs have advanced rapidly and are seen to be promising due to their

efficient light generation, mechanical flexibility and low-cost manufacturing capabil-

ity using solution processing. Understanding the physical processes that control the

properties of these devices is vital to the development process.

A typical device (Figure 1.4) is prepared by spin-coating a conjugated polymer on

top of a high work-function transparent electrode, usually indium tin oxide (ITO),

which acts as a hole injecting contact. Subsequently, a top metal electrode (cathode)

is applied as an electron-injecting contact, employing low work function metal such

as calcium. Finally a layer of Al is deposited on top of the cathode for protection

against oxygen. As shown in Figure 1.5, there are three main processes governing

the PLED performance upon application of an external electric field: (a) charge

injection, (b) charge transport and (c) exciton recombination. A forward bias is

applied across the two electrodes, where the resulting electric field drives a bipolar

current through the polymer film. Holes from anode and electrons from cathode

are transported towards each other in the applied field with subsequent formation of

excitons under their mutual electron-hole Coulomb attraction. Light is emitted upon

exciton recombination, where the emission wavelength can be tuned, depending on

the chemical structure and composition of the active layer.

Usually, the efficiency of a PLED is estimated by the internal quantum efficiency,
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Figure 1.5: a) The PLED architecture is shown together with a simplified repre-
sentation of the processes of the charge transport and the exciton quenching at the
cathode. b) Schematic energy level diagram for ITO/polymer/Ba LED. [7]

defined as the ratio of the number of photons produced within the device to the

number of electrons flowing in the external circuit; [18]

η = γrrtq (1.1)

where γ is the ratio of the number of exciton formation events within the device

to the number of electrons flowing in the external circuit, rst is the fraction of

excitons formed as singlets and q is the efficiency of radiative decay of these singlet

excitons. The external quantum efficiency accounts only for the photons that escape

the device;

η = γrrtqηcp (1.2)

where ηc represents the proportion of photons produced that escape the device.

Generally, the electrical excitation of the polymer is expected to produce excitons

with spin wavefunctions in the triplet and singlet configurations in the ratio 3:1,

although recently singlet exciton formation ratio higher than 25 % in organic com-

pounds with an extended conjugated system has been suggested. [19] Radiative decay

from triplets is spin-forbidden and often very inefficient and 60 - 75 % of electron-

hole pairs are lost as triplet states. Also, additionally to the intrinsic non-radiative

exciton quenching in conjugated polymer films, there are radiative and non-radiative
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rates that are modified by the metallic electrodes. Hence, many of the technologi-

cal and scientific challenges revolve around maximising the emission efficiency. This

involves achieving effective charge injection, a good balance of electron and hole cur-

rents, maximising the probability of exciton formation and minimising non-radiative

recombination. [6] One of the most effective strategies to improve the emission effi-

ciency has been the application of multi-layer devices, [2,20] allowing one to minimise

charge injection barrier from the electrodes to the electroluminescent polymer lay-

ers. It also allows one to move the recombination zone away from the electrode that

injects the low mobility carrier and prevents the majority carriers travelling through

the device without recombining. [21]

1.5 Injection and transport in PLEDs

Charge injection is a vital process that must be controlled for efficient performance of

PLEDs. Prior to entering the polymer layer, charges have to overcome (Schottky)

injection barriers that are determined by the offsets between the electrode work

functions and HOMO and LUMO of the polymer, respectively. Excess of one type

of charge carriers may be present in the polymer layer due to unbalanced injection

of holes and electrons, resulting in low conversion efficiency. Mobility of charge

carriers (µ ∼ 10−8 m2/Vs) in conjugated polymers is typically 5 - 10 orders of

magnitude lower than in inorganic semiconductors due to a high degree of energetic

and structural disorder. Also it has been observed that the electron conduction is

significantly smaller than the hole conduction due to the presence of electron traps [22]

or to a lower electron mobility. [23] Compared to inorganic systems, Schottky barriers

in undoped conjugated polymers are found to vary more strongly upon the electronic

characteristics of the injecting contact. [24–27] Therefore charge injection processes in

PLEDs depend largely upon the electrode material.

Two charge injection mechanisms [28] based on established inorganic semiconduc-

tor device physics, have been employed to describe the dependence of the current

on the barrier height, electric field and temperature: (a) Fowler-Nordheim quantum
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Figure 1.6: Schematic energy diagram of the metal-semiconductor contact. Evac is
the vacuum level, φm is the work function of the metal, ΦB is the barrier height at
zero electric field, x0 is the distance from the metal at which the barrier is max-
imum, and χs is the electron affinity of the semiconductor. The solid line is the
semiconductor conduction band minimum, Ec. The effective barrier height Φeff

B is
field dependent and is determined by the sum of the applied field and the image
force. [8]

mechanical tunneling and (b) thermionic emission. The Fowler-Nordheim tunneling

predicts; [27]

I ∝ F 2exp(
−κφ3/2B

F
) (1.3)

where I is the current, F is the electric field, φB is the the barrier height at zero

electric field and κ is a constant in terms of the carrier effective mass. Thermionic

emission over the metal/semiconductor interface predicts a current of; [28,29]

I = A∗T 2exp(
−φeffB

kT
) (1.4)

where A∗ is known as the effective Richardson constant and φeffB is the effective

barrier height which accounts for the field dependence. Schematic energy diagram

of the metal-semiconductor contact is illustrated in Figure 1.6. It should be noted

that neither Equation 1.3 or 1.4 are able to provide an accurate quantitative account

for the observed experimental current-voltage characteristics.

Charge carriers are injected from the Fermi level of the metal electrode into a
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polaron level near the metal/semiconductor interface by means of the two injec-

tion mechanisms mentioned above. Unlike crystalline semiconductors where charge

transport occurs via long range propagation in extended states, in conjugated poly-

mers it occurs through polaron hopping between localised states. [30–32] The majority

of charge carriers are injected into the conjugated polymer at the metal contact given

that the carriers have overcome the random barriers present at the interface. [31] At

low electric field, it is less likely for the carriers to overcome these barriers and end

up recombining at the metallic interface. The probability of carriers overcoming

the barriers increase with the applied electric field where electrons and holes subse-

quently drift towards the anode and cathode, respectively, in the bulk of the polymer

film.

Two limiting regimes for the current are known to exist for devices where the

predominant charge carriers are either electrons or holes. In the case where large

energy barriers or large mobilities are present in the device, the current is limited

by the rate of carrier injection from the electrode into conjugated polymers and the

current is strongly dependent on the height of the injection barrier. For low energy

barriers or low mobilities, the current in the device is space-charge limited (SCL). In

this case, the charge transport away from the contact occurs at a slower rate than

injection. The limit to the current in the device is set by the modification of the

local electric field caused by the accumulation of space charge near the contact.

Marcus’ established theory of electron-transfer processes for biological and chem-

ical reactions can be applied to describe the charge transport of polaronic carriers

in conjugated polymers, given that the temperature is sufficiently high. [33] In order

for the localised polaron to hop from their initial to final molecular site, both sites

must be equally distorted to a common configuration. This leads to thermally acti-

vated transport even in the absence of disorder. In the non-adiabatic limit, where

the timescale for electron hopping is longer than that of the lattice vibrations, the

mobility is given by; [34,35]

µ =
ea2

kBT
νexp(

−Ep
2kBT

) (1.5)
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where e is the the electronic charge, a is the typical hopping distance, kB is Boltz-

mann’s constant, T is temperature, Ep is the activation energy required for hopping

and ν is the attempt frequency;

ν =

√
πJ2

~
√

2EpkBT
(1.6)

where J is the nearest-neighbour interaction energy and ~ is Plank’s constant. It

should be noted that, in most experimental systems the detectable polaronic charac-

ter of the charge carriers are modified by the effects of disorder. [36] In any solution-

deposited thin film, disorder causes the energy of a polaronic charge carrier on a

particular site to vary across the polymer network, resulting in significant broaden-

ing of the electronic density of states.

1.6 Energy levels of diodes and metal/polymer interface

The mechanisms of energy level alignment in diodes must be understood well in

order to produce efficient devices since it dictates the magnitude of Schottky barrier

height and therefore the injection properties of diodes. It is difficult to interpret the

experimental data solely based on the alignment mechanisms and also to fabricate an

ideal and reproducible interface. Since the metal-semiconductor interface can be a

complex quasi-2D system with unknown atomic geometry, interdiffusion, transfer of

charge, defect states and new chemical compound formation, that can all modify the

electronic alignment at the interface. However there are general theoretical models

and conditioned experiments that can predict energy alignment in diodes, with a

precision in the tenth of an eV range. This section deals with three theoretical

models that predict how the electronic bands of semiconductors and metals align

after contact: (a) Schottky, (b) Bardeen and (c) Tersoff’s Charge Neutrality Level

theories. Figure 1.7 shows an energy band diagram of metal-semiconductor contact

according to the Schottky and Bardeen model.

The Schottky model approximates the barrier height for electrons without con-
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Figure 1.7: Energy band diagram of metal-semiconductor (n-type) contacts, before
and after formation (left and right diagrams, respectively); a) accounted by the
Schottky model and b) accounted by the Bardeen’s model. [8]

sidering the dipole layers and charged states at the interface and is given by; [37,38]

ΦB(e−) = φM − χs (1.7)

where χS is the electron affinity of the semiconductor and φM is the work function

of the metal. The barrier height for holes is determined by the difference between

the ionisation potential of the semiconductor ζs and φM ; [39,40]

ΦB(h+) = ζs − φM (1.8)

The Schottky model neglects charge transfer and surface reconstruction occurring

at the interface, which may introduce an interfacial dipole layer. This causes a

discontinuity in the electrostatic potential at the interface.
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Bardeen’s model accounts for the role of dipoles and charged states at the metal-

semiconductor interface by the proposition that the metal’s Fermi level is ’pinned’ by

a high density of localised states present on the semiconductor surface. [38,41] Given

that the density is high enough, all the charge from the metal can be transferred to

these localised states without significantly modifying the Fermi level of the metal.

This process of charge transfer at the interface creates a dipole layer that effectively

aligns the Fermi level of the metal to that of the surface states in the semiconductor.

Consequently, the barrier height is independent of the metal’s work function upon

metal-semiconductor contact.

Tersoff’s charge neutrality level (CNL) model studies the nature of the Fermi

level pinning in further detail. [38,42,43] A dipole layer at the metal-semiconductor

interface is formed as a consequence of interface states present in the forbidden

energy gap of the semiconductor. For a simple case of a metal-metal junction,

electrons flow from one metal with the lower work function to the other with the

higher work function. Transfer of charge creates a dipole layer, which aligns the two

Fermi levels. At equilibrium, the magnitude of the dipole is equal to the mismatch

between the work function of the metals. In the case of a metal-semiconductor

junction, transfer of charge occurs due to the tails of the metallic wave function

decreasing exponentially in the adjacent semiconductor gap states, given that the

metal’s work function lies between the valence band maximum and the conduction

band minimum. The mismatch between the metal Fermi level and Ecnl of the

semiconductor, denoted the charge neutrality level (analogous to the Fermi level of

the metal) can be defined as; [44]

EF − Ecnl = S(Ecnl − φM ) (1.9)

where S = |dΦM/dφM | is a constant known as the interface parameter [45,46] that

measures the amount of pinning at the interface. Note that the mismatch is reduced

by the newly formed dipole layer. A perfect alignment between the Ecnl of the semi-

conductor and the Fermi level of the metal is only possible for semiconductors with
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a large optical dielectric constant, ε∞, or high density of interface states. Therefore

Ecnl is an intrinsic property of the semiconductor and the Schottky barrier height of

a particular semiconductor is independent of the metal and its work function. Based

on above assumptions, Tersoff’s CNL model predicts a metal-semiconductor barrier

height of; [47]

ΦB = S(φM − χs) + (1− S)Φ0 (1.10)

where Φ0 represents the pinned value of the barrier for a specific semiconductor

surface. The proportionality factor is a characteristic of each semiconductor and has

limits of Smin = 0 and Smax = 1. Notice that with Equation 1.9, as S approaches to

1, a Schottky barrier height is observed and as S approaches to 0, a Bardeen barrier

height is observed, independent of φM .

Generally in PLEDs, low work function electrodes make good electron injectors

and high work function electrodes make good hole injectors. For metals whose work

function lies inside the polymer π-π∗ gap, the Schottky model can accurately de-

scribe the dependence of the barrier height upon the work function of the metal

as expressed in Equations 1.7 and 1.8. The Schottky model is valid for conjugated

polymer systems where their low concentration of surface states, semi-insulating

properties and low dielectric constant, ε, results in a small dipole layer. However

many factors can affect the interfacial electronic structure and line-up at the organic-

semiconductor/metal junction. [48,49] These factors include chemical reactions, diffu-

sion at the interface and the presence of contaminants which also depend on the

atmosphere in which the structures are fabricated and characterisations are carried

out. [50,51] Hence it is vital to maintain low levels of impurities in conjugated poly-

mers during fabrication, as well as keeping ideal evaporation conditions in order to

have reproducible results.
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1.7 Application of metal oxides in PLEDs

Application of metal oxides in conjugated polymer based devices has received much

attention in the past five years, mainly due to the benefits of air stability and en-

hanced performance to the devices. [52] Despite promising expectations of technologi-

cal impact, electronic devices based on conjugated polymers are not yet fully utilised

in large scale commercial applications. Device instability is caused by vulnerability

to the diffusion of oxygen and water vapour into the active layers. [53–55] Most semi-

conducting polymer materials degrade when exposed to humidity and/or oxygen.

Heeger at el., [52] applied a 30 nm-thick titanium oxide (TiOx) film as an electron

injecting layer between the active layer and the aluminium cathode in PLEDs. It is

suggested that TiOx layer acts as a shielding and scavenging layer which prevents

the intrusion of oxygen and humidity into the active polymers, thereby improving

the lifetime of devices. Research of Fujishima and Honda [56] suggests that TiOx’s

oxygen/water protection and scavenging effect originates from the combination of

photocatalysis and inherent oxygen deficiency. [57–59] Other metal oxides that has

been incorporated into conjugated polymer based device architecture include zinc

oxide (ZnO), [60] cesium carbonate (Cs2CO3)
[61] and zirconium dioxide (ZrO2)

[62] as

electron injection layers, and, molybdenum oxide (MoO3−x) [63] and tungsten oxide

(WO3)
[64] as hole injection layers.

As well as providing air stability, application of metal oxides as electron/hole

injection layer has shown promising evidence of improving the performance of de-

vices. In the case of application of titanium oxide as an electron transport layer, it

also acts as a hole blocking layer at the interface of the cathode and the conjugated

polymer layer, [65] thereby improving the device efficiency. ZnO is another promising

candidate as an electron injection layer due to its good electrical conductivity and

low work function. Also the highly transparent property of most metal oxides make

them an effective connecting structure for tandem LEDs. An example tandem LED

configuration [61] consists of a thin metal layer as the common electrode (5 nm of

Al), MoO3−x hole-injection layer on one side of the common electrode, and Cs2CO3
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electron injection layer on the other side. There are a number of different deposi-

tion techniques that may be employed to produce metal oxide films, such as sol-gel,

thermal evaporation and chemical vapour deposition techniques. Also metal oxides

are mechanically and electrically robust as well as being low cost and environmen-

tally stable. Finally metal oxides such as ZnO can be deposited in a large variety of

nanostructures, [66,67] where the controllability of the film morphology allows further

enhancement to device performance.

1.8 Outline of thesis

This thesis investigates the application of molybdenum trioxide (MoO3−x) as hole

injection layers in ITO/MoO3−x/TFB/F8BT/Ca/Al (ITO : Indium tin oxide, TFB

: poly((9, 9-dioctylfluorene)-alt-N-(4-butylphenyl)diphenylamine), F8BT : poly(9,9-

dioctylfluorene-alt-benzothiadiazole, Ca : Calcium, Al : Aluminium) electrolumi-

nescent devices. This is achieved by fabricating various device configurations as well

as their isolated material components and characterising them using a wide range

of experimental techniques.

Chapter 2 presents the theoretical and experimental overview of the principal ex-

perimental techniques employed for the thesis. The review of electroabsorption (EA)

spectroscopy as a tool to measure the internal fields of polymer light-emitting diodes

(PLEDs) is presented, where the technique is used to measure the built-in voltage of

PLEDs reviewed in Chapter 4. Also the principle of photoluminescence (PL) lifetime

measurements using time-resolved fluorescence spectroscopy is presented, focussing

on time-correlated single photon counting (TCSPC). The technique is used to mea-

sure the radiative lifetime of excitons in conjugated polymers studied in Chapter 3.

Finally the mechanism of macroscopic Kelvin probe is described, where the tech-

nique is employed to measure the work function of MoO3−x in Chapter 3, as a

complementary data to the built-in voltage data measured by the EA spectroscopy.

Chapter 3 studies the dynamics of exciton quenching in conjugated polymers due

to the presence of a MoO3−x contact. The investigation is relevant to the devices
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fabricated in Chapter 4 since MoO3−x interlayers form an interface with the TFB

layer. Using time-correlated single photon counting, the photoluminescence (PL)

lifetime of F8BT and TFB singles layers, and, TFB/F8BT bilayers are determined,

with and without the presence of a MoO3−x contact. The study focuses on using

the theory of Förster energy transfer at the interface of MoO3−x and the conjugated

polymer to explain the change in PL lifetimes of polymeric excitons brought on by

MoO3−x contacts. The energy transfer model represents the excitons in conjugated

polymers as a oscillating dipole and the MoO3−x contact as radiation absorbing

mirror. The theory allows us to quantify the amount of exciton quenching brought

on by the MoO3−x contact.

Chapter 4 studies the effect of post-deposition annealing MoO3−x hole injection

layers (HILs) in PLEDs on their electronic state and work function properties. This

is achieved by fabricating and characterising the performance of ITO/MoO3−x/TFB/F8B

-T/Ca/Al electroluminescent devices using current-light-voltage (JV L) and EA mea-

surements, and comparing the data with the absorption spectra and work function

data of isolated MoO3−x films. Three different types of MoO3−x films are produced

and applied as HILs in device configurations; achieved by post-deposition anneal-

ing thermally evaporated MoO3−x films in air and nitrogen (the third type being

as-deposited film). The study focuses on the modification of optical and electronic

properties of MoO3−x films brought on by post-deposition annealing, where this is

supported by a wealth of literature available on the thermochromic properties of

MoO3−x. A change in electronic states of MoO3−x films was found to have a large

effect on their operation as hole injection layers in PLEDs.

Chapter 5 presents a brief summary of the findings in the thesis, as well as

explaining the device performance presented in Chapter 4 in connection with the

various properties of MoO3−x and MoO3−x/conjugated polymer interface found in

Chapters 3 and 4. Finally future research on the application of MoO3−x in PLEDs

are suggested.
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Principal experimental

techniques

This chapter presents the theoretical and experimental overview of the principal ex-

perimental techniques used for the characterisation of electroluminescent devices and

their material components fabricated for the thesis. Firstly the theoretical study of

the application of electroabsorption (EA) spectroscopy as a tool to measure the inter-

nal fields of polymer light-emitting diodes (PLEDs) is presented. The EA technique

is used to measure the built-in voltage of PLEDs reviewed in chapter 4. Secondly

the principle of photoluminescence lifetime measurements in time-resolved fluores-

cence spectroscopy is presented, focussing on time-correlated single photon counting

(TCSPC). The technique is employed to measure the radiative lifetime of excitons

in conjugated polymers studied in Chapter 3. Finally the working mechanism of

macroscopic Kelvin probe is described, where the technique is used to measure the

work function of MoO3−x films.

24
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2.1 Electroabsorption spectroscopy

2.1.1 Introduction to electroabsorptioin spectroscopy

Electroabsorption is a form of modulation spectroscopy [68] that measures the nor-

malised variation of the transmission of light through a sample upon application

of a periodic electric field. [69] Modulation spectroscopy is an optical technique that

allows one to study the physics of semiconductor devices by the measurement and

interpretation of changes in the optical spectra when modifying the measurement

conditions. Electroabsorption spectroscopy is unique in that it allows to measure

data from actual working devices without disrupting their physical state.

The transmitted intensity of the light through a sample for normal incidence can

be written as; [70,71]

IT = I0(1−R)2e−αd (2.1)

where I0 is the incident intensity, R is the reflection coefficient, α is the absorption

coefficient and d is the sample thickness. It is assumed that the reflection coefficient

is the same at the front and back surfaces of the sample.

The absorption and reflection coefficients of the sample is modified by the appli-

cation of an electric field. The field-induced changes of the transmitted intensity is

given by;

δIT
δF

= −I0e−αd[d(1−R)2
δα

δF
+ 2(1−R)

δR

δF
] (2.2)

Dividing Equation 2.2 by Equation 2.1 (the unperturbed intensity) gives;

∆T

T
=

∆IT
IT

= −d∆α+
2

1−R
∆R (2.3)

The second term of Equation 2.3 can be neglected for the typical operating conditions

of electroabsorption experiments and therefore the equation can be rearranged to

yield; [70,71]

∆T

T
∼= −d∆α (2.4)
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Equation 2.4 shows that the field induced normalised variation in transmission is

directly proportional to the field-induced variation in the absorption coefficient.

2.1.2 Theoretical overview of electroabsorption

A brief theoretical overview of electroabsorption is presented in this section where the

origin of nonlinear optical phenomena in materials and the Stark effect in conjugated

polymer is discussed.

Firstly the electroabsorption response is described in a semiclassical approach

where the response is considered as a nonlinear optical phenomena. [72–74] The inter-

action between electron in an atom and the electric field induces a force, qF , which

displaces the centre of electron density away from the nucleus. The bulk polari-

sation, ~P , representing the induced dipole in the material, opposes the externally

applied field and is given by;

~P = εoχ~F (2.5)

where χ is the electric susceptibility tensor, ~F is the electric field and εo is the

dielectric constant of the vacuum.

The relationship between the electric susceptibility, χ, the dielectric constant,

εr, and the (complex) index of refraction, N , is given by;

εr = (1 + χ) = N2 = (n+ ik)2 (2.6)

where n is the refractive index and k is an attenuation factor, which is a measure

of the loss in power of a wave propagating through the material and is proportional

to the absorption coefficient, α. The proportionality relationship between α and k

is given by;

α =
4π

λ
k =

2π

nλ
Im(εr) (2.7)

where λ is the wavelength of the light.

Given that the induced dipole moments of the material respond instaneously to

an applied electric field, the polarisation in a medium can be written as a power
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series in the electric field;

P = εo(χ
(1)F + χ(2)F 2 + χ(3)F 3 + ...) (2.8)

where χ(n) is the nth order susceptibility. For majority of materials, orders higher

than χ(3) are rare to observe [74] and χ(2) vanishes in media with inversion symmetry

since the polarisation changes sign when the field is reversed. Hence, for centrosym-

metric materials such as conjugated polymers, the polarisation can be defined as;

P = εoχeffF = ε(χ(1) + χ(3)F 2)F (2.9)

Therefore, the variation of χeff with the electric field is given by; [75]

∆χeff = χeff (F )− χeff (0) = χ(3)F 2 = 2N∆N = ∆εr (2.10)

Equation 2.10 allows the calculation of the third order nonlinear susceptibility for

isotropic materials, which is given by;

χ(3) =
2N∆N

F 2
(2.11)

The variation in the imaginary part of the complex refractive index is Im(∆N)=∆k,

where ∆k can be extracted from the electroabsorption response;

−1

d

∆T

T
∼= ∆ε =

4π

λ
∆k (2.12)

Finally, the third order nonlinear susceptibility χ(3) in Equation 2.11 can be derived

from a Kramers-Kroenig analysis of the absorption and electroabsorption spectra of

the conjugated polymer film.

The mechanism of the field-induced variation of electroabsorption response has

also been investigated via a quantum mechanical approach. The change in the

absorption coefficient, ε, with the electric field for conjugated polymers can be de-
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scribed by the model of Stark shift of the molecular energy levels. The model

assumes that the electronic states of conjugated polymers are localised to a high

degree.

The Hamiltonian of the unperturbed molecular electronic state |ψj〉 is modified

under the presence of an electric field by the addition of the following perturba-

tion; [76]

H ′ = eF · r = eFz (2.13)

where -e is the charge of the electron and the electric field is directed along the z

direction. The energy of state |ψj〉 is corrected to the first order which is defined as

〈bra||ket〉 of the state over the operator H ′ and is given by;

∆E
(1)
j = eF 〈ψj |z|ψj〉 (2.14)

Equation 2.14 is known as the linear Stark effect. In conjugated polymers, perma-

nent dipoles may arise from charge transfer states, defects or from disorder that

introduces asymmetry in the charge density along a conjugated segment. [77,78] The

shift in energy caused by a permanent dipole moment mj can be expressed as;

∆E
(1)
j = mj · F (2.15)

For centrosymmetric non-degenerate polymers where states have no intrinsic per-

manent dipole moment, a second order term of the perturbation series must be

considered; [76,78,79]

∆E
(2)
j =

1

2
pjF

2 (2.16)

where pj is called the dipole polarisability. Equation 2.16, known as the quadratic

Stark effect is caused by the field-induced dipole moment states and are responsible

for causing a red shift in the absorption.

The absorption spectrum is affected by both the linear and quadratic field-

induced Stark effects. Combining Equations 2.15 and 2.16 allows one to obtain
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the field-induced change in the transition energy, ∆E(F ), and is given by; [80]

∆E(F ) = E(F )− E(0) = −(mf −mi)F−
1

2
∆pF 2 (2.17)

where mf −mi are the dipole moments in the final excited state and the initial

ground state and ∆p is the variation of polarisability upon excitation.

The experimentally measured change in absorption (Equation 2.4) can be ex-

pressed in terms of ∆E as a McLaurin series;

∆α =
δα

δE
∆E +

1

2

δ2α

δ2E
∆E2 (2.18)

The change in the field-induced absorption can be expressed in terms of the modu-

lating electric field by inserting Equation 2.17 into 2.18. The only contribution to

the first term in equation 2.18 comes from the quadratic stark effect since isotropic

averaging over randomly oriented molecules leads to 〈m · F〉 = 0. For the second

term of equation 2.18, contribution from isotropic averaging of m · F must be con-

sidered. For randomly oriented dipoles, isotropic averaging of the linear Stark effect

term gives; [70]

〈(∆mF)2〉 =
1

3
(∆mF )2 (2.19)

Considering the contributions from linear and quadratic Stark effect, the field-

induced variation of the absorption is given by inserting equation 2.17 into 2.18;

∆α =
1

2
(−∆p

δα

δE
+

1

3
(∆m)2

δ2α

δ2E
)F 2 (2.20)

A third contribution must be added to Equation 2.20 due to transfer of oscillator

strength to higher lying excited states; [79]

∆fij
fij

= e2F 2 |〈ψj |z|ψi〉|2

(Ei − Ej)2
(2.21)

The electroabsorption spectrum can be modelled as a linear combination of the
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Figure 2.1: Cross-sectional view of the sample architecture used in electroabsorption
experiments

absorption spectrum and its first and second derivatives by combining Equation

2.20 and 2.21;

∆α = (aα+ b
δα

δE
+ c

δ2α

δ2E
)F 2 (2.22)

The electroabsorption response described by the Stark effect model for localised

molecular states, predict well for conjugated polymers. In general, the electroabsorp-

tion spectra of conjugated polymers consists of all three contributions from Equation

2.22, with the relative weight of the second derivative lineshape depending greatly

on the degree of disorder present in the polymer film. The above analysis points

out that the electroabsorption signal is expected to have a quadratic dependence on

the magnitude of the electric field, where this dependence is an important factor for

extracting the built-in potential across the polymer film in PLEDs.

2.1.3 Measurement of the EA signal in conjugated polymers

The electroabsorption spectroscopy on conjugated polymers can be conducted by

applying an electric field in a polymer film in a vertical electrode-polymer-electrode

device structure, and by studying its electroabsorption signal. Figure 2.1 shows

a cross-sectional view of the sample architecture used for electroabsorption experi-

ments. One semitransparent electrode contact is required for light to be transmitted
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through the device. The light is shone onto the PLED at an angle of 45◦, while the

back electrode acts as a mirror. Since the device structure required for electroab-

sorption spectroscopy is the same basic PLED structure, the technique allows di-

rect comparison of the electroabsorption data with the electronic and light-emitting

characteristics of the device. The main focus of the electroabsorption experiment

described in this thesis was to investigate the electric field inside the polymer devices.

The electric field in the polymer layer is created by the application of a sinusoidal

voltage (V = VDC + VACcos(ωt)), which consists of the superposition of a DC

component (F0) and an AC component (FAC);

F = F0 + FACcos(ωT ) (2.23)

The electric field in the polymer gives rise to an electroabsorption signal of the form;

∆T

T
∼= χ(hν)F 2 (2.24)

where χ(hν) contains the spectral dependence. Inserting Equation 2.23 into 2.24

allows one to determine the field-induced electroabsorption response, giving the

following expression;

∆T

T
∝ χ(hν)[F 2

AC

cos(1 + 2ωT )

2
+ 2FACF0cos(ωT ) + F 2

0 ] (2.25)

∆T/T consists of two components: A) Fundamental harmonic frequency and B)

Second harmonic frequency. Since ∆T/T is very small (10−7 to 10−4), a phase-

sensitive lock-in technique is required to measure the 1ω (in the presence of a DC

field) and 2ω component of the electroabsorption signal;

∆T

T
(hν, ω) ∝ 2χ(hν)F0FACcos(ωt) (2.26)

∆T

T
(hν, 2ω) ∝ χ(hν)

F 2
AC

2
cos(2ωt) (2.27)
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Note that the DC component of the electric field, F0, consists of the applied DC

voltage across the electrodes (FDC) and also the internal or ’built-in’ electric field

(FBI) present in the organic semiconductor where F0 = FDC + FBI . The internal

field is created in the device structure due to equilibration of the Fermi level through-

out the different components of the metal-polymer-metal heterostructure. Also any

space charge present in the semiconducting organic layer or at the metal-polymer

interfaces can strongly influence the internal field.

2.1.4 EA in PLEDs as a probe for internal fields

Figure 2.2 shows a schematic energy level diagram of an metal-polymer-metal struc-

ture at equilibrium. Assuming that the charge density in the organic films can be

low enough that the electric field across the bulk of the film is uniform, [81,82] the

expression for the size of the electric field, constant across the bulk of the active

layer is given by;

F =
V

d
(2.28)

and therefore the 1ω and 2ω component of the electroabsorption signal is given by;

∆T

T
(hν, ω) ∝ 2χ(hν)V0VACcos(ωt) (2.29)

∆T

T
(hν, 2ω) ∝ χ(hν)

V 2
AC

2
cos(2ωt) (2.30)

where V0 is the sum of the applied VDC voltage (VDC) and the built-in electrostatic

potential (VBI);

V0 = VDC − VBI (2.31)

Mismatch between the work function of the diode’s contacts creates an internal

electric field (FBI = VBI/d), which is present at zero DC bias. A value for VBI is

determined by measuring the ∆T/T (1ω) signal as a function of VDC : i.e. when the

bias at which the EA(1ω) signal vanishes.
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Figure 2.2: Schematic energy level diagram of an asymmetric metal-polymer-metal
structure at equilibrium (e=1) with negligible space charge. The solid and dashed
lines represent the formation energy of polarons and bipolarons, respectively. The
built-in electrostatic potential (VBI) and the barriers (ΦB) to charge carriers are
indicated. [8,9]

2.1.5 The electroabsorption system setup

The electroabsorption system used for the measurements of the built-in voltage

(VBI) of devices in Chapter 3 has been designed and constructed by Thomas Brown. [8]

A brief summary of the design of the electroabsorption system is presented here.

A schematic diagram of the electroabsorption system is shown in Figure 2.4. A

xenon arc lamp (Edinburgh Analytical Instruments Xe900) was applied as the light

source, which is driven by a voltage of 33 kV and a regulated current supply of 25

A. The light produced by the lamp contains a continuous spectral distribution in

the ultra-violet (UV), visible and near infrared range, which coincides with most of

the spectral features of conjugated polymers for electroluminescent application. The

light beam is fed into a monochromator (Bentham M300EB), featured with a 1800

lines/mm diffraction grating with a focal length of 300 mm, an aperture ratio of f/4.2,

variable-width entrance and exit slits and a controllable wavelength from zero order

to 950 nm. The monochromated beam is focused through the transparent glass/ITO

anode at a degree of 45 degrees incidence, propagates through the polymer, reflected

off the metal electrode then is finally collected by a lens and focused onto an amplified
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Figure 2.3: A schematic diagram of the electroabsorption system used for the mea-
surement of the built-in voltage of electroluminescent devices in chapter 3. [8]

silicon photodiode. The Hamamatsu Photonics S1406 UV-enhanced silicon diode

was employed in the set-up where it exhibited a spectral range that coincided with

the monochromated light (190 nm - 950 nm). The silicon diode has a detection area

of 5.7 mm2 and is integrated with high speed operational amplifier.

A voltage bias is applied across the electrodes of the device, containing of a si-

nusoidal AC component of 2 kHz and a DC component. The custom made voltage

modulation source was constructed with high-precision and low-noise operational

amplifiers (TLC2201CP or TL051CP) and resistors. Also the voltage source con-

sisted of two input BNC connectors (AC and DC) and one output BNC connector

that generated the sum of the input biases. The electric field produced by the volt-

age modulation source induces a perturbation in the absorption coefficient of the

polymer. The output of the photodiode is separated into a DC component (I0T )
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and an AC component (I0∆T ). The former is measured with the Keithley 199 digital

multimeter and measures the DC transmission through the sample, while the latter

is measured with the Standford SR-830 lock-in amplifier and measures the perturba-

tion in the transmission. These two data sets are transmitted to a computer where

the ∆T/T ratio is calculated. Two lock-in amplifiers are used in the experiment be-

cause the electroabsorption signal is modulated both at the fundamental frequency

(1ω) and at the second harmonic frequency (2ω) of the modulation voltage.

2.2 Fluorescence spectroscopy

2.2.1 Lifetime measurements in fluorescence spectroscopy

Fluorescence spectroscopy is a powerful technique that studies the luminescence

characteristics of any light emitting substance. Luminescence is divided into two

categories depending on the nature of the excited state. Firstly, in excited singlet

states, the electron in the excited orbital is paired to the second electron in the

ground-state orbital (of opposite spin). As the electron in the excited state is spin-

allowed to return to the ground state, a photon is emitted. A typical lifetime of a

singlet state is around 1 ns. Secondly, in triplet excited states, the electron in the

excited orbital has the same spin orientation as the ground-state electron. Transi-

tions to the ground state are forbidden and therefore a typical lifetime of a triplet

state is microseconds to seconds. Time-resolved measurements are widely used in

fluorescence spectroscopy as the time-resolved data may reveal two or more lifetimes,

allowing the investigator to resolve the emission spectra and relative intensities of

more than one states. This is particularly useful for probing the luminescence char-

acteristics of conjugated polymers where photoexcitation is expected to produce

excitons with both singlet and triplet configurations. The following paragraphs fo-

cus on methodology of time-domain fluorescence spectroscopy.

In time-domain fluorometry, the sample is excited with a pulse of light. The

width of the pulse is usually much shorter than the decay time τ of the sample.
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Assuming that pulse of light exciting the sample is infinitely sharp (δ-function), the

excited-state population decays from an initial population n0 of fluorophores in the

excited state, with a rate Γ+knr according to; [83]

dn(t)

dt
= −(Γ + knr)n(t) (2.32)

where n(t) is the number of excited molecules at time t following excitation, Γ is the

emissive rate, and knr is the non radiative decay rate. Since emission is a random

event and each excited flurophore has the same probability of emitting in a given

period of time, the excited-state population tends to decays exponentially;

n(t) = n0exp(−t/τ) (2.33)

In actual time-resolved measurements, the fluorescence intensity is observed rather

than the number of excited molecules, which is proportional to n(t). Therefore

integrating Equation 2.32 yields an expression for a single exponential decay in

terms of the time-dependent intensity I(t);

I(t) = I0exp(−t/τ) (2.34)

where I0 is the intensity at time zero. The time-dependent intensity is measured

after the excitation pulse. The lifetime τ is the inverse of the total decay rate which

is given by;

τ = (Γ + knr)
−1 (2.35)

In general, the inverse of the lifetime is the sum of the rates which depopulate the

excited state. The decay time τ is calculated from the slop of a plot of log I(t) versus

t, or from the time at which the intensity decreases to 1/e of the value at t=0. The

intensity decays are usually measured through a polariser oriented at a certain angle

to avoid the effects of rotational diffusion and anisotropy of the intensity decay.

The lifetime can also be obtained by averaging the amount of time a fluorophore



Chapter 2 : Principal experimental techniques 37

remains in the excite state following excitation. This average time 〈t〉 is obtained

by averaging t over the intensity decay of the fluorophore;

〈t〉 =

∫∞
0 tI(t)dt∫∞
0 I(t)dt

=

∫∞
0 texp(−t/τ)dt∫∞
0 exp(−t/τ)dt

(2.36)

Solving Equation 2.36 yields;

〈t〉 = τ (2.37)

Therefore the average time a fluorophore remains in the excited state is equal to

the lifetime for a single exponential decay. It should be noted that the lifetime is

a statistical average since fluorophores emit randomly throughout the decay. The

intensity decay represents the distribution of emitted photons at different times.

For samples that exhibit multiple decay characteristics, their intensity decays

are typically fit to the multiexponential model;

I(t) =
∑
i

αiexp(−t/τi) (2.38)

where αi is the pre-exponential factors and
∑

i αi is normalised to unity. The pres-

ence of two decay times results in curvature in the plot of log I(t) versus time. The

multiexponential model allows one to resolve the decay times (τi) and amplitudes

(αi) of both decay components from the I(t) measurements.

2.2.2 Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) is the most widely used time-

domain fluorescence spectroscopy. [84] Figure 2.4 shows a diagram summarising the

measurement process of TCSPC. The experiment starts with the excitation pulse,

which excites the sample and starts the time measurement clock. Photons are

counted digitally and are time-correlated in relation to the excitation pulse. As

the sample is repetitively excited using a pulsed light source (usually a laser), a

high-speed photodiode optically monitors each pulse to produce a signal which trig-

gers the voltage ramp of a time-to-amplitude converter (TAC). The voltage ramp is



Chapter 2 : Principal experimental techniques 38

Figure 2.4: A diagram summarising the process of lifetime measurements in time-
correlated single photon counting.

terminated by the first fluorescence photon from the sample, which is detected by

a combination of photomultiplier and a photodiode. The subsequent output of the

TAC provides a pulse voltage which is proportional to the time between the start

and stop signals. A multichannel analyser (MCA) is used to convert this voltage to

a time channel. After summing over numerous pulses, the MCA builds up a proba-

bility histogram of counts versus time channels. The experiment is completed when

the setup has measured more than 10000 photon counts in the peak channel. The

histogram of photon arrival times represents the intensity decay of the sample.

The measured intensity decay is a convolution with the illumination function. [83]

Ideally, the impulse response function I(t) is a combination of δ-function excitation

and a δ-function for the instrument response. However most instrument response

functions are several nanoseconds wide. Hence the excitation pulse must be consid-

ered as a series of δ-functions with different amplitudes. Each of these δ-functions

excites an impulse response from the sample, where the intensity is proportional to

the height of the δ-function. The sum of all the exponential decays, starting with

different amplitudes and a different times, is the measured function.

Each δ-function excitation is to excite an impulse response Ik(t) at tk, which is

given by; [85]

Ik(t) = L(tk)I(t− tk)∆t (t > tk) (2.39)

where L(tk) is the lamp profile and the term (t − tk) appears since the impulse
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response starts at t = tk, and it is understood that there is no emission before

excitation (t− tk). The measured decay N(tk) is the sum of the impulse responses

created by all the individual δ-function excitation pulses occurring until tk;

N(tk) =

t=tk∑
t=0

L(tk)I(t− tk)∆t (2.40)

For small values of ∆t, Equation 2.40 can be expressed as an integral;

N(t) =

∫ t

0
L(t′)I(t− t′)dt′ (2.41)

The experimentally measured intensity at time t is given by the sum of the intensities

created by all the δ-function excitation pulses. It is assumed that there is nonzero

intensity in L(tk) for the new intensity decays to be observed in the sample. Finally

the convolution integral is expressed in terms of exchanged variable of integration,

t′ = t− µ, which is given by;

N(t) =

∫ t

0
L(t− µ)I(µ)dµ (2.42)

The impulse response function I(µ) is determined according to how it best fits the

experimental data.

2.3 Macroscopic kelvin probe

The Kelvin probe is a non-contact, non-destructive measurement device used to

measure the work function of a conductive surface. Figure 2.5 is a circuit diagram

showing the principle of the Kelvin probe measurement. The setup consists of an

oscillating mesh electrode, positioned in front of the surface of material under study,

which is driven by a solenoid or by piezoceramics. The mesh electrode and the

surface of material can be modelled as a parallel plate capacitor in which the gap

between the plates can be periodically varied. Consequently, the vibration yields an
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Figure 2.5: A circuit diagram of a Kelvin probe measurement. The compensation
voltage V comp makes up for the AC current driven by the vibrating probe.

oscillating current of the form;

i =
dC

dt
(e∆φ− V comp) (2.43)

where V comp is the external compensation voltage. The contact potential difference

is formed between the two conducting plates, giving arise to ∆φ, which is equal to

the difference between the work function of the surface under study (φs) and that

of the reference probe (φp). The particular value of compensation voltage that can

be adjusted to zero the current is the same value as the difference in work function

of the two conducting plates;

eVcomp = φs − φp (2.44)

In this thesis, the work function values of materials acquired from the Kelvin probe

measurements are directly compared with the built-in voltage values measured from

the electroabsorption spectroscopy. It should be noted that unless measurements

are made in ultra-high vacuum conditions, it is difficult to find a reliable reference

value for a gold mesh electrode. Depending on the state of the surface of gold, the
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measured work function may vary between 4.2 eV to 5.4 eV. Ultraviolet Photoelec-

tron Spectroscopy (UPS) is another technique that is commonly used to measured

the work function of materials. It is not unusual to find the measured UPS and

Kelvin Probe work function values not to agree, due to the inherent differences

in the techniques themselves and the differences in the surface states of samples

for each techniques. Considering the difficulty in determining a reliable reference

value for Kelvin Probe and the differences in comparison to UPS measurements, the

Kelvin Probe is applied to measure the work function of the electrodes and charge

injecting layers. Comparison of these data with known HOMO and LUMO values

of electroluminescent polymer layers, and, the built-in voltage value acquired from

electroabsorption technique allows us to map out the energy levels and alignment at

the interfaces of the diodes.



Chapter 3

Dynamics of excitons at

MoO3−x/F8BT and

MoO3−x/TFB interfaces

We study the dynamics of exciton quenching in conjugated polymers due to the

presence of a metal oxide contact. Using time-correlated single photon counting, the

photoluminescence (PL) lifetime of F8BT and TFB single layers, and, TFB/F8BT

bilayers are determined, with and without the presence of MoO3−x contact. The

results show that the PL lifetime of pure F8BT decreases from 1300 to 760 ps upon

the presence of MoO3−x contact. In contrast to F8BT, the PL lifetime of TFB is

determined to be 500 ± 40 ps, with and without the presence of MoO3−x contact.

The TFB/F8BT bilayers exhibit biexponential decay characteristics with two life-

time values; 800 ± 50 ps and 5000 ± 400 ps, which are attributed to bulk excitonic

emission and exciplex emission, respectively. Finally, the results are analysed using

the energy transfer model which represents the excitons in conjugated polymers as

a oscillating dipole and the MoO3−x contact as the radiation absorbing mirror.

42
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3.1 Introduction

The dynamics of excitons and charge carriers in a conjugated polymer due to the

presence of a metallic film has been studied extensively in the past. Markov et al. [86]

investigated the dynamics of exciton quenching in a conjugated polymer due to the

presence of an aluminium electrode using time-resolved photoluminescence (PL).

Also the modification of PL and electroluminescence (EL) from cyano derivatives

of poly(p-phenylenevinylene) (PPV) due to the proximity of gold and aluminium

electrodes has been studied by Becker [87]. Both studies have demonstrated that PL

and EL of the polymer are strongly quenched within a typical distance of 15 to 20

nm from metal interfaces. Various models have been suggested for the modification

of radiative decay rate of an emitter by the presence of a metal film, such as non-

radiative energy transfer [86] and interference effects. [87] The polymer/metal interface

has also been studied from the perspectives of the charge carriers and relevant inter-

facial electronic states. Bussac et al. [88] reported that when conjugated sites of an

electroactive polymer are placed a few angstroms from a metal electrode, carriers

flow from the metal to these sites and remain trapped in the negative part of the

image force potential. Salaneck et al. [89] reported on the enhanced charge injection

at the PPV/calcium junction upon the formation of interfacial oxide layer on cal-

cium. Bipolaron energy states are known to be created at distinct polymer/metal

interfaces such as PPV/calcium [90] and F8BT/cesium, [91] consequently reducing the

rate of radiative recombination of excitons. Finally, Bässler et al. [92] reported on the

mechanism of exciton quenching in conjugated polymers due to exciton splitting.

However there are few studies that explore the effects of a metal oxide film on

the dynamics of excitons and charge carriers in a conjugated polymer. The incorpo-

ration of metal oxides into the PLED architecture has been a recent development,

therefore it is important to investigate the mechanism of their excitonic and pola-

ronic effects in a conjugated polymer for successful implementation. The physics of

metal oxide/polymer interface is likely to be very similar to that of a metal/polymer

interface, hence the motivation for this chapter is to compare, but also to differ-
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entiate the physics behind both types of interface. Molybdenum trioxide has been

applied as a hole injection layer in PLEDs, showing highly efficient and air-stable

charge injection properties. [60,63] Morii et al. [93] demonstrated with XPS measure-

ments, a unique chemical interaction between MoO3−x and F8BT that enhanced the

electroluminescent properties of PLEDs, which was only measurable when MoO3−x

was evaporated on top of F8BT. Our experiments further explore the interfacial

physics of MoO3−x/F8BT junction from excitonic perspectives. This chapter stud-

ies the dynamics of exciton quenching in a conjugated polymer due to the presence

of a MoO3−x contact in various sandwich structures.

Using time-correlated single photon counting (TCSPC), we measure the change

in radiative lifetime of excitonic species in F8BT and TFB single layers, and, TFB/F8

-BT bilayers, with and without the presence of a MoO3−x film. Three different

thermochromic states of MoO3−x film are used to obtain three different sets of

radiative lifetime data from conjugated polymers in the presence of a metal ox-

ide film. Three different types of MoO3−x films were prepared by modifying their

thermochromic states as follows: (a) as-deposited MoO3−x, (b) post-deposition air-

annealed MoO3−x (or aMoO3−x) and (c) post-deposition nitrogen-annealed MoO3−x

(or nMoO3−x). Note that the dimension and fabrication specification of metal ox-

ide/polymer structures are identical to that of PLED device structures in the fol-

lowing chapter, allowing us to directly compare a specific PLED performance with

its corresponding radiative lifetime data. TCSPC results show a degree of decrease

in radiative lifetime (upto 500 picoseconds) of F8BT depending on the presence of

three thermochromically diverse MoO3−x contact. However, there is no significant

change in the radiative lifetime of TFB, with and without the presence of MoO3−x.

Finally, double-exponential decay characteristics are observed with TFB/F8BT bi-

layers, which is interpreted as ’exciplex’ emission due to interfacial excited electronic

states formed at the TFB/F8BT heterojunction. Along with the results from the

previous chapter, the radiative lifetime data are used to examine the dynamics of

excitonic and polaronic species at MoO3−x/conjugated polymer interface.
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3.2 Experimental

Time-resolved photoluminescence lifetime measurements were carried out using a

commercial TCSPC setup (Edinburgh Instruments). The single polymer layer sam-

ples prepared for PL lifetime measurements consisted of a 100 nm thick film of

F8BT or a 50 nm thick film of TFB on top of a spectrosil, a spectrosil/MoO3−x,

a spectrosil/aMoO3−x and a spectrosil/nMoO3−x substrates. Additionally, spec-

trosil/F8BT /MoO3−x samples were prepared (i.e. MoO3−x evaporated on top of

F8BT). The bilayer samples consisted of TFB/F8BT (10nm/ 100nm) heterojunc-

tions on top of the four substrate types used for single-layer samples. Prior to

deposition, all 12 mm spectrosil substrates were cleaned by ultrasonically assisted

acetone bath for 15 minutes, followed by rinsing with isopropanol and then dried

with nitrogen. A 25 nm thick film of MoO3−x (99.999% powder, Testbourne) was

thermally evaporated under high vacuum of 1 × 10−6 mbar at a deposition rate of 3

Ås−1. Post-deposition annealing of aMoO3−x and nMoO3−x HILs were realized on

a hot plate for 3 hours at 300◦C, in air and nitrogen atmosphere (inside a M-Braun

glovebox), respectively. For single layer samples, a 50 nm thick film of TFB or a

100 nm thick film of F8BT was deposited by spin-coating from a 2% (w/w) toluene

solution or a 2% (w/w) p-xylene solution, respectively, directly on top of MoO3−x

films. The TFB/F8BT bilyer samples were prepared as follows; A 10 nm thick film

of TFB was deposited by spin-coating from a 2% (w/w) toluene solution directly

on top of MoO3−x films, and then annealed at 180 ◦C (< Tg of TFB) for 1 hr in a

glovebox and cooled on a cold metal surface followed by spin-rinsing with toluene in

order to remove the remaining soluble part of TFB. [94] The latter process allows the

subsequent spincoating of F8BT without the solvent dissolving the underlying TFB

layer. The thickness of TFB layer before spin-rinsing with toluene was measured to

be 50 nm thick with the Atomic Force Microscope (AFM). A 100 nm thick film of

F8BT was spin-coated from a 2% (w/w) p-xylene solution.

For TCSPC measurements, the samples were excited with a laser beam of 371 nm

in wavelength on the face of the polymer layers (except for spectrosil/F8BT/MoO3−x
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sample) and their photoluminescence was measured with a photodiode with 160 ps

time response. The photoluminescence spectra were measured with laser pulse rate

of 50 ns and the lifetime measurements were carried out with laser pulse rate of 200

ns. The photon counting for the lifetime measurements of a single layer of F8BT

and a bilayer of TFB/F8BT were carried out with the monochromator passing light

through at 540 nm, while for a single layer of TFB, at 435 nm.

3.3 Results

Figure 3.1: a) shows the normalised absorption (dashed line) and PL spectra (bold
line) of spin-coated films of F8BT. b) shows the normalised PL spectra of spin-
coated films of TFB (dashed line) and TFB/F8BT bilayers (solid line, thickness of
10 nm/100 nm).

Figure 3.1a shows the normalised absorption and PL spectra of a 100 nm-thick

F8BT film on a spectrosil substrate. The first absorption peak is centered at about

460 nm and the PL spectra consist of a single peak at 540 nm. The difference be-

tween the positions of the absorption and emission peaks indicate a Stokes shift in

the magnitude of 80 nm for F8BT. Figure 3.1b shows the normalised PL spectra

of a 50 nm-thick TFB film and a TFB/F8BT bilayer (10nm/100nm) on a spec-

trosil. The PL spectra of a TFB film consists of a single peak at 435 nm. The

PL spectra of a TFB/F8BT bilayer film consists of two emission peaks at 435 nm
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and 540 nm (the former peak being much smaller). These peaks are attributed

to TFB and F8BT, respectively. Figure 3.2 shows the PL decay characteristics of

F8BT, MoO3−x/F8BT, aMoO3−x/F8BT, nMoO3−x/F8BT and F8BT/MoO3−x on

a spectrosil, detected at wavelength matching the PL peak of F8BT (540 nm). The

excitons in F8BT exhibit single-exponential decay characteristics with varying life-

times depending on the thermochromic state of the neighbouring MoO3−x contact.

The experimentally measured lifetime of excitons in a pure F8BT film is 1.309 ns,

which decreases to 1.080 ns for F8BT/MoO3−x, 0.969 ns for aMoO3−x/F8BT, 0.898

ns for nMoO3−x/F8BT, and 0.761 ns for MoO3−x/F8BT. Figure 3.3 shows the PL

decay characteristics of TFB, MoO3−x/TFB, aMoO3−x/TFB and nMoO3−x/TFB

on a spectrosil, detected at wavelength matching the PL peak of TFB (435 nm).

The excitons in TFB also exhibit single-exponential decay characteristics. How-

ever, unlike F8BT, the lifetime of excitons in TFB do not vary with the presence

of MoO3−x films. The variation in the lifetime is interpreted to be negligible and

the lifetime for all four decay characteristics is calculated to be 500 ± 40 ps. Fig-

ure 3.4 shows the PL decay characteristics of TFB/F8BT, MoO3−x/TFB/F8BT,

aMoO3−x/TFB/F8BT and nMoO3−x/TFB/F8BT on a spectrosil, detected at 540

nm. These bilayer structures exhibit bi-exponential decay characteristics which are

not observed in a single TFB or F8BT films. The decay characteristics can be fitted

with 2 exponentials whose lifetimes are averaging at about 800 ± 50 ps and 5000 ±

400 ps, which are attributed to the bulk exciton and the exciplex state, respectively.

Note that all the radiative lifetime data were obtained from the gradient of single

exponential or biexponential fits to the log I(t) versus time graphs.



Chapter 3 : Exciton dynamics at MoO3−x/conjugated polymer interfaces 48

Figure 3.2: PL decay profiles of spin-coated films of F8BT, and, F8BT on top of
as-deposited MoO3−x, nitrogen-annealed MoO3−x and air-annealed MoO3−x, and,
as-deposited MoO3−x on top of F8BT. Samples were excited using a laser with
excitation energy of 3.4 eV and PL was collected at 540 nm in wavelength. The
laser beam always entered the face of F8BT (except for the sample with MoO3−x on
top of F8BT). Lifetimes were obtained from the gradient of single-exponential fits
(χ2 < 1.8). The red lines are gradient fits at which the lifetime values were obtained.

Figure 3.3: PL decay profiles of spin-coated films of TFB, and, TFB on top of as-
deposited MoO3−x, nitrogen-annealed MoO3−x and air-annealed MoO3−x. Samples
were excited using a laser with excitation energy of 3.4 eV and PL was collected at
435 nm in wavelength. The average lifetime value was obtained from the gradient of
single exponential fits (χ2 < 10). The red lines are gradient fits at which the lifetime
values were obtained.
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Figure 3.4: PL decay profiles of TFB/F8BT bilayers, and TFB/F8BT bilayers on
top of as-deposited MoO3−x, nitrogen-annealed MoO3−x and air-annealed MoO3−x.
Samples were excited using a laser with excitation energy of 3.4 eV and PL was
collected at 540 nm in wavelength. The average lifetime values were obtained from
the gradient of double exponential fits (χ2 < 1.2). The red lines are gradient fits at
which the lifetime values were obtained.
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3.4 Discussions

3.4.1 Exciton quenching at MoO3−x/F8BT interfaces

The decrease in the PL lifetime of excitons in F8BT with the presence of MoO3−x

films can be attributed to the increase in the rate of exciton quenching or dissociation

near the MoO3−x/F8BT interface. As Figure 3.2 shows, the PL lifetime of excitons

in a pure F8BT film is 1.309 ns, which is reduced by nearly half of its original value,

to 0.761 ns, when as-deposited MoO3−x is in contact with the F8BT. Stevens et

al. [95] applied a photophysical modeling to femtosecond transient absorption data

to identify two exciton decay mechanisms in F8BT: (a) exciton-exciton annihilation

through diffusional collision and (b) exciton-exciton annihilation through Förster

transfer. In the diffusional collision mechanism, the exciton encounter and collision is

the rate-limiting process and the bimolecular rate constant is time independent. The

latter mechanism is characterised by a bimolecular rate ’constant’ that contains an

explicit time dependence, where dipole-dipole interactions between pairs of excitons

(or equivalent pairs) lead to a long-range resonance (Förster) energy transfer. Based

on the above assumption, we propose that the lifetime of F8BT is decreased in the

presence of MoO3−x due to Förster energy transfer between the excitons in F8BT

and the colour centres in the surface of MoO3−x layer. The energy transfer model

allows one to account for the modification of Förster energy transfer rate with the

change in optical properties of MoO3−x, which offers an explanation for different

PL lifetimes observed depending on different thermochromic (or optical) states of

MoO3−x films.

The energy transfer model represents the emitting exciton in the bulk polymer

layer as an oscillating dipole and the MoO3−x layer as a partially absorbing mir-

ror. [96] The lifetime of an emitting dipole (or exciton) located near the absorbing

MoO3−x mirror can be analysed in terms of a model whose reflected electric field

produces a time dependent force which is incorporated into the equation of motion

of the dipole. [97] The equation is solved to find a damping (or lifetime) term which

depends on the distance of the dipole from the mirror. Considering a dipole perpen-
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Figure 3.5: Geometry of the dipole-metal oxide mirror system for a vertical dipole;
d is the distance from the dipole to the surface. [97]

dicular to the mirror plane as shown in figure 3.5, the dipole located at a distance

d from the mirror has a dipole moment given by;

µ = exp(−iωt− bt

2
) (3.1)

where 1/b is the lifetime of the dipole in the presence of the mirror. At large

distances (equal to or greater than the wavelength of the radiation), the damping

shows an oscillatory behaviour. At short distances, the damping increases (or life-

time decreases) due to non-radiative energy transfer from the dipole to the partially

absorbing mirror. The total normalized damping constant can be defined as;

b̂ ≡ b̂r + b̂et + (1− q) (3.2)

where b̂r is the radiative component of the total damping constant, b̂et is the nor-

malized rate constant for non-radiative energy transfer to the mirror and (1−q) rep-

resents the intrinsic non-radiative component of the total damping constant, where

q is the quantum yield. Simple considerations of the dimensionality of dipole-dipole

transfer predict that non-radiative energy transfer rate has a cubic dependence on
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the distance between the emitter and the mirror, d, in the small distance; [98]

b̂et = βd−3 (3.3)

where β is the coefficient of d−3 or the energy transfer rate parameter. Applicable

within distances of several tens of nanometer from the interface, Chance [97] has

derived an expression showing the dependence of β on the optical constants of the

system;

β =
3q

32

λ3Θ

π3n1

n2K2

(n21 + n22 −K2
2 )2 + 4n22K

2
2

(3.4)

where the dielectric containing the dipole has a real refractive index n1 and a prop-

agation constant k1 = 2πn1/λ, and the metal mirror has a complex refractive index

ñ2 = n2 + iK2 and a propagation constant given by k2 = 2πñ2/λ. The quantity Θ

is a parameter varying with orientation and equals 1 for a horizontal dipole, 2 for a

vertical dipole, and 4/3 for a randomly oriented dipoles.

Equation 3.4 shows that the rate of non-radiative energy transfer from the emit-

ter to the mirror is dependent on the optical constants of the two media. In our case,

n1 is the real refractive index of F8BT, n2 is the real refractive index of MoO3−x

and K2 is the imaginary part of the refractive index, or the extinction coefficient of

MoO3−x. Note that the extinction coefficient quantifies how fast the radiation is at-

tenuated as it penetrates into the metal. Therefore, the extinction coefficient of the

metal, along with the refractive index of the radiation propagating medium, directly

alters the properties of the reflected radiation, which then changes the lifetime of the

emitter. Table 3.1 shows theoretical estimates of the energy transfer rate parameter

β from equation 3.4, for all MoO3−x/F8BT and MoO3−x/TFB interfaces. Note that

β values are calculated assuming that the excitons in F8BT and TFB are emitting

at a wavelength of 540 nm and 435 nm, respectively. The extinction coefficient of

MoO3−x, aMoO3−x and nMoO3−x films are determined using the simple relation;

K2 =
αλ

4π
(3.5)
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System λ (nm) n1 n2 K2 β (10−18cm3) τ (ps) (Exptl)

MoO3−x/F8BT 540 1.6 2 0.43 8.22 761
nMoO3−x/F8BT 540 1.6 1.6 0.25 6.36 898
aMoO3−x/F8BT 540 1.6 2.4 0.44 6.24 969
MoO3−x/TFB 435 2 2.2 0.86 3.24 500 ± 40
nMoO3−x/TFB 435 2 1.8 0.38 1.79 500 ± 40
aMoO3−x/TFB 435 2 2 0.40 1.71 500 ± 40

Table 3.1: Comparison of theoretical estimates of the energy transfer rate parameter
β from equation 3.4, for various MoO3−x/F8BT and MoO3−x/TFB interfaces. Op-
tical constants n1 and n2 are taken from Ramsdale [99] for F8BT and TFB, and from
Kuhaili [100], Hussain [101] and Sian [102] for all MoO3−x films. We have taken q=0.7
and 0.55 [94] for F8BT and TFB systems, respectively, and the dipole is assumed to
be vertical to the mirror, i.e., Θ=2.

where α is the absorption coefficient of MoO3−x at a specific wavelength of the

emitting polymer. The thickness of thermally evaporated MoO3−x films are known,

therefore α was determined using the Beer-Lambert law;

I = Ioexp(−αx) (3.6)

where x is the thickness of the MoO3−x film, and I/Io ratios are taken from the

absorption spectra in the following chapter. Equation 3.4 exhibits an interesting

resonance behaviour as shown in Figure 3.6; a plot of energy transfer rate parameter

β as a function of K2 for all MoO3−x/F8BT and MoO3−x/TFB interfaces. The graph

illustrates a dramatic increase in the energy transfer rate at the emitter frequency

at which the extinction coefficient of MoO3−x, K2, is equal to the refractive index

of the light emitting polymer, n1.

Along with the energy transfer mechanism as a major contributing factor to

the total exciton decay process, the mechanism of diffusional collision must also

be considered within our experimental context. As pointed out earlier, the non-

radiative energy transfer is only applicable to excitons distributed at distances of

several tens of nanometer from the polymer/metal mirror interface. For example,

for the case of Al/NRS-PPV structures, the direct energy transfer to the metal is
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observed within a typical distance of 7.5 nm. [86] This causes an exciton density re-

distribution characterised by their diffusion length. As a consequence of stronger

exciton decay occurring within a limited energy transfer range, a decrease in exciton

density towards the interface is observed. Figure 3.7 shows a steady-state exciton

density profiles for NRS-PPV/Al heterostructures, which illustrates the decrease in

the exciton density towards the interface. The excitons diffuse into the depletion

area of the exciton population at the interface, which further enhances the rate of

energy transfer to the metal. Again, for the case of Al/NRS-PPV, an additional dis-

tance of 6 nm (characteristic exciton diffusion length of NRS-PPV) is contributed

to the total non-radiative energy transfer range. The importance of exciton density

redistribution is expected to be twofolds; A) increase in the rate of non-radiative

energy transfer to the mirror and B) increase in the rate of exciton decay by diffu-

sional collision due to bulk exciton migration towards the interface. The extent to

which each of the mechanisms contributes to the total exciton decay has not been

quantified in this work. Nevertheless, it should be emphasised that the non-radiative

energy transfer is likely to be an important contributing factor to the total exciton

decay process.

Given the above assumption and the normalised lifetime relation to the total

damping term, τ̂ = 1/b̂, the theoretical estimates of β complements well with the ex-

perimentally observed PL lifetime data; i.e. greater the rate of non-radiative energy

transfer lead to a lower PL lifetime of F8BT, as shown in Table 3.1. The character-

istic dependence of energy transfer rate on the refractive indexes of MoO3−x layers

as shown in Figure 3.5 is a point of interest since the optical properties of MoO3−x

can be tuned by post-deposition annealing. The change in the thermochromic (and

optical) properties of MoO3−x is investigated in the following chapter. As-deposited

films of MoO3−x exhibit transparent-blue colour which becomes dark-blue when

annealed in nitrogen and transparent-red colour when annealed in air. Also the

complex refractive index of MoO3−x films vary with their thermochromic states,

which gives an explanation for the different exciton lifetimes observed for the vari-
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Figure 3.6: The short range energy transfer rate parameter β as a function of K2,
the imaginary part of the refractive index of MoO3−x. The dipole is assumed to be
that of the F8BT and TFB excitons emitting at 540 nm and 435 nm, respectively.
The refractive indexes of F8BT and TFB at the wavelength of their emittance is 1.6
and 2, respectively. The parameter β is dependent on the optical properties of the
MoO3−x mirror.

Figure 3.7: Steady-state exciton density profiles simulated for NRS-PPV/Al het-
erostructures. [7]

ant configurations. The emitted radiation from the exciton is partially absorbed

by the MoO3−x mirrors, where the amount of that absorption is governed by their

extinction coefficients. Given the right optical conditions of the media, the reflected

radiation from the mirror destructively interfere with the emitting radiation, thereby
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quenching the luminescence of the excitons. The relationship between the complex

refractive index and the dipole radiation is further explored in the theory of non

radiative and radiative surface plasmon modes. [103]

3.4.2 MoO3−x/TFB interfaces and Exciplex

In contrast to F8BT, the exciton lifetime of pure TFB does not decrease upon the

application of MoO3−x films as the neighbouring layers. As shown in Figure 3.3, the

average exciton lifetimes of TFB in all sample configurations were determined to be

500 ± 40 ps. Therefore, the significance of non-radiative transfer between MoO3−x

mirrors and the TFB emitter is interpreted to be negligible for the total exciton

quenching process. Given the optical conditions of the sample configurations, Table

3.1 shows that β, the non-radiative energy transfer parameter β for MoO3−x/TFB

interfaces, is considerably smaller than for MoO3−x/F8BT interfaces. Figure 3.6

shows the dependence of β as a function of extinction coefficient K2 of MoO3−x,

where it illustrates that β of MoO3−x/TFB interfaces are much smaller in compari-

son to MoO3−x/F8BT interfaces, over a wide range of K2 values.

Figure 3.4 shows the PL decay characteristics of TFB/F8BT and all MoO3−x/TFB/

-F8BT on a spectrosil, detected at 540 nm. These bilayer structures exhibit biexpo-

nential decay characteristics with two exciton lifetime data, averaging at 800 ± 50

ps and 5000 ± 400 ps. The lifetime values are attributed to the bulk exciton and

the exciplex states at the TFB/F8BT interface, respectively. The exciplex states

in organic optoelectronic devices have been widely reported. [104–107] The exciplex

emission usually occurs in ’type-II’ heterojunctions where both the HOMO and the

LUMO levels of one polymer lies higher in energy than the corresponding levels in

the other polymer. Depending on the energy mismatch between the frontier orbitals,

type-II heterojunctions can either facilitate charge separation in photovoltaic cells or

enhance quantum yields in LEDs [106] via exothermic exciton regeneration. For the

case of LEDs, there is evidence that pairs of electrons and holes accumulate as charge

transfer excitons at the heterojunction. As shown in Figure 3.8, at the TFB/F8BT
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Figure 3.8: Scheme for heterojunction formed between F8BT and TFB. Electrons
and holes are transported through their respective transport materials and accumu-
late at the heterojunction. Electron-hole capture then occurs directly without prior
injection of a charge carrier into the opposite polymer.

heterojunction, electrons and holes accumulates via transportation through their

respective transport materials, where electron-hole capture occurs directly without

prior injection of a charge carrier into the opposite polymer. These germinate-pair

recombine via an intermediate heterojunction state (termed an exciplex), which can

regenerate the bulk exciton. The exciplex emission is characterised by their much

increased radiative lifetime and is caused by the sufficient overlap of electron and

hole wavefunctions. [107] However, it should be mentioned that exciplex emissions are

usually characterised by a red shift in the emission spectrum. This is due to the fact

that the electron-hole capture and the subsequent radiative regeneration occurs at

a much lower energy compared to the bulk excitonic species. Figure 3.1 shows PL

spectrum of F8BT and TFB/F8BT bilayer, where it is evident that the PL spectrum

of bilayer shows no or little red-shift. This can be explained by the fact that the

ratio of bulk excitonic species being much larger than the exciplex states (around

1000 to 1), which has been confirmed by the amplitude of lifetime data fits.
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3.5 Conclusion

In summary, we studied the dynamics of exciton quenching in conjugated poly-

mers due to the presence of a MoO3−x contact. Using time-correlated single photon

counting, we measured the change in radiative lifetime of excitons in F8BT and TFB

single layers, and TFB/F8BT bilayers, with and without the presence of a MoO3−x

contact. We prepared three different types of MoO3−x films by post deposition an-

nealing the film in air and nitrogen (the third type being as-deposited film); thereby

producing MoO3−x films with different optical (or thermochromic) properties. The

PL lifetime data show significant decrease in radiative lifetime (upto 500 ps) of pure

F8BT upon the presence of a MoO3−x contact. Additionally we find that depending

on the optical properties of MoO3−x, the PL lifetime of F8BT is also changed. The

energy transfer model is used to account the change in the non-radiative energy

transfer rate at the interface of F8BT and MoO3−x, with the change in complex

refractive index of MoO3−x films. The non-radiative energy transfer model shows

that the luminescence of excitons in F8BT is quenched by the MoO3−x film which

acts as an absorbing mirror, where the amount of energy transfer is dependent on

the complex refractive index of the radiation propagating media. This is quantified

by the non-radiative energy transfer parameter β, using Chance’s theoretical model.

In contrast to F8BT, we find that the radiative lifetime of excitons in TFB does not

change upon the presence of any type of MoO3−x contact. For the case of TFB, the

non-radiative energy transfer at the interface of TFB and MoO3−x is assumed to be

negligible to the total exciton quenching process. Finally double exponential decay

characteristics are observed with TFB/F8BT bilayer samples, which is interpreted

as ’exciplex’ emission occurring due to interfacial electronic excitations formed at

the TFB/F8BT interface.



Chapter 4

Molybdenum trioxide hole

injection layers in polymer

light-emitting diodes

We study the effect of post-deposition annealing molybdenum trioxide (MoO3−x)

hole injection layers in PLEDs on their electronic state and work function proper-

ties. We find that annealing thermally evaporated MoO3−x films in air increases

their hole concentration thereby improving the function of hole injection. We in-

crease the maximum current-efficiency of ITO/MoO3−x/TFB/F8BT/Ca/Al electro-

luminescent devices from 1.27 cd (at 1255 cd/m2) to 1.44 cd/A (at 3360 cd/m2), by

annealing as-deposited MoO3−x HILs in air. Annealing MoO3−x in nitrogen has a

detrimental effect to the electroluminescent properties of devices. Finally electroab-

sorption spectroscopy and Kelvin probe measurements show that annealing MoO3−x

films results in a decrease of their work function values by 0.3 eV.

59
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4.1 Introduction

Polymer light-emitting diodes (PLEDs) are emerging as a technology for next-

generation electronic displays due to their unique properties. Performance and

stability of PLEDs depends strongly on the electrodes material that interfaces the

emissive semiconductor. Recently, metal oxides have been employed as charge in-

jection layers in PLEDs architecture, showing highly efficient and air-stable charge

injection properties. [60,63,93] In those cases, MoO3−x was chosen as the hole injec-

tion layer (HIL). The operating mechanism for enhanced hole injection between

indium tin oxide (ITO) and organic semiconductors by applying a thin layer (<5

nm) of MoO3−x has been investigated. These studies have proposed that MoO3−x

interlayers allow the interface to behave either as an ohmic contact, [108] a metal-

insulator-semiconductor structure, [109] or an electron extractor. [110] Also previous

studies have investigated the work function of MoO3−x films, where the measured

values depend strongly upon the nature of experimental techniques and the surface

states of samples used for the measurements. Kahn et al. [111] measured the work

function of MoO3−x to be 6.7 eV by Ultraviolet Photoelectron Spectroscopy (UPS),

while Murata et al. [112] found the work function of MoO3−x to vary from 4.9 eV

to 5.9 eV with increasing film thickness from 0 to 50 nm, also by UPS. Zhu and

co-workers [113] applied contact potential difference measurement to acquire a work

function value of 5.4 eV. Films of MoO3−x have been studied extensively in the

past for their properties of chromism, a process whereby a reversible change in the

colour of a compound is induced by heat, irradiation or electric-field. [114–118] In this

chapter, we use the well-established theoretical and experimental work on chromism

of MoO3−x as the foundation for explaining the mechanism of hole and electronic

conduction in thermally evaporated MoO3−x films.

We achieve this by fabricating and characterising three different types of PLEDs,

each incorporated with MoO3−x HILs in different thermochromic states: (a) as-

deposited MoO3−x, (b) post-deposition air-annealed MoO3−x (or aMoO3−x) and

(c) post-deposition nitrogen-annealed MoO3−x (or nMoO3−x). Devices are based
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on bilayer of organic-solvent soluble emitters: poly((9, 9-dioctylfluorene)-alt-N-(4-

butylphenyl)diphenylamine) and poly(9,9-dioctylfluorene-alt-benzothiadiazole) (TFB

and F8BT). We report current and luminescence versus voltage (JVL) and electroab-

sorption [119,120] characteristics of the three types of PLEDs with TFB/F8BT emitter

(just F8BT for electroabsorption) and Ca/Al cathodes. The bias at which the elec-

troabsorption signal is null corresponds to the difference between the electrodes’

work function. We also measure the absorption spectra and work function of dif-

ferently treated MoO3−x films by means of UV-Vis spectroscopy and a macroscopic

Kelvin probe, [121] respectively. We find that LEDs with aMoO3−x and nMoO3−x

HILs display drastic differences in JVL characteristics. Since thermochromically in-

duced changes in optical properties of MoO3−x are electronic in nature, [115] studying

the absorption spectra of representative films allows us to differentiate their elec-

tronic state. We also investigate the observed 0.2 - 0.3 eV decrease in the work

function of MoO3−x upon annealing, both confirmed by the built-in voltage (VBI)

value acquired from electroabsorption spectroscopy and Kelvin probe measurements.

4.2 Experimental

PLEDs discussed in this chapter were bilayer sandwich structure consisting of a top

calcium electrode, TFB/F8BT emitting layer and an ITO/MoO3−x, an ITO/aMoO3−x

or an ITO/nMoO3−x anode on a glass substrate. Firstly, patterned ITO substrates

(Colorado Concept) were cleaned by ultrasonically assisted acetone bath for 15 min-

utes, followed by rinsing with isopropanol and then dried with nitrogen. A 25 nm

thick film of MoO3−x (99.999% powder, Testbourne) was thermally evaporated un-

der high vacuum of 1 × 10−6 mbar at a deposition rate of 3 Ås−1. Post-deposition

annealing of aMoO3−x and nMoO3−x HILs were realized on a hot plate for 3 hours

at 300◦C, in air and nitrogen atmosphere (inside a M-Braun glovebox with purity

concentrations of H2O; < 1 ppm and O2; < 1 ppm), respectively. A 10 nm thick film

of TFB was deposited by spin-coating from a 2% (w/w) toluene solution directly

on top of MoO3−x films, and then annealed at 180 ◦C (< Tg of TFB) for 1 hr in a
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glovebox and cooled on a cold metal surface followed by spin-rinsing with toluene

in order to remove the remaining soluble part of TFB. [94] The latter process allows

the subsequent spincoating of F8BT without the solvent dissolving the underlying

TFB layer. The thickness of TFB layer before spin-rinsing with toluene was mea-

sured to be 50 nm thick with the Atomic Force Microscope (AFM). A 100 nm thick

film of F8BT was spin-coated from a 2% (w/w) p-xylene solution. Finally a 30 nm

thick film of calcium cathodes and a 150 nm thick aluminium protective layers were

deposited by thermal evaporation under high vacuum.

For the measurement of absorption spectra, a 200 nm thick film of MoO3−x,

aMoO3−x and nMoO3−x on spectrosil substrates were prepared by thermal evapo-

ration followed by post-deposition annealing processes mentioned above. It should

be noted that periodically varying the deposition rate during evaporation produced

MoO3−x films that produced deeper colour changes when annealed later, compared

to films that were deposited at a constant deposition rate. We assume that period-

ically varying the deposition rate leads to further deviation from stoichiometry for

MoO3−x films and its implication on optical and electronic properties of the films

will be discussed in subsequent sections.

The devices fabricated for electroabsorption spectroscopy were single-layer sand-

wich structure identical to the PLEDs described above except that EA devices had

only F8BT as the emitter. Initially, the electroabsorption spectrum was measured

for each device to identify the wavelength at which the EA response was at maxi-

mum. The probe beam was filtered through a monochromator from 320 to 640 nm.

The maximum EA response (dt/T) for F8BT was found at 510 nm, measured at

around 6×10−6. Probing at 510 nm, the dc voltage was scanned only in the reverse

bias region in order to minimise any charge injection from the cathode.
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Figure 4.1: (A) Absorption spectra of 200nm-thick as-deposited MoO3−x, air-
annealed MoO3−x and nitrogen-annealed MoO3−x. (B) The chemical structure of
F8BT and TFB.

4.3 Optical and electronic properties of annealed MoO3−x

films

Figure 4.1 shows the absorption spectra of 200 nm-thick as-deposited MoO3−x,

aMoO3−x, and nMoO3−x films on spectrosil. As-deposited films of MoO3−x show

absorption peaks at around 1.3 eV and 2.3 eV. Upon annealing in nitrogen, the 1.3

eV peak shifts towards 1.4 eV as the absorption coefficient increases from 103 to 104

cm−1. The half width of this particular absorption band also increases by 40% upon

annealing. The colour of the film changes from transparent-blue to dark-blue.

The change in the optical properties of MoO3−x upon annealing in nitrogen has

been extensively studied in the past and is attributed to the formation of ’molyb-

denum bronze’ colour centers. [118] The optical absorption is due to inter-valence

charge transfer (IVCT) of localized electrons from Mo5+ (valence band-like) to ad-

jacent Mo6+ (conduction band) cations. [116] A similar optical absorption due to

IVCT in WO3 film is illustrated in Figure 4.2. These electrons are quasiparticles
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Figure 4.2: Solid lines show optical absorption bands of lightly coloured (nar-
row band) and heavily coloured (wide band) electrochromic amorphous WO3 film.
Lightly coloured film is 1 micron-thick and has a peak optical density of 0.45. Heavily
coloured film is 0.3 micro-thick with a peak optical density of 1.8. [116]

localized in distorted lattice sites created by their own polarization field and are

termed electron-polarons. [117] Pal et al. measured the dc conductivity of amorphous

MoO3−x films to follow a non-adiabatic small polaron hopping between Mo5+ and

Mo6+ localization sites. [122] Formation of bronzes is usually associated with the onset

of metallic conductivity in transition metal oxides [123] due to the resulting increase

in electron-polaron concentration. [124] This is further supported by the appearance

of surface conductivity in otherwise insulating MoO3−x films upon annealing in ni-

trogen. Since the conduction band of MoO3−x is assumed to be originating from

the d orbitals of the molybdenum cations, [114] electron promotion from defect states

associated with Mo5+ to the conduction band (Mo6+) is likely to increase its n-type

conductivity. Figure 4.4 a) shows a band gap diagram of MoO3−x, which illustrates

such electron promotion.

As Figure 4.1 shows, upon annealing the as-deposited film in air, the 2.3 eV peak

shifts towards 2.6 eV, and we also observe a significant broadening of the absorption

band. The colour of the film changes from transparent-blue to transparent-red. It

is also possible to reversibly change the colour of previously-annealed MoO3−x; i.e.
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Figure 4.3: Absorption spectra of the intermediate oxide of molybdenum, showing
blue-shift of the absorption peak with decreasing oxygen ratio in the compound. [125]

Figure 4.4: A schematic diagram showing optical absorptions occurring within the
band gap of MoO3−x; a)upon annealing MoO3−x films in nitrogen, Mo5+ defect
states are created where electron promotion from these states by intervalence charge
transfer to the conduction band results in increase of n-type conductivity. b) Upon
annealing MoO3−x in air, oxygen vacancy defect states are increased near the valence
band, where electrons are promoted from the valence band to these defect states.
Extra holes are created in the valence band as a result, thereby p-type conductivity
of MoO3−x is increased upon reducing the films.

air annealing the dark-blue MoO3−x film returns its transparency and vice-versa in

nitrogen atmosphere.

The absorption peak at 2.3 eV for as-deposited MoO3−x is associated with the
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density of oxygen vacancy defect states, [126] since thermally evaporated MoO3−x

forms highly substoichiometric films due to their ionic nature. [114] Porter et al. [125]

correlated the systematic blue-shift of the absorption band between 2 and 2.5 eV

with increasing oxygen/metal ratio to the degree of reduction in MoO3−x. Figure

4.3 shows a absorption spectra of blue-shift of the absorption peak with decreasing

oxygen ratio in MoO3−x films. Figure 4.1 shows a similar blue shift of the 2.3 eV

absorption peak to 2.6 eV upon air annealing which we interpret as an increase in

the proportion of oxygen vacancies in MoO3−x. The valence band of MoO3−x is a p

band arising from the overlapping of the p orbitals of the oxygen ions. [114] Recently,

p-type conductivity has been documented in certain metal oxide systems where

the defect energy levels lie proximate to the valence band of the metal oxide. In

such materials, electron promotion to these defect levels creates holes in the valence

band thereby increasing their p-type conductivity. [127] Figure 4.4 b) illustrates such

creation of holes in the valence band of MoO3−x.

4.4 Surface morphology of annealed MoO3−x films

Figure 4.5, 4,6 and 4.7 show AFM images of a 200 nm-thick thermally evaporated

MoO3−x film, a 200 nm-thick MoO3−x film upon annealing in air for 3 hours at

300◦C, and a 200 nm-thick MoO3−x film upon annealing in nitrogen for 3 hours at

300◦C, respectively. As-deposited MoO3−x film exhibit much smoother and homoge-

nous surface morphology compared to MoO3−x films annealed in air or nitrogen. It is

evident that annealing MoO3−x films in air or nitrogen alters the surface morpholo-

gies of the films drastically. Table 4.1 shows the root-mean-squared (RMS) roughness

values acquired from each of the 20 x 20 µm AFM images. As-deposited MoO3−x film

has a RMS roughness of 6.2 nm, compared to 25.1 nm and 11.5 nm for air-annealed

and nitrogen-annealed MoO3−x films, respectively. Also air-annealed MoO3−x film

display greater changes in the surface morphology compared to nitrogen-annealed

MoO3−x film.

The increase in the roughness and alterations in the surface morphologies of
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Figure 4.5: AFM images of a 200 nm-thick thermally evaporated MoO3−x film; a)
20 x 20 µm and b) 5 x 5 µm

MoO3−x films upon annealing is probably due to formation of shear defects. Deng

and co-workers have observed similar defect formations on MoO3−x films upon a

thermal reduction treatment. The study [128] shows that thermally reducing MoO3−x

films have the effect of forming arrays of oxygen vacancies, whereby shear defects are

created as a consequence. Such shear defects could stabilise isolated oxygen vacan-

cies by a local transformation (shearing) from corner-connected to edge-connected

MoO3−x units, which then expands further by trapping more oxygen vacancies. Also

the study shows that growth and size of MoO3−x islands can be controlled by itera-

tive oxidation and reduction cycles. Therefore, the difference between surface mor-

phologies of air-annealed and nitrogen-annealed MoO3−x films may be explained by

the difference in the reduction processes of MoO3−x films in air and nitrogen atmo-

spheres. It is likely that more shear defects are formed on the surface of air-annealed

MoO3−x films (in comparison to nitrogen-annealed MoO3−x films), due to a greater

concentration of oxygen vacancies created during the annealing process.

4.5 Work function decrease upon annealing MoO3−x films

As shown in table 4.1, the Kelvin probe measured the work function values of as-

deposited MoO3−x to be 5.1 ± 0.1 eV, and, 4.9 ± 0.1 eV for both aMoO3−x and
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Figure 4.6: AFM images of a 200 nm-thick thermally evaporated MoO3−x film upon
annealing in air for 3 hours at 300◦C; a) 20 x 20 µm and b) 5 x 5 µm

Figure 4.7: AFM images of a 200 nm-thick thermally evaporated MoO3−x film upon
annealing in nitrogen for 3 hours at 300◦C; a) 20 x 20 µm and b) 5 x 5 µm

Sample RMS Roughness (nm)

As-deposited MoO3−x 6.2
Air-annealed MoO3−x 25.1
Nitrogen-annealed MoO3−x 11.5

Table 4.1: Table showing the root mean squared (RMS) roughness of as-deposited
MoO3−x, air-annealed MoO3−x and nitrogen annealed MoO3−x films, calculated
from the AFM images.
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Sample Work Function (eV)

As-deposited MoO3−x 5.1 ± 0.1
Air-annealed MoO3−x 4.9 ± 0.1
Nitrogen-annealed MoO3−x 4.9 ± 0.1

Table 4.2: Table showing the work function values of as-deposited MoO3−x, air-
annealed MoO3−x and nitrogen-annealed MoO3−x, measured by Kelvin Probe tech-
nique.

nMoO3−x. The work function values were derived by taking a weighted mean of

number of (> 5) kelvin probe measurements. The errors for these values are rather

large, however this is due to the limitation of the multimeter which was used to

measure the compensation potential difference between the sample and the refer-

ence of the Kelvin probe. The measured work function values are significantly lower

compared to the values measured by Kahn (≡ 6.7 eV). [111] We attribute this dis-

crepancy to the large difference in the measurement technique and the surface state

of MoO3−x films during the measurements. Kahn evaporated MoO3−x films in a

growth chamber (ρ < 5 × 10−9 Torr) which was connected to a ultra-high vac-

uum UPS analysis system (ρ < 5 × 10−10 Torr) that measured the work function

of MoO3−x films. Kahn’s subsequent study [129] shows that the work function of

the same MoO3−x film is decreased from 6.7 eV to 5.7 eV upon exposing the film

in air for 3 minutes. Zhang et al. [130] also measured the work function (UPS) of

sputtered MoO3−x films to decrease from 6.8 eV to 5.1 eV upon air contamination.

Finally Irfan et al. [131] measured the the work function (UPS) of thermally evap-

orated MoO3−x films to decrease from 6.8 eV to 5.3 eV upon air exposure. Since

our MoO3−x films were exposed in air during the Kelvin Probe measurements, it is

likely that surface contamination decreased the measured work function values. In

further support of this hypothesis, the work function of as-deposited MoO3−x films

were measured after cleaning their surfaces by oxygen plasma. The measured work

function increased from 5.1 eV to 5.4 eV, however upon subsequent measurements

the value gradually returned to 5.1 eV after 4 hours.
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Figure 4.8: First-harmonic electroabsorption signal vs applied bias for as-deposited
MoO3−x/F8BT/Ca, aMoO3−x/F8BT/Ca and nMoO3−x/F8BT/Ca LEDs. We find
VBI = 1.6 ± 0.1 eV for as-deposited MoO3−x LEDs and VBI = 1.3 ± 0.1 eV for
aMoO3−x and nMoO3−x LEDs.

Figure 4.8 displays the electroabsorption signal versus applied dc voltage for

LEDs with MoO3−x, aMoO3−x and nMoO3−x. The VBI values were acquired from

best line of fit at ∆T/T=0. The characteristics are linear, confirming lack of charge

accumulation in F8BT, and enabling determination of VBI as the signal nulling

voltage. We found VBI = 1.6 ± 0.1 V for as-deposited MoO3−x/F8BT/Ca and VBI

= 1.3 ± 0.1 V for both aMoO3−x/F8BT/Ca and nMoO3−x/F8BT/Ca. The observed

0.3 ± 0.1 eV decrease in the VBI of LEDs with post-annealed MoO3−x HILs is closely

confirmed by our Kelvin probe measurements.The VBI is also in good agreement with

the difference between literature value of F8BT lowest unoccupied molecular orbital

(LUMO), 3.5 eV, [132] and our measured work function value of as-deposited MoO3−x

(5.1 eV). Using the measured work function and built-in voltage values, the energy

line-up of the PLED is illustrated in figure 4.9.

The work function of MoO3−x decreases by 0.2 ± 0.1 eV (or 0.3 ± 0.1 eV from

VBI) upon annealing in nitrogen or air. The variation in work function ∆φ is defined
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Figure 4.9: Schematic diagram of the PLEDs, showing its energy levels.

as; [133]

∆φ = −e∆Vs + ∆χ (4.1)

where ∆Vs is the change in band bending at the surface and ∆χ is the change in

electron affinity of a material. According to Jacobi et al., [133] ∆χ is caused by a

modification of: (a) surface charge in surface states or resonances, (b) number of

adsorbed species with a dipole moment, or (c) reconstruction of crystallographic

surface structure, whereas e∆Vs can be due to a small number of surface charge.

Increase in the n-type carrier concentration at the surface of nMoO3−x can cause

upward band bending (negative change in eVs) which decreases the work function.

The onset of surface conductivity in MoO3−x after nitrogen annealing further sup-

ports this hypothesis. However we observe the same decrease of work function in

aMoO3−x which cannot be accounted for by band bending alone since increase in

hole concentration would cause a downward band bending. Hence the principal fac-

tor in the decrease of work function for both aMoO3−x and nMoO3−x is likely to

be due to reconstruction of crystallographic surface structure to a higher degree of

order by annealing. Such reconstruction diminishes electron scattering in the space

charge region which in turn, lowers the work function (as observed with zinc oxide

films upon annealing). [134]
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Device Von [V] Lmax [cd/m2] Max EQE [%] ηmax [cd/A]

As-deposited MoO3−x 4.3 2728 0.42 1.27
Air annealed MoO3−x 3.6 5615 0.48 1.44

Table 4.3: Table showing efficiency characteristics of
ITO/MoO3−x/TFB/F8BT/Ca/Al devices with as-deposited MoO3−x and air
annealed MoO3−x hole injection layers (Von is turn on voltage, Lmax is maximum
luminescence, EQE is external quantum efficiency and ηmax is maximum current
efficiency).

4.6 Current-Light-Voltage characteristics of PLEDs

Figure 4.10 shows the JVL curves of LEDs with as-deposited MoO3−x, aMoO3−x

and nMoO3−x HILs. LEDs with as-deposited MoO3−x HIL exhibit maximum lu-

minescence of 2730 cd/m2 (at 0.73 cd/A) and maximum current-efficiency of 1.27

cd/A (at 1255 cd/m2), while LEDs with aMoO3−x HIL improves the maximum lu-

minescence to 5680 cd/m2 (at 1.16 cd/A) and maximum current-efficiency to 1.44

cd/A (at 3360 cd/m2). As discussed in section 4.3, upon reducing MoO3−x films by

annealing in air, defect levels associated with oxygen vacancies are created in the

forbidden energy gap close to the valence band. The superior performance of PLEDs

(or enhancement of hole injecting properties) with an aMoO3−x HIL is attributed

to the increase in p-type conductivity caused by extra holes created in the valence

band of aMoO3−x. Table 4.3 compares the efficiency characteristics of PLEDs with

as-deposited MoO3−x and aMoO3−x.

Interestingly, LEDs with nMoO3−x HILs are not luminescent at all, although they

display extremely high current-density (10 mA/cm2 at a voltage of 2 V) compared to

the other LEDs. It is difficult to pin-point a definite answer for such observation. It

is possible that devices with nMoO3−x HILs may short circuit due to mal-functional

contact within the device caused by increase in the roughness of nMoO3−x upon an-

nealing. However, as the RMS roughness data shows for 200 nm-thick MoO3−x films,

annealing the films in air produced films with higher RMS roughness values (25.1

nm for aMoO3−x and 11.5 nm for nMoO3−x). Although devices with aMoO3−x HILs
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Figure 4.10: (A) Current and luminescence versus voltage (JVL) characteristics
for ITO|HIL|TFB|F8BT|Ca|Al devices where HIL is either as-deposited MoO3−x,
air-annealed MoO3−x or nitrogen-annealed MoO3−x. (B) Current efficiency versus
voltage for as-deposited MoO3−x and air-annealed MoO3−x LEDs.

exhibited the best JVL characteristics. Another possibility is that nMoO3−x HIL

may dope the TFB layer, thereby interfering with the hole-injecting and electron-

blocking functionality of the TFB layer. Such doping process may have occurred

during the fabrication process (while spin-casting TFB [94]), where the interfaces of

nMoO3−x/TFB were heated to 180 ◦C. However note that the other two types of
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devices were subjected to exactly the same fabrication procedures (except for the

preparation of HILs), however they exhibited normal JVL characteristics.

4.7 Conclusion

In summary, we experimented with post-deposition annealing the MoO3−x hole in-

jection layers in PLEDs, subsequently investigating into the effect of annealing on

their hole injection and work function properties. Application of thermally evapo-

rated MoO3−x and post-deposition annealed (in air and nitrogen) MoO3−x films as

hole injection layers allowed us to compare the characteristics of three different types

of PLEDs. The current and luminescence versus voltage characteristics shows that

PLEDs with air-annealed MoO3−x HILs exhibit highest luminescence and current

efficiency, while PLEDs with nitrogen-annealed MoO3−x HILs are not luminescent

at all. By studying the absorption spectra of MoO3−x films, we attribute the high

current-luminescence efficiency of the device to the increase in p-type conductivity

of air-annealed MoO3−x HIL, while annealing the MoO3−x film in nitrogen has a

detrimenting effect to the luminescent properties of the device. Finally electroab-

sorption spectroscopy and Kelvin probe measurements show that upon annealing

MoO3−x films in any atmosphere, the work function decreases by 0.3 eV.



Chapter 5

Conclusion and outlook

This chapter presents a brief summary of the findings in the thesis and the perfor-

mance of PLEDs characterised in Chapter 4 is analysed based upon the properties

of MoO3−x and MoO3−x/polymer interfaces studied in Chapter 3 and 4. Finally

future work regarding the application of MoO3−x in PLEDs are suggested.

75
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5.1 Summary of the findings

The thesis investigated the application of MoO3−x as hole injection layers (HILs) in

PLEDs. Recent applications of metal oxides into the PLED architecture has been

motivated by the benefits of protection against the intrusion of oxygen and water

into PLEDs that tends to decompose conjugated polymers, as well as enhanced de-

vice performances. The performance of MoO3−x HILs in PLEDs is investigated by

fabricating ITO/MoO3−x/TFB/F8BT/Ca/Al electroluminescent devices and char-

acterising their efficiency and luminescence properties by various experimental tech-

niques. Device performance is studied in connection with various physical properties

of MoO3−x films, experimentally measured as a separate material component.

Chapter 3 studies the dynamics of exciton quenching in conjugated polymers

due to the presence of MoO3−x contact. Using time-correlated single photon count-

ing, the photoluminescence (PL) lifetimes of F8BT and TFB single layers, and

TFB/F8BT bilayers were determined, with and without the presence of MoO3−x

contact. We find that the PL lifetime of excitons in pure F8BT is decreased by

500 picoseconds upon the application of MoO3−x as the neighbouring contact. In

contrast to F8BT, the PL lifetime of excitons in pure TFB does not decrease upon

the application MoO3−x contact. The non-radiative energy transfer model is em-

ployed to quantitatively analyse the data. The model represents the excitons in

conjugated polymers as a dipole emitter and the MoO3−x contact as a radiation ab-

sorbing mirror. The theory allows us to calculate the non-radiative energy transfer

rate parameter β which quantifies the amount of exciton quenching caused by the

absorption of energy from the excitonic emitter to the absorbing MoO3−x mirror.

By measuring the PL lifetime of F8BT and TFB in contact with three different types

of MoO3−x prepared by post-deposition annealing the film in nitrogen and air, we

find that the amount of exciton quenching is governed by the complex refractive

index of the MoO3−x. Since annealing MoO3−x films modifies their optical proper-

ties, using the absorption spectra from the previous chapter we calculate values of β

per each MoO3−x/conjugated polymer interfaces. The calculated β values correlates
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well with the experimentally observed PL lifetimes.

Chapter 4 presents the fabrication and characterisation of three different types of

PLEDs, each applied with MoO3−x HILs with varying optical and electronic prop-

erties. This is achieved by post-deposition annealing MoO3−x in air and nitrogen to

modify their physical properties and subsequently using them as HILs. By studying

the absorption spectra of MoO3−x in context with the thermochromic properties of

MoO3−x, we find that post-deposition annealing MoO3−x in air has the effect of

increasing their hole concentration. This improves the role of MoO3−x as hole in-

jection layers in PLEDs. Upon annealing the as-deposited MoO3−x HILs in air, we

improve the maximum current efficiency of PLEDs from 1.27 cd/A (at 1255 cd/m2)

to 1.44 cd/A (at 3360 cd/m2), as well as increasing the maximum luminescence from

2723 cd/m2 to 5680 cd/m2. PLEDs employed with nitrogen annealed MoO3−x HILs

were not luminescent at all. We attribute this to increase of electron concentration

in MoO3−x upon annealing in nitrogen, which has a detrimental effect on their role

as hole injection layers. Finally the macroscopic Kelvin probe and electroabsorption

spectroscopy measurements show that annealing MoO3−x films in any atmosphere

has the effect of decreasing their work function by 0.3 eV. We attribute the finding

to reconstruction of crystallographic surface structure to a higher degree of order by

annealing, which diminishes electron scattering in the space charge region.

5.2 Application of ITO/MoO3−x/TFB as anodes in elec-

troluminescent devices

In this thesis, the application of ITO/MoO3−x/TFB structure as the anode to F8BT

electroluminescent polymer has been the key recipe to achieving PLEDs with high

luminescence and current efficiency. The PLEDs studied prior to the one presented in

this thesis were fabricated without the TFB layer (i.e. ITO/MoO3−x/F8BT/Ca/Al),

otherwise treated to exactly the same fabrication methods. Upon the application

of TFB into the device architecture, the maximum luminescence increased from 4

cd/m2 to 5680 cd/m2, as well as improving the current efficiency by a similar order
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(data of prior devices are not included in this thesis). By studying the properties

of MoO3−x films and MoO3−x/conjugated polymer interfaces, we may explain the

improvement in device performances.

As mentioned in the previous section and Chapter 4, post-deposition annealing

thermally evaporated MoO3−x films in air has the effect of increasing the hole con-

centration in the films, thereby improving their hole injection properties. However

prior devices fabricated with MoO3−x/F8BT interfaces exhibited poor luminescent

characteristics. Chapter 4 investigated the dynamics of exciton quenching at the

MoO3−x/F8BT interfaces, where we find that non-radiative energy transfer rate

between MoO3−x/F8BT interfaces are greater in comparison to MoO3−x/TFB in-

terfaces (see Table 3.1 on page 53 and Figure 3.2 and3.3 on page 48 and 3.6 on page

55) Therefore we interpret that the poor performance of devices fabricated with

MoO3−x/F8BT interfaces are due to the increase in the rate of exciton quenching

in F8BT upon the presence of MoO3−x contact.

Application of a thin layer of TFB between MoO3−x and F8BT has two perfor-

mance altering consequences. Firstly the non-radiative energy transfer at the inter-

faces of MoO3−x and TFB is assumed to be negligible compared to the MoO3−x/F8BT

interfaces. Also the energy transfer model is only applicable to the dipole emitters

and absorbing mirror at a short distance of tens of nanometer. Therefore the appli-

cation of 10 nm of TFB layer acts as a energy transfer buffer layer between MoO3−x

and F8BT, as well as their own excitonic processes not being affected by the MoO3−x

contact. Secondly excitons with longer lifetime of 5000 ps are created (in comparison

to the average bulk exciton lifetime of F8BT; 800 ps), upon the application of TFB

layer due to the formation of exciplex states at the TFB/F8BT interfaces. These

two factors contribute to improving the device performance, where the maximum

luminescence of devices increases by an order of more than thousand times upon the

application of TFB layer between MoO3−x and F8BT layers.
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5.3 Suggestions for future work

Application of MoO3−x in conjugated polymer based devices promises numerous

approaches in which the performance of devices can be improved, and the research is

already showing some sign of success. As already mentioned in section 1.7, MoO3−x

have been applied as hole injection layers in PLEDs and solar cells, as well as a

connecting structure for tandem devices. It is important to study the electronic

properties of MoO3−x and the physics of MoO3−x/conjugated polymer interfaces in

device contexts, in order to make further technological leaps in the field electrode

engineering. Based on the findings of this thesis, we make the following suggestions

for future work.

• Application of nitrogen-annealed MoO3−x films as electron injection layers in

PLEDs

• Annealing of MoO3−x films in other reducing atmosphere to further increase

hole concentration

• Systematic variation of the refractive index of MoO3−x by annealing the films

in various conditions

• Investigating the effect of change in refractive index of MoO3−x on the rate of

exciton quenching in F8BT

In Chapter 4, thermally-evaporated MoO3−x films were annealed in nitrogen

which resulted in the onset of metallic conductivity. This is attributed to the for-

mation of molybdenum bronze, otherwise termed ’molyblue’. Devices applied with

nitrogen annealed MoO3−x HILs were not luminescent at all due to their poor hole

injection properties. However future work is suggested whereby ’nitrogen-annealed’

MoO3−x films are used as electron injection layers instead as hole injection layers.

Considering that LUMO of F8BT is 3.5 eV and the conduction band of MoO3−x is

2.3 eV, [62] electrons injected from MoO3−x into F8BT may not require to overcome

an energy barrier. However nitrogen-annealed MoO3−x films are coloured blue and
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therefore less transparent for visible spectrum. Also it may be necessary to map

out the Fermi level and the band gap of MoO3−x and its post deposition annealed

counterparts to seriously consider applying them as electron injection layers.

Air-annealed MoO3−x films performed better as hole injection layers due to the

increase of hole concentration. For future work, we suggest annealing MoO3−x films

in other potential reducing atmospheres such as hydrogen, vacuum or innate gases.

We proposed that the increase of hole concentration in MoO3−x films was caused

by creation of oxygen vacancy defect states near the valence band, consequently

creating holes in the valence band due to electron promotion to the defect states. It

may be possible to further increase the concentration of holes by experimenting to

find a more suitable reducing atmosphere other than air.

In Chapter 3, we find that the complex refractive index of MoO3−x directly

modifies the rate of exciton quenching (or non-radiative energy transfer) at the

MoO3−x/conjugated polymer interfaces. The extinction coefficient of MoO3−x gov-

erns the propagation distance of radiation from the excitons into the MoO3−x films,

therefore the amount of energy transferred. Future work is suggested whereby the

complex refractive index of MoO3−x films are systematically varied by annealing

the films in various conditions. We found that the annealing temperature, duration

and atmosphere has a great influence on the optical properties of MoO3−x films.

Therefore it may be possible to produce MoO3−x films with different refractive in-

dex values by annealing the films in set of different durations (1, 2, 3, 4 hours and

so on) and set of different temperatures (200, 300, 400 ◦C and so on). Also the

conditions in which MoO3−x films are thermally evaporated has a great effect on

their optical properties. The refractive index of MoO3−x films may be modified by

thermally evaporating them in various deposition rates as well as varying the de-

position rate during deposition. Application of ellipsometry would be essential to

measure the complex refractive index of MoO3−x accurately.

Subsequently, the effect of change in optical properties of MoO3−x on the dy-

namics of excitons at the MoO3−x/conjugated polymer interfaces may be studied in
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further detail. Since non-radiative energy transfer rate β between the polymer layer

and MoO3−x is dependent on the extinction coefficient of MoO3−x. The change in

rate of exciton quenching may be determined upon the application of MoO3−x films

with a set of different refractive index values.



Chapter 6

Bibliography

82



Bibliography

[1] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay,

R. H. Friend, P. L. Burn, and A. B. Holmes. Nature, 347:539, 1990.

[2] N. C. Greenham, S. C. Moratti, D. D. C. Bradley, R. H. Friend, and A. B.

Holmes. Nature, 365:628, 1993.

[3] J. R. Sheats, H. Antoniadis, M. Hueschen, W. Leonard, J. Miller, R. Moon,

D. Roitman, and A. Stocking. Science, 273:884, 1996.

[4] I. H. Campbell, P. S. Davids, D. L. Smith, N. N. Barashkov, and J. P. Ferraris.

Appl. Phys. Lett., 72:1863, 1998.

[5] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks,

C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L Brédas, M. Logdlund,

and W. R. Salaneck. Nature, 397:121, 1999.

[6] F. Cacialli. Phil. Trans. R. Soc. Lond. A, 358:173, 2000.

[7] Denis E. Markov. Excitonic processes in polymer-based optoelectronic devices.

PhD thesis, University of Groningen, 2006.

[8] Thomas M. Brown. Electroabsorption investigations of polymer light-emitting

diodes with efficient electrodes. PhD thesis, University of Cambridge, 2001.

[9] I. H. Campbell and D. L. Smith. Solid State Physics; Vol. 55. Academic Press,

San Diego, 2001.
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[81] P. S. Davids, A. Saxena, D. L. Smith, and J. L. Smith. J. Appl. Phys., 78:4244,

1995.

[82] I. H. Campbell, D. L Smith, and J. P. Ferraris. Appl. Phys. Lett., 66:3030,

1995.

[83] J. R. Lakowicz. Principles of fluorescence spectroscopy, second edition, Chapter

4 : Time-domain Lifetime Measurements. Kluwer Academic/Plenum Publish-

ers, New York, 1999.



Chapter 6 : Bibliography 89

[84] D. V. O’Connor and D. Philips. Time-Correlated Single Photon Counting,

Chapter 2 : Basic Principles of the Single Photon Counting Lifetime Mea-

surements. Academic Press, New York, 1984.

[85] M. G. Badea and L. Brand. Methods in Enzymol, 61:378, 1971.

[86] D. E. Markov and P. W. M. Blom. Phys. Rev. B, 72:161401, 2005.

[87] H. Becker, S. E. Burns, and R. H. Friend. Phys. Rev. B, 56(4):1893–1905, Jul

1997.

[88] M. N. Bussac, D. Michoud, and L. Zuppiroli. Phys. Rev. Lett., 81:1678, 1998.
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