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THE INVESTIGATION OF PHOSPHORESCENT DOPANTS
AND NOVEL BLUE FLUORESCENT POLYMER HOSTS FOR
PLED DEVICES

Javan Harold Cook

Abstract

This thesis has focused on using experimental and simulation based techniques in an attempt
to understand the interactions between polymer hosts and phosphorescent dopants in Organic
Light Emitting Devices (OLEDS).

The viability of the SEmiconducting Thin Film Optics Simulation (SETFOS) software as a
modelling tool has been established using the well documented material poly(3,4-
ethylenedioxythiophene) (PEDOT). Parameters including resistivity and work function were
extracted using SETFOS and the trends observed compared favourably to the commercially
provided values, despite some limitations.

SETFOS was then used, along with steady state and transient electroluminescence
characterisation, to investigate the effects of both phosphorescent dopant colour and
concentration on device performance and extract important device parameters, such as the
density of states and carrier mobilities. Different device behaviours were observed depending
upon the dopant colour and concentration, highlighting the importance of both to device
performance. SETFOS was again found to be able to produce quantitative values for a
number of device parameters, but several more limitations within the models were identified,
which makes further analysis and investigation necessary.

Having gained an understanding of host and dopant interactions in OLED devices, the
information gathered was used in the characterization of novel high triplet host polymers for
OLED applications. Seven polyfluorene based copolymers were investigated in devices with
a range of different coloured phosphorescent dopants and charge transport molecules.
Unfortunately, they were found to be unsuitable for use as host materials in OLEDSs, acting
instead as charge traps.

These polymers, along with four others, were alternatively assessed on their ability to
perform as deep blue, or violet, fluorescent materials in undoped Polymer LED (PLED)
devices. These devices were found to have some of the highest device characteristics
currently detailed in the literature, and represent a variety of new ways of achieving efficient
deep blue emission using PLED devices.
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Figure 2.1: A simple example of an OLED device. The electrons, represented by dark
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Figure 2.2: An example of strong and weak chemical bonds. The solid lines represent the
covalent bonds between the hydrogen and oxygen atoms. The dashed lines
represent the hydrogen bonds between the water molecules............ccccccevveneenee. 12
Figure 2.3: A pictorial representation of the s (€ = 0) orbital and the three degenerate p (£ =
1) orbitals. For the p orbitals, the node at the origin results in a change from
positive wavefunction to negative wavefunction, represented by the difference
in colour between the two 10DES. ..o, 14
Figure 2.4: A representation of the formation of a bond between two hydrogen atoms to form
diatomic hydrogen. When the two atomic orbitals are in phase and interfere
constructively the bonding orbital (¢ orbital) is formed, whereas when they are
out of phase and interfere destructively the anti-bonding orbital (¢~ orbital) is

Figure 2.5: A molecular orbital diagram for diatomic hydrogen. The electrons from each
hydrogen atom occupy the bonding orbital forming a covalent bond. Also
shown is a representation of the probability distribution (jy|%) of the molecular
orbitals, highlighting the zero probability of finding electrons in the middle of
the anti-bonding orbital. ............cccoeoi i 16

Figure 2.6: A graphical representation of the formation of three types of hybridisation. Red
and green areas represent positive wavefunctions whilst blue and orange areas
represent negative wavefunctions. Part .a. shows the formation of four sp®
hybrid orbitals. These adopt a tetrahedral formation where the bonds are 109.5°
apart. Part .b. shows the formation of three sp? hybrid orbitals. These orbitals
form in a plane 120° apart with the remaining 2p orbital perpendicular to them.
Part .c. shows the formation of two sp orbitals. These orbitals form in a plane
180° apart with the two remaining 2p orbitals perpendicular to them. .............. 18

Figure 2.7: Formation of a o bond and a © bond between two sp® hybridised carbon atoms.
Part a. shows two of the orbitals coming into close proximity. Part .b. shows the
formation of a 6 bond as the two orbitals overlap. Part .c. shows the formation
of the 7 bond as the remaining p orbitals perpendicular to the sp? plane overlap.
............................................................................................................................ 19

Figure 2.8: The chemical structure of -carotene. This molecule has a backbone featuring
alternate single and double bonds, highlighted in red, and is considered a
conjugated molecule. This is denoted by the use of a solid and dotted line,
replacing the single and double bonds, representing the delocalisation of
electrons along the backbone............cocveiiiii i 20

Figure 2.9: A pictorial representation of the four different combinations of spin % particles.
There is one singlet state where the spins are in opposite directions and precess
out of phase and three triplet states; one with both spins up, one with both spins

Vi


file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592718
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592719
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592719
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592719
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592719
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592720
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592720
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592720
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592721
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592721
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592721
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592722
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592722
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592722
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592722
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592723
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592723
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592723
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592723
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592723
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592724
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592724
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592724
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592724
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592724
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592725
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592726
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592726
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592726
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592726
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592726
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592727
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592727
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592727
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592727
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592727
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592728
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592728
file:///C:/Users/Javan/OneDrive/Javan/PhD%20Project/4th%20Year/Thesis/Corrections/Javan%20Cook%20PhD%20Thesis.docx%23_Toc425592728

down and another where the spins are in opposite directions and they precess in
0] T PSSR 24
Figure 2.10: This Jablonski diagram shows the processes that can take place in a system after
an electron is excited in some way. The bold horizontal lines are the excited
states whilst the normal horizontal lines represent the different vibrational
manifolds for €ach StaLe. ..........ccoviiiiiiie 26
Figure 2.11: A visual representation of the Frank-Condon Factor for the radiative transitions
between the ground state (Sp) and the first excited state (S;) of a conjugated
polymer. It can be seen that for these transitions there is a significant overlap
between the two nuclear configurations. The blue arrows represent the
absorption of a photon from the zero phonon, or ground vibration, level (v = 0)
of the ground state to the different vibrational levels (v’ = 0, 1, 2) of the excited
state. After the photon is absorbed it relaxes to the v = 0 level of the excited
state, in accordance with Kasha’s Rule, where emission to the vibrational levels
of the ground state occurs, represented by the red arrow. This produces an
emission spectrum (red plot) that is a mirror image of the absorption spectra
(blue plot) which is offset by the Stoke’s shift between the 0—0 and 0«0
peaks, which is the result of Kasha’s Rule. The intensities of the different peaks
are governed by the overlap of the wavefunctions of the Sp and S; states,
represented here as the green (So) and orange (S1) plots. As can be seen above,
the 0—1 and 1<0 transitions have the largest overlap, followed by the 0—0
and 0«0 and finally the 0—2 and 2«<0. This overlap depends both on the
nuclear configurations and the different wavefunctions in question, as discussed
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Figure 2.12: The chemical structure of the conjugated polymer PEDOT. The conjugated
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Figure 2.14: The chemical structures of two electron transporters and one hole transporter
used in this thesis. The structure of the electron transporter PBD is shown in .a.
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The Kurt J. Lesker Spectros Il deposition system on the left of the figure and a
schematic view on the right of the figure. Of particular note are the main
evaporation chamber, with attached retractable arm, vacuum equipment and
rotation/Z-shift motor systems, and the control panel.............ccccooveviiieivennenne. 59

: This figure shows the Labsphere LMW-100 integrating sphere used to

characterise the devices and the LabVIEW program used to control the system
and produce the TESUILS. ........ccvoiiiiiiii e 64
The CIE’s three colour matching functions x(A), y(A) and z(A). These are related
to the spectral response curves for the three different cone cells present in the
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y(A) is also known as the photopic luminosity function, which describes the
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and red light being reduced in COMPAriSON..........ccccoveiiiieieeie e 67
The CIE chromaticity diagram, which contains all of the different colours
perceivable by the human eye. Also shown is the SRGB gamut (R = (0.64, 0.33),
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A schematic view of the ellipsometer experimental setup and a photograph of a J.
A. Woolam VASE Ellipsometer. Note that the angle of incidence is equal to the
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Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device
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The chemical structures of three different phosphorescent dopants used in this
thesis. The structure of the green emitting dopant Ir(ppy)s is shown in .a. The
structure of the red emitting dopant DBFIr is shown in .b. The structure of the
blue emitting dopant FIrpic is ShHOWN IN .C. ..ccvviiiiiiiii e, 98
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Figure 5.3: Energy levels for the chemicals pertinent to this chapter. Of particular note is the

Figure 5.4:

fact that either both the HOMO and LUMO for Flrpic, or just the HOMO in the
cases of DBFIr and Ir(ppy)s, are within the HOMO of PVK and the LUMO of
OXD-7, making all three phosphorescent dopants suitable for direct charge
EFAPPING. ¢ttt bbb 101
Plots of (a) Normalised thin film based PL emission spectra for the OLED
materials, and (b) The CIE coordinates for the emission spectra, where the black
triangle highlights the colour gamut produced by the three phosphorescent
AOPANTS. ..t 105

Figure 5.5: Plots of the absorption spectra for (a) DBFIr, (b) Ir(ppy)s and (c)Flrpic with the

Figure 5.6:

emission spectra of PVK and OXD-7, where the shaded areas under the curves
represent the overlap integral, J, for the three phosphorescent dopants, the
values of which can be found in Table 5.1. ..., 106
Plots of (a) J-V curves, (b) E.Q.E. vs. J, (¢) Luminance vs. J, (d) Device
Efficiency vs. J for the polymers (e) J at 12V vs. Concentration, (f) Maximum
E.Q.E. vs. Concentration, (g) Max Luminance vs. Concentration and (h) Device
Efficiency vs. Concentration for nine different concentrations of the
phosphorescent dopant DBFIr. Inset to (c) shows the turn on voltages for the
nine devices in a plot of LUminance VS. V. ... 108

Figure 5.7: Plots of (a) The EL emission spectra for a device with 0.5% DBFIr at a range of

Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 5.12:

voltages, of particular note is the emission between 400-550 nm that appears at
high voltages that is from the PVK host and is a sign of Forster transfer, and (b)
A CIE plot showing the migration of CIE coordinates as the concentration of
DBFIr is increased from 0.15% t0 24%0 . .....ccocvviiiniieieiese e, 109
Plots of (a) J-V curves, (b) E.Q.E. vs. J, (¢) Luminance vs. J, (d) Device
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Figure 5.13: Plots of Mobility vs. F*? for different concentrations of .a. DBFIr, .c. Ir(ppy)s,
and .e. Flrpic. Also featured are plots of Mobility vs. Concentration at 12 V for
.b. DBFIr, .d. Ir(ppy)s, and .f. Flrpic. Here 12 V corresponds approximately to a
value for F¥2 0f 1550 (V.CM ™) 2. ..ot 121
Figure 5.14: Plots of the simulated J-V curves for (a) DBFIr, (b) Ir(ppy)s and (c) Flrpic,
produced using SETFOS 4.0, along with the experimentally determined J-V

curves already seen in Figure 5.6, Figure 5.8 and Figure 5.10..........cccccceeenen. 125
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Figure 6.5: Plots of (a) J-V curves and (b) Luminance vs. J for the polymer P1 with and
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Figure 6.11: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device
Efficiency vs. J for the polymer P1 with and without the Ir(ppy)s or the ETL
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Figure 7.2: Plots of (a) Normalised solution based PL emission spectra for polymers P8 and
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Figure 7.3: Normalised triplet emission spectra for polymers P8 in thin film form. The x
intercept of the red best fit line gives the onset triplet level, Et°™, in this case
the intercept occurs at 522 nm corresponding to a triplet level of 2.38 eV ......165

Figure 7.4: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device
Efficiency vs. J for the polymers P1-3. Inset to (b) shows the turn on voltages

for the four devices in a plot of Luminance vs. V. .......ccccevvveieevcsee e 166
Figure 7.5: Normalised EL emission spectra for polymers P1-3. Inset shows a magnification
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Chapter 1 Introduction:

1.1). Introduction:

The term Organic Light Emitting Device, abbreviated to the acronym OLED, refers to
a light emitting diode (LED) that utilises an electroluminescent organic layer to generate the
light emitted. The organic layer typically comprises of either a polymer or a small organic
molecule and can include mixtures of the two along with organo-metallic compounds. A very

basic OLED structure can be seen in Figure 1.1.

Negative Cathode

Emissive Layer

Conductive Layer

Positive Anode

Figure 1.1: This figure shows some of the layers often featured in an OLED device.

OLEDs have been the focus of intense study for almost thirty years. The process was
started by the original discovery of electroluminescence in organic materials in the 1950s by
A. Bernanose [1] and moved on to Pope’s work on organic crystals in the 1960s [2]. Pope
identified that electroluminescence in organics was due to the recombination of holes and
electrons; he then described what would be necessary to produce OLED devices that would
function. Unfortunately, due to limitations in the conductivity of the materials available,

exceptionally high voltages of over 400 V were required to produce electroluminescence.

Work continued in the field with the development of new polymers and organic
compounds that were more conductive, and so could be operated at reasonable voltages, until
the first true OLED was achieved in 1987 at Eastman Kodak by C. W. Tang and S. A. Van
Slyke [3]. They produced an OLED that utilised a bilayer structure of monopolar materials to
produce a heterojunction of an electron transporting aluminium based organic molecule,

tris(8-hydroxyquinoline) aluminium (Algs), and a hole transporting aromatic diamine. The
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production of these small molecule based devices using bilayers marked the beginning of the
current period of investigation into OLED devices. This was followed in 1990 by the first
polymer based OLED device, also known as a PLED, which was produced in Cambridge by
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 [4]. This device used the polymer poly(p-phenylene vinylene)

(PPV), and was a highly efficient emitter of green-yellow light.

The reason that OLEDs have been subjected to such intense scrutiny is that they offer
numerous potential benefits over commercial liquid crystal displays (LCDs) and other
sources of lighting. In the future OLEDs have the potential to be cheaper, both to
manufacture and to power, than inorganic light sources of equivalent area or luminous
intensity. This is primarily because OLEDs produce their own light and therefore have no
need for supplementary backlighting. This is in direct contrast to the LCD displays currently
available, which primarily incorporate an LED backlight. If an area of the OLED display is
not being used it is switched off and will therefore not be expending power, making the

display more efficient.

An additional beneficial side effect of the absence of backlighting is the ability of
OLED displays to express true black, where an individual pixel is simply switched on or off
as required. LCD displays rely on shutters or filters to remove the majority of light produced
by the backlight, which can negatively impact the contrast ratios achieved. This can be
alleviated somewhat by the use of dynamic backlighting, where areas of an LED backlight
can be switched off when not in use. The removal of the backlight from a display also allows
for much thinner displays, for example the world’s first OLED television iS a mere 3mm
thick at its thinnest point [6]. OLED devices do still require the use of circular polarisers in
order to remove reflected ambient light, which can otherwise severely inhibit the ability to

view a display in bright light.
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OLED displays potentially possess several other significant advantages over their
competitors, which include: faster response times, larger colour and contrast ranges, and
wider viewing angles [7-10]. These abilities are another direct positive effect of OLEDs
producing their own light and not being required to use LCD filters. In current LCD displays
the response time is limited to the order of milliseconds [11] by the turn on time of the liquid
crystals changing orientation, whereas the response time of OLED displays are currently in
the microsecond range and limited by the time taken to turn a pixel on or off. Finally it is
possible to print OLEDs [12, 13] onto different surfaces which allows for not just the
inexpensive, rapid and efficient manufacture of OLED devices but it also provides the ability
to produce flexible displays [14]. Using flexible polymers like poly(ethylene terephthalate)
(PET) it may even be possible to print fold-able or roll-able OLEDs onto fabrics, such as on

t-shirts, or onto paper and other flexible media.

Figure 1.2: This figure shows the first OLED television made by Sony, the XEL-1, with a thickness of 3mm at its
thinnest point. Also featured is the Samsung Galaxy S5, the Sony PlayStation Vita and the LG 55EC930V, all of
which use OLED technology. [15-18]

There are, however, a number of disadvantages also currently associated with OLEDs
when they are compared to other commercially available LCD displays. Currently OLEDs
suffer from lifetimes that are limited by the organic constituents of the active layers. These

lifetimes are usually lower than those made with LCD components and can sometimes be
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significantly shorter. This is because OLED devices are current driven, as opposed to voltage
driven like LCD displays, which allows for the disassociation of charge to occur within the
layers creating non-emissive trap states. Upon exposure to light or when contaminated by air
or water, the device layers that incorporate organic components can also be oxidised and
break down. This can be extremely harmful to the OLED device performance, therefore
improved encapsulation techniques or organic chemicals with enhanced stability are required

to make them comparable and viable alternatives to inorganic devices.

These issues can be particularly problematic for flexible displays. Due to the nature of
their operation they are often more challenging to encapsulate successfully and as such can
have severely limited lifetimes. The materials used as cathodes for OLED devices, such as
barium or lithium fluoride, can also present potential problems to device capabilities, as they
are very readily oxidised if left exposed to ambient conditions. Despite these challenges,
much progress has been made in recent years that should see OLEDs being fully competitive

with their inorganic rivals [19, 20].

OLEDs have several possible applications because of their numerous advantages over
current technologies; these primarily encompass lighting and display technologies. A number
of OLED televisions have been produced to date; these include the Sony XEL-1 [6] and the
LG 15EL9500 [21], which were regularly presented at technology shows, along with more
recently produced displays which are now commercially available including the LG
55EC930V. As OLED displays are energy efficient they have been used in a number of
smaller devices, such as in screens for mobile phones or mp3 players, resulting in prolonged
battery life. These types of product typically have a short life as they tend to be upgraded
fairly often, so their transitory nature alleviates the limitations usually associated with OLED

lifetime. This includes the massively successful Galaxy S range produced by Samsung which
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has sold a combined total of 216 million units in the last five years [22]. Several devices

using OLED screens can be found in Figure 1.2.

In addition to displays, because OLEDs have the potential to be extremely efficient
they could also be used as large area lighting sources or signs and backlights for future LCD
displays [23]. OLEDs remain a comparatively novel form of technology, and as such there
should be many more applications in the future ranging from virtual reality headsets [24] to

transparent displays [25] and beyond.

1.2). Thesis Motivation:

This thesis investigates the role of simulation software in developing OLED
technologies and understanding the trends exhibited by experimental results. Novel methods
of producing deep blue OLEDs are also investigated, including new high triplet host
materials for use with blue phosphorescent dopants and deep blue fluorescent polymers.
Efficient blue emission is of extreme importance to OLED devices as it is not only essential
for good colour rendering but it is also the limiting factor in device lifetime, with current blue
OLED lifetimes being approximately 50,000 hours [26]. At present displays utilise
fluorescent blue emitters which currently have longer lifetimes than their phosphorescent
alternatives [27], but the latter have the potential for far superior efficiencies, obtained by

making use of the otherwise spin forbidden triplet states.

Following on from this introductory chapter, Chapter 2 and Chapter 3 provide the
background theory and the experimental procedures for this thesis respectively. This includes
a basic overview of the operating principles behind OLED devices and progresses to an in-
depth discussion of the fundamental and material concepts involved in the later chapters. The
experimental techniques involved in both producing and characterising OLED devices are

detailed in Chapter 3, along with instructions for additional photophysical measurements.

5
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Chapter 4 introduces the OLED simulation software Semiconducting Thin Film
Optics Simulation (SETFOS). An in depth discussion of the fundamental models and
equations used by the SETFOS software is presented, and its ability to accurately reproduce
experimental results and extract physical device parameters is assessed. This was achieved
using experimentally observed device data based on three different versions of commercially
produced poly(3,4-ethylenedioxythiophene) (PEDOT). It was determined that whilst the
general trends expected based on the experimental data were correct, the magnitude of the
physical values were not within the expected ranges. This was attributed to a combination of
flaws within the SETFOS model but it was concluded that SETFOS was able to successfully
model device data, producing quantitative values for device parameters that fit with the

experimentally observed trends.

Chapter 5 attempts to further the work of Chapter 4 by increasing the complexity of
the data to fit using an updated version of SETFOS. In addition to this, the effects of
phosphorescent dopant colour and concentration on device performance were investigated.
These investigations yielded important results relating the energy levels of both the dopant
and the host to device behaviour; in addition to this optimum dopant concentrations for
device performance were obtained. As in Chapter 4, SETFOS was found to have a number of
limitations preventing it from accurately reproducing experimentally determined results. It
was, however, still possible to obtain qualitative values and trends that reinforced the

observed data.

Chapter 6 aims to use the lessons learnt about the relationships between polymer hosts
and phosphorescent dopants in Chapter 5 to develop a series of new high triplet polymer
hosts for deep blue OLED applications. Seven polyfluorene based copolymers, which made
use of restricted conjugation to increase the triplet levels, were investigated and found to be

unsuitable hosts for a variety of different phosphorescent dopants. This was attributed to a

6
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severe offset between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels of the hosts and the dopants, the highly charge
trapping nature of the polymers, and poor charge transport properties for the least conjugated
polymers. However, it was discovered that the polymers were promising deep blue

fluorescent emitters that warranted further investigation.

Chapter 7 investigates the seven polymers from Chapter 6, in addition to four new
polyfluorene-carbazole based copolymers, to determine their suitability for use in deep blue,
or violet, fluorescent polymer LEDs (PLEDSs). Different chemical engineering techniques
were used to produce deep blue or violet devices, including changing bonding positions to
reduce conjugation length or incorporating large pendant groups, with various degrees of
success. No dopants for charge transport, or emission, were used in the polymer layers but an
electron injecting layer of 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBI) evaporated
on top of the polymer layer was found to drastically boost performance. The devices
produced are amongst the highest of their type currently reported in the literature in terms of

both brightness and efficiency, and feature extremely good turn on voltages.
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Chapter 2 Theory:

2.1). Basic Principles:

This section provides a brief overview of how organic light emitting devices (OLEDS)
work and produce light. A more in depth look at the theory behind the topics covered in this

section can be found further on in this chapter and in the subsequent chapters.

OLEDs produce light using electroluminescence, and are classed as diodes because of
the change in conductivity amongst the constituent layers when driven by a current. The most
rudimentary OLED devices characteristically comprise of four key layers, an anode, a
cathode, a conducting layer and finally an emissive layer [1]. Typically, the device would
possess an anode, made up of a transparent conducting metal oxide; a metal cathode, such as
barium; and conducting and emissive layers, either polymer or small molecule based. This

thesis will focus on polymer based devices.

| Negative Cathode

® o %% 3 ® § Cmissivelayer
- o

OO O 0o O

I Positive Anode

Conductive Layer

Figure 2.1: A simple example of an OLED device. The electrons, represented by dark circles, recombine with the holes,
represented by light circles, to form excitons. These excitons then decay to emit light.

A potential difference is generated between the two electrodes, inducing a current in
the organic layers, as seen in Figure 2.1. Electrons from the metal cathode are injected in to
the Lowest Unoccupied Molecular Orbital (LUMO) of the emissive material. Simultaneously,
holes from the anode are first injected into the valence band of the conductive layer, and then
injected into the Highest Occupied Molecular Orbital (HOMO) of the emissive material.
Electron holes, also called holes, are the absence of the normally present electrons when a

bias voltage is applied. The positive holes and negative electrons are drawn together along
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the polymer chains by both the applied field and electrostatic interactions, where they
eventually meet and recombine to form an exciton. This recombination typically occurs in the
emissive layer, as the holes are usually the more mobile of the two charge carriers [2]. The
recombination results in an electron being in a higher energy state than it ordinarily would be
in; from there it may experience a radiative decay, emitting light, in order to return to the
lower energy ground state. The wavelength of the photon emitted due to the radiative decay is
determined by the band gap between the HOMO and the LUMO of the emitter. This process

is discussed in more detail in 2.4).

It is possible to produce more sophisticated OLED devices, which have more layers
than just the emissive and conductive ones mentioned earlier. The motivation behind this is to
confer benefits, such as increased efficiency, brightness or stability, upon the device
depending upon the layers and properties selected. The electronic profile of the device can be
smoothed by inserting extra layers, with intermediate work functions, between layers with a
big energy step, thus increasing carrier injection or transport. The opposite is also true, and
extra layers can be inserted to block either electrons or holes from being wasted by reaching
their opposing electrode [3, 4]. This can be achieved by using the conductive properties of
different materials, or their work functions, to create unfavourable boundaries that the carriers
would struggle to penetrate. This can potentially make the OLED devices more efficient and

even make them more stable during operation.

There are several techniques that can be used to deposit the organic layers and these
usually depend on the type of compound used. Evaporation techniques are generally
preferred for small molecules [5], whilst solution processing, such as spin coating techniques
[6] or inkjet printing [7], is preferred for polymers. The primary challenge associated with
solution processing is to produce multilayer devices whilst still preserving the discrete layers

necessary for the devices to work properly. Depositing sequential layers can disturb or
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partially dissolve the layer underneath, which can damage their interfaces and impact upon
device performance. This is less of an issue for evaporated devices due to the low rate of

deposition involved. This thesis is primarily concerned with solution processed OLEDs.

2.2). Bonding and Conjugation:

2.2.1). Chemical Bonding:

The term chemical bond encompasses the different degrees of attraction between two
atoms that can result in the formation of a new chemical species [8]. There are two main
categories for chemical bonds, strong bonds and weak bonds. The strong bond category
includes ionic bonding, covalent bonding and metallic bonding and is usually the result of the
sharing of, or exchange of, electrons between two atoms. These strong bonds are the

intramolecular forces responsible for holding together the atoms in molecules.

H H
s-o/ \Os-
H— \\\54‘ 5+/// —H
H\O/H

Figure 2.2: An example of strong and weak chemical bonds. The solid lines represent the covalent bonds between the
hydrogen and oxygen atoms. The dashed lines represent the hydrogen bonds between the water molecules.

The weak bond category includes dipole-dipole interactions, hydrogen bonding,
London dispersion forces and cation-pi interactions, and is usually the result of electrostatic
interactions between molecules. These weak bonds are the intermolecular forces between
molecules and often affect the properties of a substance, such as the melting point. An
example of this can be seen in Figure 2.2 where the solid lines represent the covalent bonds
between the hydrogen and oxygen atoms making a H,O molecule, whilst the dashed line

represents the hydrogen bonding between two H,O molecules.
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For OLEDs we are primarily interested in covalent bonding and the chemistry of
organic, carbon based, molecules and compounds. Covalent bonds are formed between atoms
that share a pair of electrons between them. Dative, or coordinate, covalent bonds are formed
when one of the atoms donates both of the electrons incorporated into the bond. This type of
covalent bond is also known as a non-polar covalent bond as the electrons are shared almost
equally between the two atoms. It is also possible to form polar covalent bonds, or covalent
bonds with ionic character, where a difference in electronegativity between the two atoms
leads to an imbalance of charge and can cause dipole-dipole interactions as seen in Figure

2.2.

When considering chemical bonds, it is necessary to have some understanding of
electrons in atomic orbitals and their associated nomenclature. For the considerations of this
thesis, the electron can behave both as a wave and as a particle. As such an electron orbiting
an atom has a wavefunction, v, associated with it, which describes its quantum state. These
wavefunctions correspond to spherical harmonic standing waves for each of the quantum
states available. The modulus squared, y|%, gives the probability of finding the electron in a
given position. For the electron wavefunction, there are five quantum numbers that are of

interest and these are n, {, m;, S and ms.

The principal quantum number, n, represents the energy level, or electron shell, in
which the electron resides. Within each energy level there are a number of allowed states that
the electron can occupy. The azimuthal quantum number, £, describes the orbital angular
momentum of the electron; in effect this represents the sub-shells within the energy level and
can take values ranging from 0 to (n-1). Associated with £ is m¢, which is the projection of
the angular momentum onto the quantisation axis, conventionally termed the z-axis, and has
integer values in the range —C to £. This represents the degenerate states that an electron can

occupy within a specific sub-shell. The s quantum number is the spin quantum number,
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which for electrons is equal to %. This is because electrons are fermions and all fermions
have a spin quantum number of 2. The ms quantum number is the projection of the spin upon
the z-axis and for electrons can either be +% or -%, corresponding to the electrons being spin

up or spin down.

Table 2.1: A table showing how many electrons can occupy a quantum state defined by the quantum numbers n, £ and m;.
There can be two electrons in each possible state due to electrons pairing up into spin up and spin down configurations. The
total number of electrons per shell is also given.

Quantum =0 e=1 =2 Total
Number |mg=0 [mg=-1 mMg=0 mMme=1 [Mg=-2 mMe=-1 mMe=0 mMe=1 me=2
n=1 2 2
n=2 2 2 2 2 8
n=3 2 2 2 2 2 2 2 2 2 18

Using these quantum numbers and the Pauli Exclusion Principle, which states that no
two electrons can have the same value for these quantum numbers within an atom or
molecule, it is possible to fill the states with electrons. Table 2.1 shows how the different

energy levels can be filled with electrons as well as the total number of electron possible in

Z
A
s Orbital — —X
|
Z
|
Z
y ’ y
>® -
Orbital ,
Px D, OrbitalQ p, Orbital

Figure 2.3: A pictorial representation of the s (¢ = 0) orbital and the three degenerate p (£ = 1) orbitals. For the p orbitals,
the node at the origin results in a change from positive wavefunction to negative wavefunction, represented by the difference
in colour between the two lobes.
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each shell. The spectroscopic notation for £ = 0 is “s”, £ = 1 is “p” and £ = 2 is “d”. For
conjugated polymers, we only really need to be concerned with the s and p orbitals, of which
a pictorial representation of the wavefunctions can be seen in Figure 2.3. The p orbital has
three degenerate levels and these can be considered to point along the three axes in Cartesian

coordinates.

The covalent bond can be explored further by considering the bond present between
the diatom H; [9]. Hydrogen has one negatively charged electron and the electronic structure
1s' (one electron in the 1s level), and one positively charged proton in its nucleus. When two
hydrogen atoms come into close proximity with each other, the electron orbitals overlap and
ultimately produce two new molecular orbitals with their own energies. This is due to the
electrostatic interactions between electrons and protons resulting in the blurring and eventual

merging of the individual electron orbitals as seen in Figure 2.4.

A\
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Figure 2.4: A representation of the formation of a bond between two hydrogen atoms to form diatomic hydrogen. When the
two atomic orbitals are in phase and interfere constructively the bonding orbital (o orbital) is formed, whereas when they
are out of phase and interfere destructively the anti-bonding orbital (s~ orbital) is formed.

The formation of molecular orbitals is symmetry dependent and the number of
molecular orbitals formed must be equal to the number of atomic orbitals for the atoms

combined. For diatomic hydrogen, this is two due to the combination of two 1s atomic
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orbitals from the two hydrogen atoms. There are three possible types of molecular orbitals
that can be formed when atomic orbitals are combined. The first of these is the bonding
orbital, which is lower in energy than the atomic orbitals, and corresponds to constructive
interactions between them. The second of these is the anti-bonding orbital, which is higher in
energy than the atomic orbitals, and corresponds to the destructive interactions between them;
there is also a nodal plane between the atoms. Finally, there are the non-bonding orbitals,
which have the same energy as the atomic orbitals, and correspond to no interaction between
them; this is the result of incompatible symmetries. For hydrogen the two new molecular

orbitals are the bonding, or 6, orbital and the anti-bonding, or *, orbital respectively.

For the bonding orbital, the electrons have a high probability of being between the
hydrogen nuclei, which increases the electrostatic attractions between them and lowers the
energy of the system. For the anti-bonding orbital, there is a node between the two nuclei
where the probability of finding an electron is zero; this increases the energy of the system as

the electrons are more tightly bound than before. This means that when electrons are added to

Energy

H-H

Figure 2.5: A molecular orbital diagram for diatomic hydrogen. The electrons from each hydrogen atom occupy the
bonding orbital forming a covalent bond. Also shown is a representation of the probability distribution (|y|?) of the
molecular orbitals, highlighting the zero probability of finding electrons in the middle of the anti-bonding orbital.
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the bonding orbital the energy of the system stabilised, whilst adding electrons to the anti-
bonding orbital destabilises the system. The molecular orbitals are filled from lowest energy
to highest energy, so that the system has the lowest total energy possible. This is carried out
in accordance with the Pauli Exclusion Principle, so each level can have a spin up and a spin
down electron. The electrons would prefer not to be paired up if there were more degenerate
bonding states available, but they will readily pair up to minimise energy and avoid
occupying an anti-bonding orbital. For diatomic hydrogen this means that both electrons go
into the bonding orbital as seen in Figure 2.5. In this case the bonding orbital is the HOMO of

the molecule whilst the anti-bonding orbital is the LUMO.
2.2.2). Hybridisation:

Carbon has an atomic number of six and so has the electron configuration 1s?2s°2p®.
This would usually only allow carbon to bond covalently to just two other atoms, such as
hydrogen, due to the two unpaired electrons in the 2p level. However, it is possible to excite
one of the electrons from the filled 2s state to a 2p state resulting in four unpaired electrons
that can now form covalent bonds. This is energetically favourable as the excitation energy
required is more than offset by the formation of two new bonds. It is also this ability that

leads us to the property of hybridisation.

Typically, in order to minimise the energy of the bonded system, the 2s and 2p states
should have the same energy and be degenerate. This gives rise to the three types of
hybridisation. The first of these is sp® hybridisation, which occurs when the 2s orbital mixes
character with the three 2p orbitals to form four new hybrid orbitals. These new orbitals are
in a tetrahedral formation, with an angle of 109.5° between them, and allow for the formation

of four identical sigma bonds.
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Figure 2.6: A graphical representation of the formation of three types of hybridisation. Red and green areas represent
positive wavefunctions whilst blue and orange areas represent negative wavefunctions. Part .a. shows the formation of four
sp® hybrid orbitals. These adopt a tetrahedral formation where the bonds are 109.5° apart. Part .b. shows the formation of
three sp? hybrid orbitals. These orbitals form in a plane 120° apart with the remaining 2p orbital perpendicular to them.
Part .c. shows the formation of two sp orbitals. These orbitals form in a plane 180° apart with the two remaining 2p orbitals
perpendicular to them.

The second of these is sp? hybridisation; here two of the 2p orbitals combine with the
2s orbital to form three new hybrid orbitals in a plane 120° apart. This allows for the
formation of three sigma bonds whilst the remaining 2p orbital is used to form a pi bond, or
double bond, with an adjacent sp? hybridised carbon atom. The pi bond will be discussed in
more detail in 2.2.3). Finally, there is sp hybridisation; this is where just one of the 2p orbitals
combines with a 2s orbital to form two new hybrid orbitals in a plane 180° apart. This allows

for the formation of just two linear sigma bonds whilst the two remaining 2p orbital are used
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to form two pi bonds, or a triple bond, with an adjacent sp hybridised carbon atom. A graphic

representation of the three hybridisations can be seen in Figure 2.6.

2.2.3). Conjugation:

Conjugation is a property that occurs in polymers and other organic molecules where
there is a sequence of alternating double and single bonds along the primary chain.
Conjugation is primarily a result of the electronic configuration of the carbon atom, which
allows hybridisation to occur between orbitals. The hybridisation of interest for these
conjugated structures is sp2 hybridisation. As discussed in 2.2.2), sp2 hybridisation occurs
when a 2s orbital mixes with two 2p orbitals in order to form three new hybrid orbitals. These
three new hybrid orbitals occur all in the same plane and are separated by 120°, whilst the

last of the 2p orbitals remains perpendicular to the plane.

a .b. c
Z % z
1
%cc-ce % e 3G ce’x
| \ \
sp? sp? o bond formation 7 bond formation

Figure 2.7: Formation of a o bond and a m bond between two sp? hybridised carbon atoms. Part a. shows two of the orbitals
coming into close proximity. Part .b. shows the formation of a o bond as the two orbitals overlap. Part .c. shows the
formation of the w bond as the remaining p orbitals perpendicular to the sp? plane overlap.

Sigma bonds form between carbon atoms when two of these sp2 hybridised orbitals
overlap. A pi bond is then formed between neighbouring carbon atoms by overlapping the
remaining 2p orbitals. This can be seen in Figure 2.7. Pi bonds are not as strong as sigma
bonds as there is a smaller degree of overlap between the orbitals. Another property of pi
bonds is that they cannot be rotated about the bond without breaking it, as any rotation
removes the overlap between orbitals. This is in direct contrast to sigma bonds, which can
rotate freely about the bond. Finally, as can be seen in Figure 2.7, there is one nodal plane
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between the wavefunctions for the bonding orbital; for the n* orbital, however, there is an

additional nodal plane, taking the total to two nodal planes.

Conjugated structures are formed when there is an alternating chain of double and
single bonds, as shown in Figure 2.8. This allows a delocalised region of electron density to
form along the alternating chain. This delocalised region of electron density forms the
HOMO of the compound. The n* anti-bonding orbitals also overlap creating an absence of
electron density which forms the LUMO of the compound. This means that for conjugated
polymers, the core transition is the m-n*, as an electron is excited from the HOMO to the
LUMO. Unfortunately, even if a perfectly conjugated system were assembled, charge would
not be freely conducted along the chain like a metallic state. Instead, due to Peirels distortion
[10], conjugated polymers are insulators in their pure form and require interstitial doping with

oxidising or reducing agents to make them conducting [11].

Figure 2.8: The chemical structure of p-carotene. This molecule has a backbone featuring alternate single and double
bonds, highlighted in red, and is considered a conjugated molecule. This is denoted by the use of a solid and dotted line,
replacing the single and double bonds, representing the delocalisation of electrons along the backbone.

An important factor for OLEDs concerning conjugation is the energy gap between the
HOMO and the LUMO, which determines the wavelength of light emitted. This energy
difference is directly related to the number of atoms, and their electrons, that are involved in

the delocalised region of electron density. This factor is known as the conjugation length
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[12]. For molecules or polymers with a longer conjugation length there are more units
involved in conjugation, which has the effect of reducing the energy gap by stabilising the

bonding region involved.

Unfortunately, unlike other semiconductor materials which are typically highly
ordered, polymers typically experience a significant degree of disorder. This is caused by
imperfections both within the chains themselves and by interactions between adjacent chains,
which result in bends and twists causing the conjugation to be broken when the p-orbital
overlap is removed. This results in the polymer chain being broken up into conjugated
sections of different lengths called chromophores. When averaged over all the polymer
chains, the distribution of chromophore conjugation length can be thought of as being
Gaussian. The methods of charge transfer between and within chromophores is discussed
further in 2.5.2) and 2.5.3). This means that by tuning the degree of conjugation, or disrupting
the conjugation, of a polymer it is possible to affect both the colour of light emitted and the
transport properties of the device, making conjugation an important consideration in OLED

design.

2.3). Excited States in Conjugated Polymers:

2.3.1). Excitons:

An exciton is an excited state of the system [12]. In its simplest form it is a neutrally
charged, quasi-particle state that can exist between an electron and a hole, and can transport
energy through a system without affecting the net charge. They can be formed following the
excitation of an electron from the HOMO to the LUMO of a compound, where it remains
coupled to the hole left behind in the HOMO due to a Coulomb force. This Coulomb force

combined with the typically low Coulomb screening for conjugated polymers provides
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enough of a stabilizing effect that the resultant exciton has a lower energy, and is thus more

favourable, than an unbound electron and hole.

The formation of an exciton can have a substantial effect on a conjugated polymer,
causing it to rearrange itself around the exciton in order to minimise the change in energy.
This is a result of the strong electron-phonon coupling in conjugated polymers and the
exciton is enclosed in a cloud of phonons, which lowers its energy. The rearrangement of the
polymer typically takes the form of an attempt at planarization, and will follow the exciton as
it migrates through the conjugated system. It is this rearrangement, together with the bound

charged pair, that makes it a quasi-particle state.

Excitons can be sorted into two groups depending upon their binding energy. Tightly
bound, usually intrachain, excitons common to materials with a low dielectric constant are
called Frenkel excitons. Frenkel excitons are typically small in size, are often confined to the
same molecular unit, and usually have binding energies in the range of 0.1-1 eV [13]. Less
tightly bound, usually interchain, excitons common to materials with a high dielectric
constant are called Wannier-Mott excitons. These excitons are larger in size, can exist
between separate conjugated polymer chains, and typically have binding energies around 0.1-
0.01 eV [14]. For conjugated polymers, because of their typically low dielectric constant,
Frenkel type excitons with binding energies of approximately 0.5 eV are the ones most

commonly formed by photoexcitation.

It is possible for excitons to be formed in one of four different configurations, each
with equal probability. Holes and electrons behave as spin % particles, and as such they obey
the exclusion rules that apply for fermions. Fermions are either spin up,|T), or spin down, |!).
Therefore when an exciton is formed which involves the equivalent of two spin %2 particles,

there are four different ways to combine the two spins. The particles are uncorrelated, and as
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such they only know each other at the point of recombination, making this a spin
independent, random, process. The four possible combinations, along with the relevant
quantum numbers for the different states discussed in 2.2.1), are given in Equations 2.1 and

2.2.

( 1T1T2), ms =1
1
S=1, {ﬁ(”llz) + 41150, mg =0 (2.2)
k |‘J’1‘J’2>' mg = -1
1
§=0, ﬁ(mlz) — 1120, ms; =0 (2.2)

The |T,T,) and [{,!,) states correspond to when the spins are both aligned in the

same direction; either when both are spin up or both are spin down. The \% (1Td2) + T4
and \/%(lTllz) —|T,4,)) states correspond to the spins being aligned in opposite directions.

After the total spin of the states is calculated the |TT), |{{) and \%(lTi) + |T!)) states from
Equation 2.1 each have a spin value of 1 making them triplet, or T, states. The remaining
\/if (ITd) — |1!)) state from Equation 2.2 has a total spin value of 0, making it the singlet, or S,
state. A pictorial representation of the singlet and triplet states can be seen in Figure 2.9,
which shows that %(lTi} — |Td)) precesses out of phase and \/%(lTl) + |Tl)) precesses in
phase. The importance of the difference between singlet and triplet states will be discussed

further in 2.4.3).

As stated earlier in 2.1), excitons can also be formed when mobile charge carriers
recombine. Several different excited states, or types of excitons, can instead be formed when

recombination occurs. Excited states called excimers, named from excited dimers, are formed
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when two separate charge carrying molecules that are both the same compound recombine.
However if the recombination occurs between two separate charge carriers of different
compounds the resulting excited state is called an exciplex, also known as an excited

complex [15, 16]. These two states are basically different versions of the Wannier-Mott type

excitons.
Singlet State Triplet States
— (|T1J,2) —41T2)) |T47,) (|T1J,2) +14172)) [1142)
0 +1

Figure 2.9: A pictorial representation of the four different combinations of spin ¥ particles. There is one singlet state where
the spins are in opposite directions and precess out of phase and three triplet states; one with both spins up, one with both
spins down and another where the spins are in opposite directions and they precess in phase.

2.3.2). Polarons:

Polarons are quasi-particle states existing between a charge, such as a hole or an
electron, and the distortion to the polymer bonding geometry caused by the charged particle;
this is similar to the excitons discussed in 2.3.1). When a voltage is applied across the system
polarons are free to move and transport charge between chromophores, forming an electric
current. An electric field is necessary for polarons to be able to migrate as the polaron
binding energy needs to be overcome. This is the energy required to reorganise the system
around the charge, and the process can be thought of as self-trapping when the energy

required is too high.
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Crystalline inorganic structures have lower reorganisation energies due to the rigid
crystal lattice preventing significant rearrangements, whilst polymers have much higher
reorganisation energies as the charged particle can cause a molecule wide deformation. This
accounts for the large difference in conductivity between organic and inorganic
semiconductors. Inorganic semiconductors typically have conductivities of the order 1x10° to
1x10° cm?.V™.s, whilst organic semiconductors have been recorded in the range of 1x10°® to
1 cm?V1st [17]. This range of values for organic semiconductors highlights how much the

carrier mobility of a system can be affected by the polaron binding energy of the system.

There are three main types of polaron, the free electron polaron, the free hole polaron
and the electron-hole polaron pair. For OLEDs the first two of these are of primary interest,
as the polaron pair is usually the intermediate step between excitons and free polarons, and
are more important for photovoltaics. Free polarons can be formed directly, either by charge
injection from an electrode by an electric field, or by chemical means, using a dopant to
perform redox reactions. Polarons have energy levels between the HOMO and LUMO levels
of the polymer due to the interaction of the charge and the geometric distortion [18]. The free
electron polaron is formed following the addition of an electron to the LUMO of the polymer

whilst free hole polarons are formed following the removal of an electron from the HOMO.
2.4). Absorption and Luminescence:

2.4.1). Processes and Selection Rules for Excited States:

There are many properties and processes associated with excited states and the
majority of them can be summarised in a Jablonski Diagram [19] such as Figure 2.10. The
vertical axis corresponds to energy and shows the relative positions of the different levels
along with their vibrational manifolds. This means that vertical transitions correspond to

changes in energy whilst horizontal transitions represent a change in the electronic state. The
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Figure 2.10: This Jablonski diagram shows the processes that can take place in a system after an electron is excited in some
way. The bold horizontal lines are the excited states whilst the normal horizontal lines represent the different vibrational
manifolds for each state.

radiative processes associated with excited states, namely absorption and emission, are
characterised by straight lines whilst non-radiative processes, such as Inter-System Crossing
(ISC), are represented by wavy lines. Also included is the Vibrational Relaxation (VR) and
Internal Conversion (IC) within the associated manifold, represented by a vertical wavy line.

Some of these processes will be discussed in more detail later.

These processes all have selection rules associated with them. The most basic of these
is absorption, where the excited state is produced after the absorption of electromagnetic
radiation. For absorption to occur it is necessary for hv > AE. This usually corresponds to
light in the region of 200-900 nm as longer wavelengths do not have enough energy, and
shorter wavelengths may ionise the sample removing the electron completely. The probability
of absorbing energy in this case is proportional to the transition dipole moment squared [20].
For the selection rules that are relevant here, the Born-Oppenheimer approximation is used to
simplify the expression for the transition dipole moment.
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The Born-Oppenheimer approximation assumes that as the motion of the nucleus is
slow, when compared to the motion of the electron it is effectively motionless. This allows us
to separate out the nuclear and electronic components from the total wavefunction; the
electronic term is then further separated into the spin and electronic transition moment (TM)
functions for the promoted electron. This gives a simplified equation [20, 21] for the

transition dipole moment of the form:

TM = f@ledeNfSledefq)l(pfd‘re (23)

The first integral refers to the overlap of the initial and final nuclear configurations,
also known as the Franck-Condon factor, a visual representation of this can be seen in Figure
2.11. The second integral refers to spin overlap between the initial and final states and is one
when there is no change in multiplicity and zero otherwise. This means that whilst S«-S
transitions are allowed transitions, the S«T transitions, for example, are not. The third
integral refers to the electronic transition moment, which is related to the symmetry of the
molecular orbitals of the initial and final states. Also intrinsic in this equation is the

requirement for spatial overlap between the initial and final states.

If any of the integrals above are equal to zero for a system then the transition is
forbidden. However, due to the approximations used, it is possible that the transition is not
completely forbidden, but occurs with a much lower probability. For example, transitions
between different multiplicities can still occur, as it is the total angular momentum that must
be conserved, not just the spin. This is especially pertinent for heavy atoms like transition
metals and will be discussed further in 2.4.4). It should also be noted that symmetry

forbidden transitions can also occur due to vibronic coupling.
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2.4.2). Absorption:

This is the excitation of an electron into a higher energy state in response to incident
photons. As discussed earlier in 2.4.1), if all of the selection rules are met, and light of the
correct energy is incident upon a sample, an electron can be excited to a higher energy level,
where the energy difference of the transition will be equal to that of the absorbed photon.
Absorption follows the Beer-Lambert Law which relates the intensity of the light before, and

after, absorption occurs to both the thickness and concentration of the absorbing sample [22]:
I = I,10%¢ (2.4)

Where | is the light intensity after absorption, Iy is the initial light intensity, € is the
molar absorption coefficient, | is the sample thickness and c is the concentration of the
sample. The absorbance of a sample, also referred to as the optical density can be calculated

using Equation 2.5:

I

A= —logqo <E> (2.5)

Where again, | is light intensity after absorption and |y is the initial light intensity.
Inspecting Equations 2.4 and 2.5 shows that the absorption of a material varies linearly with

both concentration and path length.
2.4.3). Luminescence:

Photoluminescence occurs when excitation is caused by a photon being absorbed by
the material. An electron is excited from the HOMO to the LUMO, it then decays back again
by emitting a photon. Electroluminescence is when a material emits light in response to an
electric current; this is the primary process by which both OLEDs and LEDs produce light.

There are two possible pathways for this decay, fluorescence and phosphorescence. When an
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Figure 2.11: A visual representation of the Frank-Condon Factor for the radiative transitions between the ground state
(So) and the first excited state (S;) of a conjugated polymer. It can be seen that for these transitions there is a significant
overlap between the two nuclear configurations. The blue arrows represent the absorption of a photon from the zero
phonon, or ground vibration, level (v = 0) of the ground state to the different vibrational levels (v: = 0, 1, 2) of the excited
state. After the photon is absorbed it relaxes to the v = 0 level of the excited state, in accordance with Kasha’s Rule, where
emission to the vibrational levels of the ground state occurs, represented by the red arrow. This produces an emission
spectrum (red plot) that is a mirror image of the absorption spectra (blue plot) which is offSet by the Stoke’s shift between
the 0—0 and 00 peaks, which is the result of Kasha’s Rule. The intensities of the different peaks are governed by the
overlap of the wavefunctions of the Sy and S, states, represented here as the green (Sp) and orange (S,) plots. As can be
seen above, the 0—1 and 10 transitions have the largest overlap, followed by the 0—0 and 0«0 and finally the 0—2
and 2«<—0. This overlap depends both on the nuclear configurations and the different wavefunctions in question, as
discussed in Equation 2.3.
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electron is promoted into a higher electronic state, e.g. S, or a higher vibrational mode of an
excited state, it relaxes back to the lowest mode of the first excited state again through
internal conversion and vibrational relaxation. The electron can then decay from the first
excited state to the manifolds of the ground state by emitting a photon. This is the
fluorescence pathway. The relaxation and conversion processes usually have a much lower
lifetime than the fluorescence process and so all emissions originate from the lowest excited
state. This is called Kasha’s Rule [23]. Internal conversion involves the loss of energy in the
form of heat. This means that the photon that is emitted has less energy than the photon that
was originally absorbed. This results in the emission peak being shifted with respect to the
absorbance peak for a fluorescence spectrum. The difference in wavelength between the
peaks is called the Stokes Shift [24] and it is proportional to the number of vibrational quanta

lost, or how much geometric relaxation occurs upon excitation.

The electron can instead undergo inter-system crossing, and be transferred to the
triplet state where phosphorescence takes place. For a transition from the excited triplet state
back down to the ground singlet to occur there would need to be a change in the total spin of
the system, which is forbidden as discussed in 2.4.1). This process, therefore, has a
substantially longer lifetime than fluorescence as the triplets rarely decay radiatively. This
means that phosphorescent materials can still emit light even after the initial source of
excitation is removed, sometimes for seconds, minutes or even hours, unlike fluorescent

materials which typically last for just nanoseconds [25].

The triplet level is lower in energy than the singlet level due to the exchange energy
between the hole and electron in the formed exciton. As these two fermions are in close
proximity to each other, with their wavefunctions overlapping, a new exchange interaction
term is introduced. This term is related to the Pauli Exclusion Principle and the result is that

singlet excitons must have symmetric spatial wavefunctions whilst triplet excitons must have
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anti-symmetric wavefunctions. This means the triplet state is lower in energy because the
repulsion between the fermions is reduced. In practical terms this results in the triplet state
being lower in energy than the singlet by approximately 0.7 eV [26], as well as the triplet

state having a substantially longer lifetime than the singlet state.

2.4.4). Enabling Phosphorescent Emission:

When forming the four excited states by charge recombination, as discussed in 2.3.1),
each of them has an equal probability of being formed. There is a 25% chance of forming a
singlet state and a 75% chance of forming a triplet state. Due to the selection rules mentioned
earlier, it is predicted that only the singlets would emit light, resulting in the loss of 75% of
the formed excitons. This limits the internal quantum efficiency to 25% and further restricts
the maximum external quantum efficiency (E.Q.E.) to just 5% [27] when only singlet states
are used. It is, however, possible to dope the material with a phosphorescent emitter. This
dopant can harvest all of the four possible excitons via energy transfer, meaning that both the

singlets and the triplets can now emit radiatively [28].

This dopant often takes the form of an organometallic complex with a heavy metal ion
centre, such as iridium. These complexes possess a high angular momentum, causing a strong
spin-orbit coupling which in turn mixes the characters of the triplet and singlet states. This
allows inter-system crossing to occur between the two more readily [29, 30]. The
assumptions made in 2.4.1), from the Born-Oppenheimer approximation, to determine the
selection rules, did not account for the total angular momentum of the system, so the

previously forbidden transitions are actually more probable.

It is also possible for the organometallic compounds to form their own excited states
when the ligands and metal atoms exchange charge carriers. These are metal to ligand charge

transfer (MLCT) and ligand to metal charge transfer (LMCT) states [31]. Emissions from
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these complexes are frequently due to mixtures of these two states. It is also possible to
increase the dopant efficiency by producing stronger MLCT states. This has the effect of
increasing the overlap between the singlet and triplet states making transitions more probable.
Using these dopants to produce electrophosphorescent OLEDs, it is theoretically possible to

attain internal quantum efficiencies of 100% [28, 32, 33].

These theoretical values of 100% do not transfer over to the E.Q.E. of the OLED
device. There are several factors, such as internal reflection and reabsorption, which result in
the E.Q.E. being considerably lower than 100%. It is also possible for quenching of the triplet
states to occur in the presence of other molecules, such as oxygen, or even for them to be
self-quenched. The mechanisms of quenching and energy transfer will be discussed in more

detail in the next section 2.5).

2.5). Energy Transfer:

2.5.1). Quenching:

There are a number of different mechanisms by which quenching can occur within a
sample. These mechanisms involve the radiative or non-radiative transfer of energy or an
electron from a donor (a molecule in an excited state) to an acceptor (usually a molecule in
the ground state). The simplest of these mechanisms is probably the reabsorption of a photon,
produced by an excited donor, by an acceptor. It is possible for this to occur over infinite

distances [20].

Another relatively simple quenching mechanism is singlet-singlet annihilation. This is
only relevant when significant populations of excited singlets have been generated, such as at
high voltages or when subjected to intense laser excitation. This occurs when two excited

singlet states collide, and results in the creation of a ground state singlet and a higher energy

32



Chapter 2 Theory

excited singlet. This is an example of dynamic quenching where the lifetime and the intensity
of the emission is reduced due to a depopulation of the excited state. There is also static
quenching, where the lifetime of emission is unaffected. This is because static quenching
occurs when ground state molecules form complexes that can no longer be excited, therefore

only the intensity of light produced is quenched [25].

There is also triplet-triplet annihilation (TTA) to consider, which is more complex
than singlet-singlet annihilation. As mentioned earlier in 2.3.1), there are three different
triplet states. This leads to three different possible outcomes when annihilation occurs. The
first case results in the conversion of two triplets to one triplet and a ground state singlet,
removing a potential emitter. The second case results in the formation of a quintet, however
this is still unobserved so far. The third case results in either the formation of two ground
state singlets or a ground state singlet and an excited singlet. It is this case, also known as
triplet fusion, which results in the observation of p-typed delayed fluorescence. The types of
delayed fluorescence are discussed in more detail below. This increases the maximum E.Q.E.
from the 5% mentioned in 2.4.4) to 12.5% after the different losses and gains from TTA are

all accounted for [34].

There is another type of delayed fluorescence that can occur, namely e-type; this is
observed when the triplet state converts back to the S; state by reverse intersystem crossing
caused by absorbed thermal energy. This is also known as thermally activated delayed
fluorescence (TADF) and has recently been used to increase OLED performance [35-37].
The exact mechanisms involved in using TADF in OLED devices are currently not clearly
defined but E.Q.E.’s of greater than 14% have been achieved [38]. It is possible to tell the
two types of delayed fluorescence apart by their lifetimes. E-type has a lifetime on the order
of the phosphorescent lifetime, whereas p-type has a lifetime of approximately half the

phosphorescent lifetime. The names p-type and e-type have their origins in the chemicals for
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which these effects were first observed. The chemical pyrene gives its name to p-type

delayed fluorescence, whilst e-type gets its name from the chemical eosin.
2.5.2). Forster Resonant Energy Transfer:

Forster Resonant Energy Transfer [25, 39] (FRET) is the result of dipole-dipole
interactions between the donor and acceptor molecules. The motion of the electrons on the
donor can cause perturbations in the motion of the electrons on the acceptor, and if these
electron oscillations reach resonance then energy transfer can occur. For FRET to occur a
number of conditions must first be satisfied. These conditions include no change of spin
between donor and acceptor, and that their dipoles must have a significant parallel component
with respect to one another. The other major requirement for FRET is that there must be an
overlap between the absorption spectrum of the acceptor and the emission spectrum of the
donor. This overlap is described in Equation 2.6 by the overlap integral, J, where Fp is the
emission spectrum of the donor, or how much light is emitted by the donor at a particular
wavelength, and ea represents the acceptor’s molar absorptivity, the measure of how much

light of a particular wavelength is absorbed:

Jy Fp(Dea(DA*dA
Jy Fpda

J) = (2.6)

Equations 2.7 and 2.8 then relate the overlap integral to the lifetime of the donor, 1p,

the rate of FRET, kereT, and the Forster radius, Rg:

Ry = 0.211[K2n—4c1>D](,1)]% (2.7)

Where « is the orientation factor, n is the refractive index and ®p is the quantum yield

of the donor.
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1 /Ro\®
K = _(_) 2.8
FRET Tp R ( )
Where R is the distance between the donor and acceptor, this can be a reasonably
large length scale. If the rate of FRET is similar to, or larger than, the rate of decay of the

donor then FRET can be a major source of quenching and energy transfer.
2.5.3). Dexter Electron Transfer:

This is where there is an exchange of electrons between the donor and the acceptor
which leaves the donor in the ground state. This is a short range interaction [40] which
depends exponentially on the separation between the donor and acceptor as well as the
spectral overlap. This necessitates close contact between the donor and acceptor in order to
compete with other methods of energy transfer. The rate constant [25] for Dexter Electron

Transfer, kpger, is given by Equation 2.9:

2Rpa

kper = kee L (2.9)

Where kg is the overlap integral, Rpa is the distance between the donor and acceptor

and L is the sum of their van der Waals radii.

As well as close contact being required for electron transfer to occur, the system must
also obey the Wigner Spin Selection Rules [20]. This states that there is correlation between
the angular momentum of the electron spin for the reacting donors and acceptors, and the
angular momentum of the electron spin for the products. If they are fully correlated then the
transition is allowed, if they are partially correlated the transition is spin restricted, and if

there is no correlation the transition is spin forbidden.

A good example of this is how excited states can be efficiently quenched by oxygen.

O, can quench both the triplet and singlet excited states formed by organic molecules [20,
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25]. This type of quenching both lowers the intensities produced and decreases the lifetime,
and is another example of dynamic quenching. For excited singlets, O, converts them into
triplets using the reaction M + 30, » *M + 0,. This is a spin allowed process. For the
triplets, O, causes triplet-triplet energy transfer using the reaction *M + 30, - M + 10,.

This is a spin restricted process and so it occurs less frequently.
2.6). Device Materials and Considerations:

2.6.1). Electrodes:

The materials with which OLED devices are manufactured are vital to their
performance. Each of the constituent materials is selected to maximise device performance
by meeting certain requirements, as described in 2.1). This process starts with the electrodes,

which form the outermost layers of the device.

The work function of the cathode should be matched as closely as possible to that of
the emissive layer adjacent to it, so that electron injection is maximised [41]. This means that
a low work function is required, so materials such as barium or lithium fluoride are
commonly used. Unfortunately a lot of the best cathode materials, such as barium, are highly
reactive and need to be capped by a less reactive material to prevent oxidation. Aluminium is
the metal which is commonly used as the capping layer, but it cannot directly replace either

barium or lithium fluoride as its work function will not be as good a match.

In contrast to the cathode, the anode needs to have a high work function to facilitate
the injection of holes into the conductive layer adjacent to the anode [42]. In addition to a
high work function, the anode also needs to be transparent so that any light generated by the
device can escape. Therefore, a Transparent Conductive Oxide (TCO) is commonly used as

an anode. These materials are engineered to have a bandgap which is much higher than the
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energy of photons found within the visible spectrum, 380 to 750 nm [43]. This means that the
oxide does not absorb the light produced by the OLED as discussed in 2.4.1). The most
established of these TCOs is Indium Tin Oxide (ITO), which is both conductive and

transparent, but alternatives are highly desired and the subject of current research.

2.6.2). PEDOT:

Figure 2.12: The chemical structure of the conjugated polymer PEDOT. The conjugated backbone of the polymer is
highlighted in red.

Generally, for solution processed OLEDs at least, there is a layer of poly(3,4-
ethylenedioxythiophene) (PEDOT) directly on top of the ITO anode; this corresponds to the
conductive layer mentioned in 2.1), and is also known as the hole injection layer (HIL). The
structure of PEDOT can be seen in Figure 2.12. PEDQOT is a conjugated polymer able to
transport holes effectively, with a number of other properties that make it suitable for use in
OLED devices. These include high transparency and high stability; exposure to temperatures
of 100 °C in air for 1000 hours has little effect on the polymer’s conductivity [44]. The work
function of PEDOT s tuneable, and relatively close to that of ITO, easing the injection of
holes into subsequent organic layers by providing an intermediate step in potential barrier. It
also planarizes the ITO surface, which prevents large spikes of ITO causing high voltages, or

shorts, within the device.

Unfortunately, PEDOT by itself is relatively insoluble, making the solution
processing of it difficult. This problem can be rectified by doping PEDOT with poly(styrene

sulfonate) (PSS) which renders it water soluble. This is the most popular form of PEDOT
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used in OLEDs but it does have an effect on some of the properties. The absorbance of the
polymer is increased to 20 % in the visible spectrum, and the conductivity decreased to
around 10 S/cm [45]. Fortunately, the conductivity can be improved again by post-treating
the PEDOT with various chemicals after depositing. These chemicals include acids, salts,
zwitterions and several others. Using post-treatment methods involving sulphuric acid

conductivity values of over 3000 S/cm have been reported [46].

Table 2.2: This table gives the properties of different commercially available PEDOTSs, some of which were used to
manufacture devices during this project. Properties include resistivity, work function, viscosity, pH, solid content, solvent,

composition and potential applications.
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There are several variations of PEDOT commercially available, the properties of
which are detailed in Table 2.2. This table was taken from the primary manufacturer of
PEDOT, Heraeus, and highlights the range of different conductivities and work functions
available [47, 48]. These properties can have a substantial effect on OLED characteristics

such as efficiency, brightness and turn on voltage [49].

2.6.3). Host Materials:

For solution processed OLEDs, on top of the HIL layer of PEDOT is the emissive
layer. At its simplest, this takes the form of a polymer that is emissive and conducts both
holes and electrons. Polymer based OLED devices are also known as Polymer Light Emitting

Devices (PLEDs). There are a large number of PLED polymer hosts currently available, but,
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of the commercially available ones, this thesis focuses primarily upon poly(n-vinylcarbazole)

(PVK) based devices.

PVK is available in a selection of different molecular weights, commonly ranging
from 40,000 to 1,100,000 in atomic units [50]. As can be seen in Figure 2.13, PVK is not
conjugated along its backbone; it does, however, still behave as an effective hole transporter.
Exciton formation is limited in PVK, as electrons cannot flow along the polymer backbone.
Nevertheless, as the carbazole groups are conjugated, they can be stacked to form excimers
[51]. The singlet versions of the excimers emit at both 380 nm and 420 nm, due to different

stacking configurations available, whilst the 0-0 triple state emits at 431 nm [52, 53].
Sav
N
£4

Figure 2.13: The chemical structure of the polymer PVK. There is no alternating structure of single and double bonds
along the polymer backbone so this polymer is non-conjugated.

Due to the poor electron transporting properties of PVK, it is usually blended with a
separate electron transporter; a couple of which will be discussed further in 2.6.4). PVK also
acts as an excellent host medium for different heavy metal based dopants, due to its high
triplet level of 2.88 eV [53]. This allows the non-emissive triplet states generated to be
harvested, increasing device efficiency. Unfortunately, PVK also features dimer triplet state
traps, whose energies allow them to quench blue dopants, providing motivation for the
discovery of new host materials. Doping with both transporters and emitters can substantially
increase OLED efficiency and brightness, in addition to being able to tune the colour emitted.
A selection of transport molecules and different colour phosphorescent dopants are discussed

further in 2.6.4) and 2.6.5).
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2.6.4). Transport Materials:

As mentioned in 2.6.3), it is possible to combine transport molecules with the host
polymer in order to improve its carrier mobilities. In addition to modifying the carrier
mobilities within the emissive layer, the addition of transport molecules can provide

intermediate energy level steps between host and dopant HOMO or LUMO levels, aiding

0300 & % Joof

.a.

Figure 2.14: The chemical structures of two electron transporters and one hole transporter used in this thesis. The structure
of the electron transporter PBD is shown in .a. The structure of the electron transporter OXD-7 is shown in .b. The structure
of the hole transporter TPD is shown in .c.

charge transfer. Some of the transport molecules used in this thesis, and their properties, will

be discussed below.

2-(4-Biphenyl)-5-(4-tert-butylphenyl)-1,2,4-oxadiazole (PBD) is a common electron
transporter used in OLED devices [54]. It has an electron mobility of 1.9x10° cm®V™s™?
[55]. The structure of PBD can be seen in part .a. of Figure 2.14. When paired with the poor
electron transporting host PVK, it can result in increased device performance. It is possible
for an exciplex to be formed between the oxadiazole group on PBD and the carbazole group
on PVK. The resultant emission from this exciplex is red-shifted [56] with respect to the
undoped PVK emission. This can cause problems for OLED devices with heavy metal
dopants by reducing energy transfer between this exciplex and the dopant by shifting their

energy levels.

Another common electron transporting molecule is 1,3,4-oxadiazole,2,2'-(1,3-
phenylene)bis[5-[4-(1,1-dimethylethyl)phenyl] (OXD-7), the structure of which can be seen

in part .b. of Figure 2.14. It has an electron mobility of 2.1x10° cm®V™.s? [55]. This
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molecule is similar to PBD but it has different HOMO and LUMO levels, which can make it

suitable for a different range of dopant materials, including red and blue dopants.

N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD) is a hole transporter, the
structure of which can be seen in part .c. of Figure 2.14. It has a hole mobility of between 1
x10* and 1x10° cm®Vts? [57]. It can be added to PVK both to help boost hole
transportation and to modify the device energy levels, this can again have either a positive or
a negative effect as discussed earlier. Once a threshold concentration of TPD in PVK is

reached, it has been shown that it is solely responsible for hole transportation [58].
2.6.5). Dopant materials:

As was discussed earlier in in 2.4.4), it is possible for 100% of excitons formed by
recombination to decay radiatively when doped by a heavy metal based, phosphorescent
material [28]. These dopants mix the character of the singlet and triplet states due to the spin-
orbit coupling of the heavy metal centre, allowing intersystem crossing to occur more readily.
For these reasons host polymers are often doped with organometallic complexes in order to

improve efficiency.

These dopants can be colour tuned depending on the ligands attached to the metal ion,
which is usually iridium. By varying the electron withdrawing, or electron donating,
properties of the ligands the HOMO and LUMO of the dopants can be changed, altering its
absorption and emission profile. The ability to make relatively simple chemical changes to a
parent complex, such as tris[2-phenylpyridinato-C2,N] iridium(Il) (Ir(ppy)s), in order to
yield different emission profiles is important commercially. When these dopants have
analogous syntheses it makes their production much more cost and time effective, rather than
making each different colour individually. Three different colours of iridium based dopants
with different ligands will be discussed further in this section.
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Ir(ppy)s is a green phosphorescent material [33], the structure of which can be seen in
part .a. of Figure 2.15, and is commonly used as a dopant in OLED devices. Usually the
triplet lifetime is substantially longer than that of the singlet decay, which can form an

obstacle in the electrophosphorescent process. Fortunately, Ir(ppy)s has a relatively short

Figure 2.15: The chemical structures of three different phosphorescent dopants used in this thesis. The structure of the
green emitting dopant Ir(ppy)s is shown in .a. The structure of the red emitting dopant DBFIr is shown in .b. The structure of
the blue emitting dopant Flrpic is shown in .c.

triplet lifetime, at approximately 1 ps, alleviating this problem and making it an excellent
choice of dopant material.
Bis(2-(9,9-dibutylfluorenyl)-1-isoquinoline(acetylacetonate)iridium (DBFIr), is a red
phosphorescent material [59]. It keeps the same iridium heavy metal centre and octahedral
geometry with three bidentate ligands. These ligands are, however, substantially different to
those of Ir(ppy)s, resulting in it being a red emitter. The structure of this dopant can be seen

in part .b. of Figure 2.15.

Bis(4,6-difluorophenylpyridinato-N,C2)picolinatoiridium (Flrpic) is also a commonly
used commercial blue phosphorescent material. This organometallic complex again has an
iridium centre and an octahedral geometry with three bidentate ligands. These ligands are
relatively similar to those of Ir(ppy)s and yet produce a blue emitter due to the strong electron
withdrawing influence of the fluorine atoms. It also has a phosphorescent lifetime of
approximately 1 us, which is similar to that of Ir(ppy)s [60]. The structure of this dopant can

be seen in part .c. of Figure 2.15.
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2.6.6). Device Considerations:
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Figure 2.16: The energy levels of several materials commonly featured in OLED devices. It should be noted how the work
functions of barium and PEDOT form intermediate steps for electron and hole injection.

The individual properties of several common OLED materials have been discussed in
detail already in this section. When producing OLED devices it is important to take into
account the relative properties of all the materials involved to make sure that they are
appropriately matched. Energy levels must be well matched in order to aid both charge
transfer between host, transporters and dopants, and charge injection from the electrodes. A
visual representation of the different energy levels for all of the compounds detailed earlier
can be found in Figure 2.16, and forms a helpful reference when designing OLED devices
[48, 61-69]. Another concern is to balance the charge transporting abilities of the constituents
to ensure that most of the exciton formation occurs in the emissive layer in order to maximise

efficiency.
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Holes are injected from the ITO anode on the left side of Figure 2.16, and they remain
in the HOMOs of the materials until recombination occurs. Meanwhile, electrons are injected
from the cathode and remain in the LUMOSs of the materials. It is easy to see in Figure 2.16
that both PEDOT and barium provide intermediate steps in work function between the
electrodes and the emissive layer in the middle. Upon reaching the emissive layer, the holes
are primarily injected into the PVK HOMO and electrons are primarily injected into the PVK
LUMO. From here, the excitations can be transferred from the host, or donor, in this case
PVK, to the acceptors via Forster transfer, Dexter transfer and charge trapping [70, 71].
Charge trapping is most accessible when the HOMO of the acceptor is above that of the

donor and when the LUMO of the acceptor is below that of the donor.

As mentioned in 2.1), it is possible to use multiple layers in addition to the conductive
and emissive layers detailed so far. Blocking layers can be deposited either side of the
emissive layers to stop charge carriers from leaving the emissive layer. This can be achieved
by using energy levels, conductivities, or both to create an unfavourable barrier preventing its
passage. For example in the earlier scheme, an additional layer of undoped PVK between the
PEDOT and emissive layer would block electrons due to its poor electron mobility [72]. On
the other side, a layer of 1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene (TPBI) could be
evaporated between the emissive and the barium layers to block holes and aid electron
injection [73]. As TPBi is a poor hole transporter, and its HOMO is below that of PVK, it
makes the transfer of holes to it improbable. TPBi will be discussed in more detail in both

Chapter 6 and Chapter 7.

When considering candidates for additional layers within solution processed devices,
their solubility in different solvents must also be considered. Ideally adjacent layers should be
deposited using orthogonal solvents so that the layer underneath is not affected by the new

layer being deposited.
44



Chapter 2 Theory

References:

1. Z. Li and H. Meng, Organic Light-Emitting Materials and Devices, 1st Edition. CRC
Press, 2006.

2. A.P. Kulkarni, et al., Electron transport materials for organic light-emitting diodes.
Chemistry of Materials, 2004. 16(23): p. 4556-4573.

3. Q.L. Huang, et al., Covalently bound hole-injecting nanostructures. Systematics of
molecular architecture, thickness, saturation, and electron-blocking characteristics
on organic light-emitting diode luminance, turn-on voltage, and quantum efficiency.
Journal of the American Chemical Society, 2005. 127(29): p. 10227-10242.

4. R. Meerheim, B. Lussem, and K. Leo, Efficiency and Stability of p-i-n Type Organic
Light Emitting Diodes for Display and Lighting Applications. Proceedings of the leee,
2009. 97(9): p. 1606-1626.

5. C.W. Tang and S.A. Vanslyke, Organic Electroluminescent Diodes. Applied Physics
Letters, 1987. 51(12): p. 913-915.

6. J.H. Burroughes, et al., Light-Emitting-Diodes Based on Conjugated Polymers.
Nature, 1990. 347(6293): p. 539-541.

7. T.R. Hebner, et al., Ink-jet printing of doped polymers for organic light emitting
devices. Applied Physics Letters, 1998. 72(5): p. 519-521.

8. C.E. Housecroft and E.C. Constable, Chemistry, 4th Edition. Prentice Hall, 2009.

9. I. Fleming, Molecular Orbitals and Organic Chemical Reactions, Student Edition.
Wiley, 2011.

10.  S.C. Roth, D, One-Dimensional Metals: Conjugated Polymers, Organic Crystals,
Carbon Nanotubes, 2nd Edition. Wiley VCH, 2004.

11.  G. Tzamalis, et al., Doping-dependent studies of the Anderson-Mott localization in
polyaniline at the metal-insulator boundary. Physical Review B, 2002. 66(8).

12.  W. Barford, Electronic and Optical Properties of Conjugated Polymers, 2nd Edition.
Oxford University Press, 2013.

13.  X.Zhu and A. Kahn, Electronic Structure and Dynamics at Organic Donor/Acceptor
Interfaces. Mrs Bulletin, 2010. 35(6): p. 443-448.

14. M. Pope and C.E. Swenberg, Electronic Processes in Organic Crystals and Polymers,
2nd Edition. Oxford University Press, 1999.

15.  J.B. Birks, Excimers and Exciplexes. Nature, 1967. 214(5094): p. 1187-&.

16.  J.B. Birks, Excimers. Reports on Progress in Physics, 1975. 38(8): p. 903-974.

17. D. Hertel and H. Baessler, Photoconduction in amorphous organic solids.
Chemphyschem, 2008. 9(5): p. 666-688.

18.  C. Deibel, et al., Energetics of excited states in the conjugated polymer poly(3-
hexylthiophene). Physical Review B, 2010. 81(8).

19. D. Frackowiak, The Jablonski Diagram. Journal of Photochemistry and Photobiology
B-Biology, 1988. 2(3): p. 399-408.

20.  A. Beeby, Photochemistry, 2009.

45



Chapter 2 Theory

21.

22.
23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

N.J. Turro, Modern Molecular Photochemistry, New Edition. University Science
Books, 1991.

C. Rulliere, Femtosecond Laser Pulses, 2nd Edition. Springer, 2004.

M. Kasha, Characterization of Electronic Transitions in Complex Molecules.
Discussions of the Faraday Society, 1950(9): p. 14-19.

J.R. Albani, Structure and dynamics of macromolecules : absorption and fluorescence
studies, 1st Edition. Elsevier, 2004.

F. Dias, Optical Spectroscopy, 2011.

A. Kohler and D. Beljonne, The singlet-triplet exchange energy in conjugated
polymers. Advanced Functional Materials, 2004. 14(1): p. 11-18.

D.Y. Kondakov, Characterization of triplet-triplet annihilation in organic light-
emitting diodes based on anthracene derivatives. Journal of Applied Physics, 2007.
102(11).

M.A. Baldo, et al., Highly efficient phosphorescent emission from organic
electroluminescent devices. Nature, 1998. 395(6698): p. 151-154.

H.A. Al Attar and A.P. Monkman, Dopant effect on the charge injection, transport,
and device efficiency of an electrophosphorescent polymeric light-emitting device.
Advanced Functional Materials, 2006. 16(17): p. 2231-2242.

A.P. Monkman, et al., The use of substituted iridium complexes in doped polymer
electrophosphorescent devices: The influence of triplet transfer and other factors on
enhancing device performance. Advanced Functional Materials, 2006. 16(8): p. 1043-
1050.

P. Atkins, et al., Shriver and Atkins' Inorganic Chemistry, 5th Edition. Oxford
University Press, 20009.

C. Adachi, et al., Nearly 100% internal phosphorescence efficiency in an organic
light-emitting device. Journal of Applied Physics, 2001. 90(10): p. 5048-5051.

M.A. Baldo, et al., Very high-efficiency green organic light-emitting devices based on
electrophosphorescence. Applied Physics Letters, 1999. 75(1): p. 4-6.

Y.F. Zhang and S.R. Forrest, Triplets Contribute to Both an Increase and Loss in
Fluorescent Yield in Organic Light Emitting Diodes. Physical Review Letters, 2012.
108(26).

K. Goushi, et al., Organic light-emitting diodes employing efficient reverse
intersystem crossing for triplet-to-singlet state conversion. Nature Photonics, 2012.
6(4): p. 253-258.

S.Y. Lee, et al., High-efficiency organic light-emitting diodes utilizing thermally
activated delayed fluorescence from triazine-based donor-acceptor hybrid molecules.
Applied Physics Letters, 2012. 101(9).

H. Uoyama, et al., Highly efficient organic light-emitting diodes from delayed
fluorescence. Nature, 2012. 492(7428): p. 234-+.

V. Jankus, et al., Highly Efficient TADF OLEDs: How the Emitter-Host Interaction
Controls Both the Excited State Species and Electrical Properties of the Devices to
Achieve Near 100% Triplet Harvesting and High Efficiency. Advanced Functional
Materials, 2014. 24(39): p. 6178-6186.

46



Chapter 2 Theory

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

T. Forster, 10th Spiers Memorial Lecture - Transfer Mechanisms of Electronic
Excitation. Discussions of the Faraday Society, 1959(27): p. 7-17.

D.L. Dexter, A Theory of Sensitized Luminescence in Solids. Journal of Chemical
Physics, 1953. 21(5): p. 836-850.

R.H. Friend, et al., Electroluminescence in conjugated polymers. Nature, 1999.
397(6715): p. 121-128.

J.S. Kim, et al., Indium-tin oxide treatments for single- and double-layer polymeric
light-emitting diodes: The relation between the anode physical, chemical, and
morphological properties and the device performance. Journal of Applied Physics,
1998. 84(12): p. 6859-6870.

J. Maa, G.S. Herman, and A.T. Voutsas, Solution process for fabricating a textured
transparent conductive oxide (TCO), Google Patents, 2013.

B.L. Groenendaal, et al., Poly(3,4-ethylenedioxythiophene) and its derivatives: Past,
present, and future. Advanced Materials, 2000. 12(7): p. 481-494.

Y.H. Ha, et al, Towards a transparent, highly conductive poly(3,4-
ethylenedioxythiophene). Advanced Functional Materials, 2004. 14(6): p. 615-622.

Y.J. Xia, K. Sun, and J.Y. Ouyang, Solution-Processed Metallic Conducting Polymer
Films as Transparent Electrode of Optoelectronic Devices. Advanced Materials,
2012. 24(18): p. 2436-2440.

Clevios, Product information. 2010 [cited 20/06/11]; Available from:
http://www.clevios.com/index.php?page_id=995&prod_service_id=443.

Clevios, OLED Applications. 2010 [cited 20/06/11]; Available from:
http://www.clevios.com/index.php?page_id=3430.

J.H. Cook, H.A. Al-Attar, and A.P. Monkman, Effect of PEDOT-PSS resistivity and
work function on PLED performance. Organic Electronics, 2014. 15(1): p. 245-250.

Sigma-Aldrich, Search Results: PVK. 2015 [cited 29/01/15]; Available from:
http://www.sigmaaldrich.com/catalog/search?term=pvk&interface=All&N=0&mode=
match%?20partialmax&lang=en&region=GB&focus=product.

G.E. Johnson, Emission Properties of Vinylcarbazole Polymers. Journal of Chemical
Physics, 1975. 62(12): p. 4697-4709.

L. Qian, D. Bera, and P.H. Holloway, Electrophosphorescence from triplet excimers
in poly-(N-vinylcarbazole). Applied Physics Letters, 2007. 90(10).

V. Jankus and A.P. Monkman, Is Poly(vinylcarbazole) a Good Host for Blue
Phosphorescent Dopants in PLEDs? Dimer Formation and Their Effects on the
Triplet Energy Level of Poly(N-vinylcarbazole) and Poly(N-Ethyl-2-Vinylcarbazole).
Advanced Functional Materials, 2011. 21(17): p. 3350-3356.

X. Gong, et al.,, High-efficiency polymer-based -electrophosphorescent devices.
Advanced Materials, 2002. 14(8): p. 581-585.

T. Yasuda, et al., Carrier mobilities in organic electron transport materials
determined from space charge limited current. Japanese Journal of Applied Physics
Part 1-Regular Papers Short Notes & Review Papers, 2002. 41(9): p. 5626-5629.

47



Chapter 2 Theory

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

X.Z. Jiang, et al., Effect of carbazole-oxadiazole excited-state complexes on the
efficiency of dye-doped light-emitting diodes. Journal of Applied Physics, 2002.
91(10): p. 6717-6724.

A. Kuwahara, et al., Carrier mobility of organic thin films using lateral electrode
structure with optical slits. Applied Physics Letters, 2006. 89(13).

D.M. Pai, J.F. Yanus, and M. Stolka, Trap-Controlled Hopping Transport. Journal of
Physical Chemistry, 1984. 88(20): p. 4714-4717.

H.H. Liao, et al., Triplet exciton energy transfer in polyfluorene doped with heavy
metal complexes studied using photoluminescence and photoinduced absorption.
Physical Review B, 2006. 74(24): p. 245211.

AM. Gilmore, Luminescence: The Instrumental Key to the Future of
Nanotechnology, 1st Edition. CRC Press, 2013.

L. Hou, et al, Efficient single layer solution-processed blue-emitting
electrophosphorescent devices based on a small-molecule host. Applied Physics
Letters, 2008. 92(26).

S. Sapp, et al, Work function and implications of doped poly(3,4-
ethylenedioxythiophene)-co-poly(ethylene glycol). Applied Physics Letters, 2006.
88(15).

B.P. Luther, et al., Investigation of the mechanism for Ohmic contact formation in Al
and Ti/Al contacts to n-type GaN. Applied Physics Letters, 1997. 70(1): p. 57-59.

Sigma-Aldrich, Poly(9-vinylcarbazole). 2014 [cited 04/12/2014]; Available from:
http://www.sigmaaldrich.com/catalog/product/aldrich/182605?lang=en&region=GB.

B.D. Chin, Enhancement of efficiency and stability of phosphorescent OLEDs based
on heterostructured light-emitting layers. Journal of Physics D-Applied Physics,
2011. 44(11).

V. Gupta, et al., Barium: An Efficient Cathode Layer for Bulk-heterojunction Solar
Cells. Scientific Reports, 2013. 3.

Sigma-Aldrich, 2-(4-Biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD). 2015 [cited
29/01/15]; Awvailable from: http://www.sigmaaldrich.com/catalog/product/aldrich
/257850?lang=en&region=GB.

Sigma-Aldrich, N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzidine (TPD). 2015 [cited
29/01/15]; Awvailable from: http://www.sigmaaldrich.com/catalog/product/aldrich
1443263?lang=en&region=GB.

S.H. Kim, J. Jang, and J.Y. Lee, Relationship between host energy levels and device
performances of phosphorescent organic light-emitting diodes with triplet mixed host
emitting structure. Applied Physics Letters, 2007. 91(8).

X. Gong, et al., Electrophosphorescence from a polymer guest-host system with an
iridium complex as guest: Forster energy transfer and charge trapping. Advanced
Functional Materials, 2003. 13(6): p. 439-444.

B. Mi, et al., Molecular hosts for triplet emitters in organic light-emitting diodes and
the corresponding working principle. Science China-Chemistry, 2010. 53(8): p. 1679-
1694.

48



Chapter 2 Theory

72.  H.A. Al-Attar and A.P. Monkman, Solution processed multilayer polymer light-
emitting diodes based on different molecular weight host. Journal of Applied Physics,

2011. 109(7).

73.  J.H. Cook, et al., Efficient deep blue fluorescent polymer light-emitting diodes
(PLEDs). Journal of Materials Chemistry C, 2014. 2(28): p. 5587-5592.

49



Chapter 3 Experimental:

3.1). Substrate Preparation:

The production of OLED devices starts with the preparation of the substrate. The first
step of this process is patterning the Indium Tin Oxide (ITO) anode to the required
specifications shown in Figure 3.1, where there are three pairs of parallel stripes of ITO
running from top to bottom. Once this is complete, the substrates are cut to size and cleaned

leaving them ready to use. The individual steps for these processes are detailed below.
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Figure 3.1: Part .a. of this figure shows the square of ITO covered glass cut down to 7.2 cm by 7.2 cm. Part .b. of this
figure shows the patterned square with the parallel strips of ITO running down it. Part .c. of this figure shows the finished
device, complete with metal cathode perpendicular to the ITO and the encapsulating cover slide.

3.1.1). ITO Patterning:

A square sheet of glass (7.2 x 7.2 cm) with a coating of ITO (150 nm, 15 Q/0) is
patterned using photolithography. Photolithography is a fabrication process on the nano, or
micro scale, which uses light to transfer a geometric pattern onto a substrate. This is achieved
using a photoresist, a chemical that is sensitive to light but resistant to other chemical
treatment, and a mask. There are two types of resist; positive, where the exposed resist
becomes more soluble; and negative, where the exposed resist becomes less soluble.
Exposure to ultraviolet (UV) light breaks bonds in the polymer chain of positive resists

converting it into a series of smaller polymer blocks that are more soluble. For negative
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resists, exposure to UV light causes crosslinking to occur between polymer chains converting
it into a larger polymer that substantially reduces its solubility. Positive resists offer higher
resolutions and better process controllability for small geometry features than negative
resists. This is because of the solvent induced swelling of the exposed long polymer strands
in negative resists when developed, which can impact upon small features. Negative resists
are however substantially less expensive and provide superior chemical resistance for use as
masks, so the photoresist used depends upon the situation [1]. After exposure, the undesired
resist is removed using a developer solution. This leaves areas of the surface unprotected for
further processes, like acid etching, to occur. In this case, a positive resist is used to remove

ITO from the surface of the glass substrate, the steps of which are detailed below:

1. Spincoat Microposit S1813 on to the ITO side of the square at 500 rpm for five seconds
then at 3700 rpm for thirty seconds.

2. Place on a hotplate heated to 95°C for three minutes in order to bake out any remaining
moisture.

3. Place the substrate on to a black surface and position a shadow mask on top of it.

4. Expose to UV light for fifty seconds causing the exposed areas to react.

5. Remove the reacted photoresist by immersion in a solution of Microposit 351 Developer
and deionised water (1:2 ratio) for thirty seconds then wash in deionised water.

6. Dry with nitrogen and place on a hotplate heated to 95°C for fifteen minutes.

7. Remove excess resist from edges and corners with an acetone soaked cotton bud. This is
especially pertinent between the parallel strips of resist to prevent crosstalk.

8. Submerge in a solution of hydrochloric acid (36%) and nitric acid (70%) (20:1 ratio) for
five minutes; this removes the ITO not covered by resist from the surface of the glass
substrate.

9. Wash with deionised water and remove the last of the resist with acetone.
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3.1.2). Substrate Cleaning:

Before cleaning the patterned square of glass is cut into nine smaller squares of

dimensions 2.4 x 2.4 cm, the method of which will not be discussed here. The smaller squares

are then cleaned using the following steps:

1.

Clean the substrates crudely with a cleanroom wipe and both acetone and isopropanol to
remove the marks made by the pen used whilst cutting the glass.

Place the substrates in a slotted container with the ITO side all facing the same direction.
Clean the substrates sequentially with acetone, isopropanol and acetone again in an
Ultrawave U50 sonic bath for nine minutes for each wash.

Withdraw the substrates from the container with tweezers and dry with nitrogen.

Clean with plasma in an Electronic Diener Femto cleaner for three minutes. The plasma
cleaner can be seen at the bottom of Figure 3.2.

Finally the substrates are exposed to both UV light and ozone, in a Jelight UVO-cleaner

for four minutes. The UVO-cleaner can be seen at the top of Figure 3.2.

Figure 3.2: A Jelight UVO cleaner on top of a Electronic Diener Femto plasma cleaner, both were used to clean substrates.
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3.2). Solution Processing:

With the substrates having being prepared, the organic layers can be deposited upon
them. This can be done via evaporation techniques for small molecules, solution processable
techniques for polymers or a combination of the two for hybrid devices. Solution processing
is discussed in detail in 3.2.2), whereas evaporation techniques are discussed in detail in

section 3.3).

3.2.1). Solution Preparation:

Before spin coating can occur, stock solutions of the OLED materials must be
prepared. All the devices in a set which have materials in common are made from the same
stock solutions so that the results can be accurately compared. Fresh solutions are prepared
for each set of devices in order to avoid the effects of contamination or material degradation

on device performance.

1. First, the minimum quantity of material needed to produce the required amount of
solution at the right concentration is estimated. Solution processing generally requires a
minimum of 0.5 mL of solution per deposition.

2. The species required is transferred to a clean glass vial and weighed roughly on a Mettler
AE240 analytical balance. When approximately the right amount has been transferred, a
final measurement of the mass is taken to four decimal places.

3. Using the recorded mass, the amount of solvent required to produce a solution of the
right concentration is calculated and added using a calibrated pipette. The solvents used
were super purity solvents from ROMIL.

4. These stock solutions were then placed on an IKA RCT basic hotplate, with magnetic

stirrers, and heated gently to aid solvation.
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3.2.2). Spin-Coating:

Spin coating is a relatively simple process that can be used to create highly uniform
films upon flat substrates from the nanoscale to the microscale in thickness. The material, in
solution form, is placed on to the centre of the substrate, whilst it is either stationary or
spinning at low angular velocity, and the substrate is then accelerated to a high angular
velocity; this spreads the material over the substrate in a uniform manner leaving a film of
solution behind. The initial acceleration removes the majority of the solution on the substrate

as it moves radially due to centrifugal forces [2].

The film of remaining solution thins further as it spreads across the substrate’s
surface. As the spinning process continues the solvent evaporates increasing the viscosity of
the film until it hits an equilibrium point [3] between the viscosity, the centrifugal forces and
the solvent evaporation. After this point, the spinning process is complete and any excess
solvent that might still be present is evaporated by placing the substrate onto a heat source.
This baking step has the potential added advantage of increasing the interlinks between
polymer chains, reducing their solubility and making them more resistant to additional layers

which may be deposited on top of them.

The thickness of the film produce by spin coating depends on several factors
including angular velocity, the concentration and viscosity of the solution and the surface
tension and volatility of the solvent used. Whilst the thickness of the film is highly uniform
over the vast majority of the surface area of the substrate, near the edges the layer is thicker
due to the retention of material because of edge effects [4]. Layer thicknesses are determined
by ellipsometry, which will be discussed in more detail in 3.5.4). Thickness measurements at
different concentrations, or spin speeds, can be used to produce thickness plots for a material.

As thickness varies in a linear manner [3] with both concentration and spin speed, these plots
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can be used to either identify the thickness of a layer of known spin speed and concentration,
or predict the settings needed to produce a layer of a certain thickness, with a relatively high

degree of accuracy.

'ﬂa‘!?gh:

Figure 3.3: The Laurell WS-650MZ-23NPP spin coater used to spin coat the different organic layers onto the glass
substrates.

Varying the spin speed is a useful technique for producing different layer thicknesses
when dealing with commercial solutions, such as PEDOT, that have a predetermined
concentration that may be difficult to modify. Its use, however, is limited to the speed range
of 1000-3000 rpm, as at speeds under 1000 rpm the film quality tends to decrease, whilst at
speeds over 3000 rpm the change in thickness tends to reach a threshold. Varying
concentration is the more reliable option if materials permit but this is limited at its upper
threshold by the solubility of the material. It is therefore sometimes necessary to vary both to

produce films of the desired thickness.

Depending on the material being spun, the spin coating process is slightly different for
each. During the course of this thesis a number of different materials were deposited via spin

coating. The first layer for solution processed devices was always a PEDOT layer. The next
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layer could either be an electron blocking layer or the emissive layer itself. The spin speeds
and times of the different spinning stages for the three most common materials can be seen in
Table 3.1. Typically, three stages are used in spin coating. The first of these is a low speed
spreading stage, which removes the majority of the solution leaving a uniform amount spread
across the majority of the sample except at the edges where beading occurs. The next stage is
a short, high speed, thinning stage, which reduces the film to the correct thickness. Finally, a
long slow spin is performed to allow the majority of the remaining solvent to evaporate,

leaving behind a uniform film.

After spinning, the substrates are baked to remove any residual solvent. The
temperatures and times used depend on the solvent and materials used. For PEDOT layers a
baking temperature of 200 °C and a time of three minutes was used. For chlorobenzene based
solutions a baking temperature of 120 °C and a time of ten minutes was used. Finally, for
toluene a baking temperature of 100 °C and a time of ten minutes was used. The individual

steps for producing a spin coated thin film are detailed below:

1. Secure the substrate using the vacuum system within the Laurell WS-650MZ-23NPP
spin coater, shown in Figure 3.3.

2. Spray the substrate with a nitrogen gun to remove any dust that may have accumulated.

3. Add solution to the centre of the substrate with a syringe and a 0.45 um filter until the
substrate is completely covered.

4. Initialise spin procedure using the parameters required to produce a layer of the desired
thickness.

5. Place substrate on a hotplate at the predetermined temperature for the time needed to
remove any residual solvent.

6. Allow to cool for five minutes before processing further.

7. Repeat for all subsequent layers.
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Table 3.1: A table detailing the standard parameters used during this thesis for the three most commonly spin processed
layers.

Step 1 Step 2 Step 3
. Spin Speed | Spin time | Spin Speed | Spin time | Spin Speed | Spin time
Material
/ rpm /s / rpm /s / rpm /s
Microposit $1813 500 5 3700 30
PEDOT HIL 1.5 400 6 4000 7.5 400 50
Polymer 400 6 2500 7.5 400 50

3.2.3). Drop Casting:

Drop casting is another technique that can be used to produce films on a substrate
using materials dissolved in a solution. Unlike spin coating, it is difficult to consistently
control both the thickness and uniformity of films produced using this technique. It is,
however, extremely simple and wastes very little material. For the purposes of this thesis
drop casting was used to prepare samples for solid state spectroscopy, such as triplet level
measurements, where thickness and uniformity are not important. The different types of

spectroscopy will be discussed in more detail in 3.6).

As discussed in 2.5.1), triplet states are easily quenched, either by other triplet states
or by various contaminants. It is therefore necessary to isolate the triplet states when
performing measurements that involve phosphorescence. In order to achieve this, small
quantities of the material being measured are suspended in an inert matrix. The inert matrix
comprises of a cyclo olefin polymer, known as Zeonex 480, which features a very high

transmittance for light in the range of 350-800 nm but is otherwise quite inert [5].

The principle of drop casting is very simple. The materials to be deposited are
dissolved in a solution, which is then deposited on the substrate. The solvent evaporates and
leaves behind a film of the material. Evaporation can be aided by heating the substrate, but

this can affect the film morphology. The thickness of the layer produced is roughly
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proportional to the concentration of the solution used. The individual steps for producing a

drop cast film are detailed below:

1. Prepare a 1:1 mixture of Zeonex (175 mg.mL™) and of the material measured (0.5
mg.mL™), both dissolved in chlorobenzene.

2. Deposit this mixture on a clean substrate.

3. Allow the solvent to evaporate to leave behind a film of the material suspended in

zeonex. This step can be aided by heating the substrate but this is not necessary.
3.3). Thermal Evaporation:

3.3.1). Deposition Techniques:

The spin coating discussed earlier in 3.2.2) is an example of a Liquid Phase
Deposition (LPD) method. There are also two other groups of deposition techniques called
Physical Vapour Deposition (PVD) and Chemical Vapour Deposition (CVD) [6, 7]. Thin
films are produced using CVD processes such as thermal CVD and plasma enhanced CVD,
when volatile precursor reagents, often organic compounds, react chemically on the substrate
surface to leave behind a stable film and a removable gaseous by-product. PVD deposition
techniques include evaporation, sputtering and laser ablation. Thermal evaporation PVD was
used throughout this thesis for device manufacture and will be discussed in more detail in

section 3.3.2).
3.3.2). Thermal Evaporation PVD:

Thermal evaporation based PVD is a common method of thin film deposition
requiring relatively little in terms of equipment whilst producing thin films quickly compared
to other PVD methods. Typically, a source material is heated under vacuum conditions until

it evaporates and later condenses on the substrate to form a thin film. The evaporated atoms
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have an energy distribution determined by the source temperature, so thermal deposition
techniques are less damaging to the substrate surface than say sputtering which relies on
plasmas. This is an obvious advantage for the production of OLED devices, as the spin
coated organic layers underneath are left mostly intact. It is also true that the lower the

evaporation/deposition rates the less damage would be caused.

The quality of the deposited film depends on both the purity of the source materials
and the quality of the vacuum. If the evaporated material collides with another atom on its
path to the substrate, it may react with it introducing impurities; for example aluminium
reacting with oxygen to produce aluminium oxide. A higher level of vacuum increases the
mean free path of the evaporated material, reducing the number of potential collisions and
increasing the quality of deposited film. This method is not suitable for refractory metals or
those with a high melting point, and care must be taken with alloys due to the potential

variation in composition.

Vacuum Source
—

Substrate | Controller
Holder

,— |
QCM
Sensor

Crucible

&
Heater

Figure 3.4: The Kurt J. Lesker Spectros 11 deposition system on the left of the figure and a schematic view on the right of the
figure. Of particular note are the main evaporation chamber, with attached retractable arm, vacuum equipment and
rotation/Z-shift motor systems, and the control panel.
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The Durham University Organic Electroactive Materials (OEM) group has a Kurt J.
Lesker Spectros 11 deposition system, which is capable of achieving evaporation pressures of
approximately 1x10” mbar and depositing two separate materials at once. As can be seen in
Figure 3.4, the system consists of a primary upright cylinder, inside of which there are six
available sources for organic materials and another three sources for metals. Attached to the
left of the primary cylinder is a retractable arm, which can be used to swap masks, or
substrates, whilst still under vacuum with the aid of a rotatable, and z-shiftable, substrate
holder. Also to the left of the primary cylinder is the control panel which runs the Sigma
Instruments software and controls the system. The film thickness is determined using a
Quartz Crystal Microbalance (QCM) system and several deposition parameters which are

discussed further in 3.3.3).
3.3.3). QCM and Deposition Parameters:

A QCM system records the change in resonance frequency of a quartz crystal when
materials are either added to or removed from it [8]. When a quartz crystal is present in an
electronic oscillator circuit, its resonance frequency drives the frequency of the circuit.
Therefore, the amount the circuit frequency changes, in response to a change in mass per unit
area, can be used to calculate the thickness of film deposited. In order for the thickness to be
calculated, however, a couple of the properties of the material being deposited need to be
known. These include the density of the material and it’s Z-factor, which will be discussed in

more detail below.

The Z-factor is the ratio of the acoustic impedances of the quartz crystal (Z, = 8.83
Pa.s.m™) and the evaporated material (Z,), where the acoustic impedance is the amount of
sound pressure generated by a material at a certain frequency. It is also possible to calculate

the Z-factor using the shear moduli of the materials if they are available. Often for new

60



Chapter 3 Experimental

materials, neither of these values are easily available. Fortunately, the Z-Factor can either be
empirically determined, or ignored if the quartz crystal is fresh enough. During the course of
this thesis only the well documented materials TPBI, Lithium Fluoride and Aluminium were

evaporated.

Also of concern to QCM is the tooling factor, which incorporates the difference in the
amount of material deposited on the sensor compared to the amount deposited on the
substrate, due to the difference in their relative positions within the evaporation chamber. The
tooling factor is given as a percentage value and can be calculated using an estimated value.
As with the Z-Factor the tooling factor of the materials and the evaporation chamber were

already well known.
3.3.4). Deposition Procedure:

Once spin coating has been successfully completed, it is possible to then evaporate a
hole blocking layer if required and the metal cathodes. The individual steps for evaporating a

thin film are detailed below:

1. Once the substrates have been prepared they are then transferred, ITO side down, on to a
substrate holder and the required masks arranged. The substrates are positioned so that
the ITO strips are perpendicular to where the metal cathode strips will be evaporated,
corresponding to the gaps in the mask.

2. The substrate holder and masks are then loaded into the evaporation chamber, along with
aluminium for one of the crucibles, and the chamber itself pumped down to
approximately 1x10™" mbar.

3. The substrate holder is then set to rotate at five rpm in order to ensure an even covering

of evaporated material.
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4. Using the computer interface the recipe of the material to be evaporated is loaded and the
heater and shutter for the crucible activated.

5. For lithium fluoride and aluminium the evaporation process is automatic but for
miscellaneous organics the voltage to the heaters must be controlled manually to
maintain a steady evaporation rate of approximately 1 A.s™.

6. When a steady evaporation rate is achieved the substrate shutter is opened, the QCM
zeroed and the required thickness of film evaporated.

7. After evaporation the substrate shutter is closed, the crucible heater and shutter
deactivated and the rotation stopped.

8. If further layers are to be evaporated the masks can be adjusted using the retractable arm
and Z-shift facilities and the above steps repeated from Step 4. onwards.

9. If evaporation is complete the evaporation chamber can be vented back up to ambient

pressure and the substrate holder and masks removed.
3.4). Device Encapsulation:

Once the evaporation chamber has returned to the ambient pressure within the
MBRAUN MB-200B nitrogen glovebox the substrates can be removed and encapsulated in
order to protect them and prolong their lifespan [9, 10]. Encapsulation is necessary in order to
reduce contamination of the devices with oxygen and water, which can result in quenching.
Device contamination, and the quenching of excited states, have been discussed in more

detail in 1.1) and 2.5.1). The individual steps for device encapsulation are detailed below:

1. The devices are removed from the evaporation chamber and transferred to the attached
MBRAUN MB-200B nitrogen glovebox.
2. The devices are then removed from the substrate holder with tweezers and placed ITO

side up on a Petri dish.
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3. A peasized amount of a UV-curable epoxy resin, Delo-katio bond LP655, is deposited in
the centre of each device.

4. A clean glass cover slide (12x12 mm) is placed on top of the epoxy and positioned with
tweezers so that the device’s four pixels are all covered. The cover slides are cleaned
with solvents as described earlier in 3.1.2).

5. The devices are then exposed to UV light for four minutes. This causes the epoxy to set
completing both the encapsulation process and the manufacture of the devices.

6. The devices can now be removed from the glove box and characterised. The different

characterisation techniques will be discussed in more detail in 3.5).

3.5). Characterisation Techniques:

3.5.1). Steady State Characterisation of Devices:

Steady state electroluminescence characterisation of devices measures the amount of
light produced by a device when a steady current is applied to it and is the most common
method of assessing OLED devices. Within the Durham OEM group an Agilent 6632B (20
V, 5 A) power supply is used to apply a voltage to the OLED devices and measure the
resulting current. A Labsphere LMS-100 integrating sphere is used to collect the photons
emitted in all directions by the device, where they can be detected by an Ocean Optics
USB4000 fibre optic spectrometer. A NI LabVIEW program is used to control the voltage
applied to the OLED. It also collects the data from the power supply and spectrometer where
it calculates the device characteristics, such as External Quantum Efficiency (E.Q.E.) and
brightness. The LabVIEW program then exports this data both as a .txt file and as a .pdf file.

The integrating sphere and a screenshot of the LabVIEW program can be seen in Figure 3.5.

The spectrometer converts the photons it detects into a current; this can be used to

calculate the important characteristics of the OLED device. These characteristics include
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Figure 3.5: This figure shows the Labsphere LMW-100 integrating sphere used to characterise the devices and the
LabVIEW program used to control the system and produce the results.

different efficiencies such as E.Q.E. (Next, %), wall plug luminous efficacy (wpe, LM.W™) and
current efficiency (1, cd.A™) and brightnesses such as luminance (L, cd.m™). The rest of this

section will focus on calculating these characteristics and a brief explanation of their

properties [11].

The E.Q.E. of an OLED is the ratio of the energy put into the OLED in the form of
electrons to the energy that comes out in the form of photons. This is a ratio of energies and
as such is not affected by the wavelength of light emitted. With current from the
spectrometer, the OLED power as a function of wavelength (PoLep(A), W) can be calculated
using Equation 3.1:

Ispec (A)

FOORD 3.4

PoLep ()1) =

64



Chapter 3 Experimental

Where Igpec is the current generated in the detector in Amperes, R(A) is the detector
responsivity in Amperes/Watt and f(A) is the ratio of photons detected to the total number
emitted by the OLED. The function f(A) is obtained by calibrating the integrating sphere,

complete with OLED device holder, using a NIST traceable standard lamp.

Using Equation 3.1and E = hc/A, where h is Planck’s constant (6.626x10™* J.s) and
c is the speed of light (2.998x10® m.s™), it is possible to determine the total number of
photons emitted by the OLED device, forming Equation 3.2:

J Mgpec(A)dA

Nphotons = thf(/l)R(/Dd/l (32)

Equation 3.2 gives the amount of energy emitted by the OLED in terms of the number
of photons. In order to calculate nex the number of electrons injected into the device must be
calculated. This is done using Equation 3.3:

_ loLED (3.3)

Nelectrons e

Where loLep is the current passing through the OLED device in Amperes and e is the charge
of an electron (1.602x10™° C). Using the ratio of Equations 3.2 and 3.3 it is possible to
calculate the E.Q.E. of the device, this can be seen in Equation 3.4.

n _ Nphotons _ efllspec(/l)dl
ext Netectrons  loLephc f f(ADRA)dA

(3.4)

The human eye, however, is more sensitive to certain wavelengths of light than
others, it is therefore necessary to incorporate this into the OLED characteristics. This is done
by introducing the photonic luminosity function, y(4), which normalises the detector output
to the visual sensitivity of the human eye, peaking at 555 nm. Using this function, the curve
of which can be seen in Figure 3.6 in 3.5.2), it is possible to calculate the other characteristics

mentioned above. This includes the wall plug luminous efficacy, which is the ratio of the
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total luminous flux emitted by the OLED to the total electrical power put into it. This can be
calculated using Equation 3.5:

_ ¢0 fy(ﬁ)lspec(/l)d)L

= 3.5
Mwve =7 ooV T FGOR(YAA (3.5)

Where V is the voltage across the OLED device in volts and ¢ is the luminous coefficient

(683 Im.W™).

It is easily possible to convert this quantity into luminance and then to current
efficiency. Luminance is effectively a measure of how bright the emission from a surface is
and is widely used to characterise the brightness of displays and other devices. Current
efficiency, like E.Q.E., is a measure of the electrons injected into the device to the number of
photons emitted. Unlike E.Q.E., this quantity is again weighted by the photopic luminosity
function. Using the relationship between lumens and candela, 1 Im.sr™ is equal to 1 cd, it can
be shown that for a full sphere, of solid angle 4.7 steradians (sr), 1 candela is approximately
equal to 12.57 lumens. In our case, for a Lambertian emission from a half plane, the solid
angle is 7 steradians and so 1 candela is approximately equal to 3.14 lumens. It is therefore
possible to calculate L using this relationship and Equation 3.5, which allows n; to be

calculated using Equation 3.6:

AL

Ui (3.6)

IOLED

Where A is the area of the active pixel in m?.

These calculations are all performed automatically by the LabVIEW program, which
controls the characterisation process and converts the current returned by the spectrometer
into the important parameters mentioned earlier. The individual steps for steady state device

characterisation are detailed below:

66



Chapter 3 Experimental

1. Load OLED device onto the device holder within the integrating sphere and fasten it in
place securely to ensure a good connection to the electrodes.

2. Address the pixel to be tested and manually test the connection by applying a small
voltage across the pixel and checking for a resulting current.

3. When satisfied configure the LabVIEW program to test the desired range of voltages (up
to 20V), with a suitable voltage step between them (usually 0.5V), hold time (usually 3s)

and number of repeats (usually 5). The program is then run and the data exported.

3.5.2). Device Colour and CIE Coordinates:

As mentioned earlier in 3.5.1), the human eye is more sensitive to certain wavelengths
of light than others. This can be represented by the luminosity function. In other words, the
luminosity function shows the perception of brightness to different wavelengths of light, as
observed by the human eye. There are actually two luminosity functions; the most commonly

used of these is the photopic luminosity function, y(4), which is most suitable for normal
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Figure 3.6: The CIE’s three colour matching functions x(1), y(2) and z(2). These are related to the spectral response curves
for the three different cone cells present in the human eye and can be used to define the colour of light perceived. The
function y(2) is also known as the photopic luminosity function, which describes the sensitivity of the human eye to the
brightness of different wavelengths of light. It peaks at 555 nm, which is within the green, resulting in the sensitivity for blue
and red light being reduced in comparison.
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light levels. This is the function by which the OLED emission is normalised, meaning that the
blue and red emission is reduced in comparison to the green emission, SO more emission is
required to achieve the same brightness. A plot of the photopic luminosity function can be
seen in Figure 3.6. The second of these functions is the scoptic luminosity curve, which

applies only for low light levels, and as such will not be considered in this thesis.

The photopic luminosity function is included as a colour matching function within the
Commission Internationale de I’Eclairage’s (CIE’s) 1931 colour space [12]. The CIE 1931
colour space is used to convert between a spectrum of light and the colour perceived by the
human eye. It contains three colour matching functions, each of which is related to one of the
three different cone cells present within the human eye. The three functions x(4), y(4) and
z(A) [13] can be seen in Figure 3.6 and are used to produce the three CIE tristimulus values

X, Y and Z using the OLED power spectrum and Equations 3.7:
780
X= [ Posx(da
380
780
V= Pous@y@di (37)
380

780
z= f Powsn (D2 dA
380

This gives three values for the response of the eye to a spectrum of light, which would
imply that a three dimensional representation of colour is required to describe it. However, as
the concept of colour can be divided into two parts, brightness and chromaticity, a two
dimensional figure can in fact be used. Here Y is used to describe the brightness of a colour,
whilst two extra parameters derived from a normalised combination of X, Y and Z are used to

define the chromaticity. Three normalised values, X, y and z, can be calculated but, as
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x+y+z=1,onlyxandy are required to denote the chromaticity. The values for x, y and z

are calculated using Equations 3.8:

X
*TXtv+z

Y
- 38
Y X +r+zZ (38)
_z
XYY +2Z

The x and y parameters act as coordinates on the CIE chromaticity diagram. This
diagram, a version of which can be seen in Figure 3.7 [14, 15], covers all of the colours
perceivable by the human eye, where the locus around the outside corresponds to different
wavelengths of monochromatic light. Within the chromaticity diagram different gamuts, or
subsets, of colours can be defined. The most common of these is the SRGB gamut, or

“standard” RGB, which encompasses the standard colours reproducible by most displays.

Figure 3.7: The CIE chromaticity diagram, which contains all of the different colours perceivable by the human eye. Also
shown is the SRGB gamut (R = (0.64, 0.33), G = (0.30, 0.60) and B = (0.15, 0.06)), which contains the colours capable of
being reproduced by most common displays. These displays utilise RGB pixel systems.
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Displays use clusters of three pixels, one each for red, green and blue, to produce the
entire gamut within the triangle bound by the three colours. This does however mean that
there is a large range of colours outside of this gamut, which can be perceived by the human
eye but not reproduced by most displays. It is therefore important for OLED devices to be
able to reproduce these three colours efficiently to replicate the gamut and compete with LCD

displays.
3.5.3). Transient Characterisation of Devices:

Function Generator Oscilloscope

L N

Samﬁw Detector

Figure 3.8: This figure shows the basic experimental setup used to carry out transient electroluminescence on the devices
produced for this report.

Transient electroluminescence characterisation measures the response of an OLED
device when voltage pulses are applied to it, and it is a common method of assessing charge
carrier mobility [16, 17]. A HP8114A function generator is used to generate square voltage
pulses at a regular frequency of 1 kHz and of width 50 pus. An Agilent Infiniium 1 GHz 4
GSal/s oscilloscope is then used to record the pulses before and after passing through the
device. A standard Si-PIN-PD detector with an attached DHPCA-100 variable gain high
speed current amplifier, which is also connected to the oscilloscope, is used to detect the light

response of the OLED. A schematic view of the experimental setup can be seen in Figure 3.8.

The detector converts the light produced into an electric current based on the amount

emitted and transmits this measure of intensity to the oscilloscope. Using the oscilloscope it
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IS possible to observe a delay time (tg, s) for the OLED device to start emitting light after the
voltage pulses are applied. This delay time occurs due to the time taken for the charges
induced by the voltage to be transported through the device to the emissive layer, via the
methods discussed in 2.5), and for recombination and emission to occur. It is therefore
possible to use this delay time to calculate a value for the mobilities of the charge carrier

within the OLED device.

For transient EL the mobility of the charge carries (1, cm®V™*.s™) can be expressed

using Equation 3.9:

L Ld .
T (tdF) T taV (9)

U

Where L is the thickness of the emissive layer in meters, F is the electric field in V.m™ and is
determined using F =V /d, where V is the applied voltage in volts. The value for d
corresponds to the field thickness, which can usually be approximated to that of the emissive
layer. Outside of the emissive layer the organic layers are usually either primarily hole
transporters (PEDOT, PVK) or electron transporters (TPBI), resulting in a large imbalance of

charge causing the electric field to drop off.

The values obtained by transient EL characterisation can be used to identify and
investigate the different transport mechanisms within an OLED device. The individual steps

for transient EL characterisation are detailed below:

1. Load OLED device onto the device holder and fasten it in place securely to ensure a
good connection to the electrodes.
2. Address the pixel to be tested and manually test the connection by applying a small

voltage pulse across the pixel and checking for a resulting current.
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3. The lenses are then used to focus the light from the OLED device on to the Si-PIN-PD
detector.

4. Apply square voltage pulses at a regular frequency of 1 kHz and of width 50 ps with
increasing magnitudes, from 4V to 20V in 1V intervals.

5. The voltage and light pulses are recorded by the oscilloscope that averages 200
measurements for each of the three signals.

6. The results are saved and exported.
3.5.4). Ellipsometry:

There are a number of different techniques that can be used to measure the thickness
of the organic layers deposited by spin coating or evaporation. For the purpose of this thesis,

the primary method of thickness determination used was ellipsometry [18-20]. This is a

Linearly
Polarised

Light Elliptically
Polarised

Light

Isotropic

Light

Linearly

Detector Source

Figure 3.9: A schematic view of the ellipsometer experimental setup and a photograph of a J. A. Woolam VASE
Ellipsometer. Note that the angle of incidence is equal to the angle of reflection in this configuration.
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powerful optical technique, which makes use of the change in polarisation of the
monochromatic light incident upon the sample. The incident light interacts with the sample
through various mechanisms, including absorption, transmission, reflection and scattering.
The change in polarisation is measured by recording the Stokes Parameters, A and ¥, where

A is the phase difference and ¥ is the amplitude ratio.

The experimental setup can be seen in Figure 3.9, in both schematic form and a
picture of the actual equipment. The ellipsometer used by the OEM group is a J. A. Woolam
VASE Ellipsometer. As can be seen in Figure 3.9, the angle of incidence is equal to the angle
of reflection (®). Light incident on the sample can have its polarisation changed in two
different ways, parallel to the plane of incidence (p-polarised) or perpendicular to the plane of
incidence (s-polarised). The detector measures the complex reflectance ratio of the sample (p)
at different angles of incidence. This ratio is related to the Stokes Parameters by Equation
3.10:

7 .
p= r_p = tan(W)e*? (3.10)

N

Where r, and r are the amplitudes of the p and s polarisations respectively.

Whilst ellipsometry is a contactless and non-destructive method of obtaining a variety
of different film characteristics, including its thickness and refractive index, it is also an
indirect method. This means that it is not possible to directly convert the Stokes Parameters
into film parameters, and in order to extract physical quantities from them the desired
parameters must be modelled and fitted to the measured A and W values. Therefore the film
thickness is typically found by modelling a thin film, based on a basic organic Cauchy
representation [21], and then fitting this to the measured data using an iterative process, such

as least-squares minimisation.
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Ellipsometry can also be used to test how well multilayers have formed by
investigating how the overall film thickness deviates from what would be expected from the
sum of the individual layer thicknesses. Typically, if there is a large deviation from the
expected total thickness it implies that the base layer has been eroded in some way. This is
usually caused by the solvent from the upper layer dissolving the layer upon which it is being

spun. The individual steps for ellipsometry are detailed below:

1. Silicon substrates, with a thin coating of silicon dioxide (Si/SiO,) of known thickness,
and of similar size to ordinary device substrates are cleaned using the methods discussed
in 3.1.2).

2. After cleaning the thin films are deposited on to the shiny side of the Si/SiO,, either by
spin coating or evaporation, following the procedures outlined in 3.2.2) and 3.3.4).

3. The Si/SiO, substrates are loaded on to the ellipsometer and the Stokes Parameters are
measured at three different values of ® over a range of wavelengths, typically 300-1100
nm.

4. A model of the films is constructed in the ellipsometer software. A basic organic Cauchy
representation is used for the unknown films and the model is fitted to the experimental

data to determine the Stokes Parameters and extract the layer thicknesses.

3.6). Spectroscopy:

3.6.1). Absorption Spectroscopy:

The steady state absorption spectra of thin films and solutions were determined using
a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. This system produces light over a
large spectral range using two lamps, a Halogen lamp for the infrared (IR)-visible range and a
Deuterium lamp for the UV range. These lamps are coupled with a double monochromator

system, which can offer a spectral resolution over these ranges of 0.1 nm. The light produced
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by the excitation sources is split into two beams, one of which passes through the sample, the
other passes through a reference. The transmitted intensities from the sample and reference
are sent on to one of three detectors covering the different spectral ranges. A PbS detector for
the IR range, a InGaAs detector for the near-IR range and a photomultiplier tube (PMT) for
the visible and UV ranges. The reference transmitted intensities are subtracted from the
sample transmitted intensities, and using the Beer-Lambert Law discussed in 2.4.2) the

absorbance of the sample is calculated.

For solution based measurements, solutions of the species being investigated were
prepared according to the procedures detailed in 3.2.1). A concentration of the order of 50
pg/mL was used and the prepared solution was then transferred to a clean cuvette. Another
cuvette containing just the solvent was also prepared to act as a reference. For thin film based
measurements solutions of concentrations of the order of 10 mg/mL were prepared according
to the procedures detailed in 3.2.1). These solutions were then spun on to clean sapphire
discs, of diameter 1 cm, following the method outlined in 3.2.2). Films could also be prepared
using the drop casting method outlined in 3.2.3). A sapphire disc was left uncoated to act as a
reference. The discs and cuvettes had been cleaned using a sonic bath along with nitric acid

(70%), acetone and isopropanol in a similar process to the one detailed in 3.1.2).

3.6.2). Fluorescence Spectroscopy:

The steady state fluorescence spectra of thin films and solutions were determined
using a Jobin Yvon FluoroMax-3. A Xe lamp is used to produce an excitation source and
coupled with a single monochromator system to provide a good spectral resolution in the
range of 250-600 nm. The emission of the sample is collected perpendicularly to the
excitation source by a PMT, also coupled with a single monochromator system, covering the

range of 250-1000 nm. This setup allows a resolution of 1 nm, or better, to be achieved.
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To produce a fluorescence spectrum the excitation wavelength is fixed and the sample
emission is scanned. The excitation wavelength is determined from the peak of the first
absorption band from the spectra produced in 3.6.1). The solutions and films tested in the
FluoroMax were typically the same films tested in 3.6.1) or they were produced to the same
specifications. It is also possible to fix the emission wavelength and scan over the excitation
range in order to produce an excitation spectrum. This can be used to determine absorption
characteristics of the sample, or if there is more than one absorbing species within the

absorption curve.
3.6.3). Photoluminescene Quantum Yield Measurements:

The photoluminescence quantum yield (PLQY) of a material is a measure of the ratio
of the number of photons emitted by a material to the number of photons it has absorbed [22].
This quantity can give an idea of the photoluminescent efficiency of a material and has a

maximum value of 1.0. PLQY's (®p qv) can be expressed in the form of Equation 3.11:

® _ Number of photons emitted (3.11)
PLQY ™ Number of photons absorbed '

During the course of this thesis only thin film based PLQY measurements were
carried out. These measurements were performed using a small integrating sphere and a Jobin
Yvon FluoroMax-3. Emission spectra for both the sample and a reference were taken along
with a spectrum of the excitation for both. The excitation spectra were obtained using a
neutral density filter (optical density = 2), which reduces the intensity of light of all
wavelengths equally. A correction factor was applied to the four resulting spectra to take into
account the spectral response of both the integrating sphere and the FluoroMax. The
reference emission spectrum was then taken away from the sample emission spectrum in
order to remove the background radiation. The PLQY of the film was then calculated using

Equation 3.12:
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[ F(L)dA

Prior = 1000 TR(DAA = [ P(DYAA (3.12)

Where F(1) is the background removed emission spectrum of the sample, P(A) is the emission
spectrum of the excitation with the sample present, R(A) is the emission spectrum of the

excitation with the reference and OD is the optical density of the filter,
3.6.4). Triplet Levels and Phosphorescence Lifetime Measurements:

The triplet levels and lifetimes of several materials were measured using a Nitrogen
laser, emitting at 337 nm, as an excitation source [23, 24]. A pulse frequency of 5 Hz was
used to excite a sample mounted within a cryostat under vacuum (<1x10™* mbar) and cooled
to approximately 15 K. The emission from the material was collected perpendicularly to the
excitement source by a Stanford Computer Optics gated iCCD camera after passing through a
dual grating spectrograph. The iCCD camera is synchronised to the laser by using a
beamsplitter on the laser pulse to trigger a photodiode connected to the camera. The
horizontal pixel direction of the camera corresponds to the different emission wavelengths,

whilst the vertical pixels are integrated for intensity.

The lifetime measurements were performed by obtaining a series of spectra at
different camera delay and integration times. The spectra were then integrated to obtain
overall emission intensities from which the lifetime can be extracted by fitting a logarithmic
function to the intensity values. The triplet levels are extracted from the point on the spectra
where the first peak of the emission starts to appear and is converted from wavelength into

energy using the equation E = hc/A.
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Chapter 4 Analysis of OLED Devices Using SEmiconducting Thin Film

Optics Simulation (SETFOS) Software:

Sections of this chapter have been published:

J. H. Cook*, H. A. Al-Attar and A. P. Monkman, ‘Effect of PEDOT-PSS resistivity and work

function on PLED performance’, Organic Electronics, 15, 245, (2014).
4.1). An Introduction to SETFOS:

SEmiconducting Thin Film Optics Simulation (SETFOS) is a software package
produced by FLUXIM that simulates the behaviour of OLED devices. It is capable of
reproducing both the optical and electrical behaviour of devices using several different
models built into the software. Optical models can be used to predict EL emission spectra, the
radiating dipole density location and distribution, and also the optimum layer thicknesses for
cavity resonance [1, 2]. Electrical models can be used to extract qualitative values for device
parameters, such as hole mobility and work function, and reinforce conclusions drawn from
experimental work [3]. It is also theoretically possible to use SETFOS to predict device
behaviour before making them, potentially saving both time and materials. Optical models
are not the focus of this chapter and will not be discussed in more detail. Further details for
the principles upon which the electrical models are built, including those discussed below,

can be found within the SETFOS 3.2 User Manual [4].
4.1.1). Fundamental Equations:

For electrical drift diffusion simulations there are several governing equations that
need to be mentioned. Foremost amongst these equations are the semiconductor continuity
equations. These two equations, which define the change in population of holes and electrons

within the device, can be seen in equations 4.1 and 4.2:
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dn VJ, dn;
at =g RTap ¥ Govtapn 1)
dp  —Vp dp:
ac- g R tOortndr (4.2

Where n is the electron density, p is the hole density, E is the electric field, R is the
recombination rate, % and % are the rates of charge trapping and Goptnp is the optical

charge generation efficiency. Trapping will be discussed in more detail in 4.1.3).

These two equations for the different charge transporters can be coupled to form the

Poisson equation seen in Equation 4.3:

ggyVE = _Q(p —Nn+p—ng+ ADoping - DDoping) (4-3)
Where the Apgping and Dpoping are the acceptor and donor doping terms respectively and
supplement the local charge density. The local electric field can be obtained using Equation

4.4:

L
fﬁwz%w—% (4.4)
0

Where V4, is the applied voltage and Vy; is the built-in voltage, see 4.1.2). The bimolecular

process of recombination is described by Equation 4.5:

q
R = TlnP(Hn + /’Lp)g (4.5)
Where 1 is the Langevin Recombination Efficiency and the recombination process is heavily

dependent on the local charge mobilities [5].

SETFOS features two generations of electrical models for simulations. The first
generation uses well defined energy states and the classical Einstein relations between

diffusion and mobility to model devices, whilst the second generation accounts for disordered
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systems with spread energy levels and incorporates a generalised Einstein relationship
(GER). For the purposes of this thesis, only second generation models need to be considered
as they provide more accurate simulations than the more primitive first generation models.

The second generation models incorporate a disordered density of states (DOS) using

Equation 4.6:
N, E — Eg\?
= - 4.6
N(E) — expl ( N ) l (4.6)

Where Np is the density of chargeable sites, ¢ is the DOS energy width, typically 0.05-0.15
eV, and this equation is linked to the local carrier density by Fermi-Dirac statistics and

Equation 4.7:

p(x,Ef) = f_ooN(x, E)f(x,E Ef) dE (4.7)

The disordered DOS bands are filled from the centre and as such p(x, Ef) can be no larger

than N, /2 within the OLED device. The models used for carrier mobilities, carrier injection
and trapping all follow from this equation and these will be discussed in more detail in 4.1.2)

and 4.1.3).

As mentioned earlier, second generation models incorporate a generalised Einstein
relationship. This relates the diffusion constant of the charges to their mobility using

Equation 4.8:

kT
Dyp = tnp R ({n,p}, T) (4.8)
Where g3, ({n,p},T) is the enhancement function of the classical relationship following

from the change in the DOS with o [6]. This function causes D,, ,, to increase with increasing

carrier density and decreasing temperature, and 93, ({n,p}, T) is found using Equation 4.9:
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1 {np}
93, ({n,p}T) = ﬁ a{n, p} (4.9
“OE

4.1.2). The Extended Gaussian Disorder Model (EGDM):

SETFOS has two different models for calculating charge mobilities for second
generation simulations. The Extended Gaussian Disorder Model (EGDM), which works best
for polymer based devices [7], and the Extended Correlated Disorder Model (ECDM) [8],
which works best for small molecule based devices[9, 10]. As this thesis focuses on polymer
based devices, EGDM will be discussed in more detail. The EGDM arises from both the GER
and the Pasveer mobility law [11] and produces a charge mobility that is not only both field
and temperature dependent but also depends on the local carrier concentration. This can be

seen in Equations 4.10-4.14:

u(T,p, E) = uo(T)g1(T,p)g-(E) (4.10)

exp(%(&z - 6)(2p)°), forp <0.1
g1(T,0.1), forp>0.1

) In(62 — 6) — In(In(4))

62

(4.12)

to(T) = pexp(—c,6) (4.13)

B - {exp (0.44 (67 - 2.2) < J 1+0.8 (?)2 - 1)) for E<20/qa -

k 92 (T 20), forE>20/qa
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Where c; is the molecular orbital overlap integral, which is typically 0.39 for polymer based
materials, ¢ is the Gaussian energy distribution width for the HOMO, or LUMO, levels
electronic state DOS and 6 = o /kgT. Equations 4.10-4.14 are given in terms of holes, in

order to convert from holes to electrons simple substitute p for n, as they are valid for both.

Ohmic and thermionic injection models work with both of the second generation
models mentioned above. Ohmic injection utilises a fixed boundary condition defined by the

user. This can be seen in Equation 4.15:

N|cathode = Nconst ANA/OT D] anode = Pconst (4-15)

Whereas the thermionic injection model converts the work function of the electrode into a
density boundary condition using a barrier lowering mechanism [12]. This can be seen in

Equation 4.16:

p(Ef) = j_ ooN(E) f(E,E;)dE (4.16)

Where E; is the Fermi energy, which is related to the injection barrier of the electrode by the

equations A = Eyomo — Panode AN A = Pcatnoge — ELumo-

The method used to calculate Vi depends upon whether the thermionic or the ohmic
models are used. For the purposes of this thesis, the thermionic model was selected. This
value was mentioned in 4.1.1) and represents the built-in voltage of the device. For a first

generation model Vp; would be calculated using Equation 4.17:

QVpi = Pre — Py (4.17)
In this equation, @, and @ represent the work functions of the right and left electrodes
respectively. For the thermionic model the user defines the value of ®;, whilst for the ohmic

model they are determined using Equation 4.18:
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Erymo — Ef(n,), electron injection at Cathode
@, = (4.18)
Enomo — Ef(pe), hole injection at Anode

From the above it can be deduced that for the thermionic model the user specifies the work
function of the electrode and therefore the Fermi energy, and SETFOS then calculates the
boundary charge densities and V. For the ohmic model, the user specifies the boundary

charge densities and SETFOS calculates the Fermi energy, effective work function and Vy;.

The EGDM and ECDM include a system for modelling the processes occurring at the
internal organic-organic interfaces [13]. These models incorporate hopping mechanisms, field
dependent barrier lowering and the local adaptation of inter-site distances to provide a
number of advantages over those used in the first generation models. The primary advantage
of these models is that they have a substantially reduced discretisation dependence,

increasing the accuracy of the simulation.
4.1.3). Trapping and Excitons:

Like the free charges in 4.1.2), the traps integrated into the second generation models
use a distribution function, N¢(E). There are two different variations built-in to SETFOS, the
exponential trap distribution and the Gaussian trap distribution. The general trap density is

given by Equation 4.19:

pe(Ef) = f_ OoNt (E)f(E E;)dE (4.19)

Where f(E, E;) is the Fermi-Dirac distribution. For exponential traps the distribution function

is given by Equation 4.20:

(4.20)

Nr IE E
NtExp (E) _ rap ]

2kT, © kT,
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Where Ty is the characteristic temperature, Ntrp is the number of available trap states and E;
is the trap depth, usually in the range of 0.05-0.5 eV. For Gaussian traps the distribution

function is given by Equation 4.21:

NTrap l (E - Et>zl
N E) =———exp|— (4.21)
tGauss( ) 27_[0_2 p \/EO'

Where o is the width of the Gaussian DOS.

Whilst the equations above focus on electrons and holes in their individual states,
SETFOS is also capable of modelling excitons, including their generation, migration and
energy transfer characteristics. The exciton current generated in the device is given by

Equation 4.22:

Js; = DsVS; (4.22)
Where Ds is the exciton diffusion constant and VSi is the exciton population of which there

are i different types of exciton. The exciton rate equation is given by Equation 4.23:

as;(z)
dt

= GiR(2) + Vs5,(2) = (Kraa,(2) + Knonraa,(2)) -S:(2) = Kamnin,- Si(2)?

(4.23)

Nexc

+ Z (k]lSJ(Z) - kl]Sl(Z)) + Goptii G(Z) - kdiSi(Z)
j=1

This equation includes several different generation, migration and decay terms relating to the
different individual processes that excitons can undergo. G;R(z) is the recombination exciton
generation factor (where classically, G; is 0.25 for singlets and 0.75 for triplets), Gop,; is the
optical exciton generation efficiency and G(z) is obtained from the absorption
spectra. Krqq,(2), knonraa;(2), Kannin, and kg, are the radiative decay, non-radiative decay,

annihilation and dissociation loss terms for the exciton. Finally, k;;.S;(z) and k;;.S;(z)
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represent energy transfer from one excited species to another. This can occur via both the

Forster and Dexter mechanisms discussed in 2.5.2) and 2.5.3).

SETFOS can use two exciton dissociation models. The first is the Onsager-Braun
model [14, 15] where the mean initial separation distance, a, is the free parameter (typically a

~ 1 nm). The model is also field and temperature dependent and is calculated using Equations

4.24-4.26:
Bpe ae@) ) (242607 )
__3pe _ 4.24
kq(a,T,E) ameegad P kT —2b(T,E) 424
BT, E) = e’E (4.25)
"0 Bmeggk2T? |
eZ
_ 4.26
Ae(a) drtegya ( )

Where J; is a Bessel function of the first kind of the first order. The second model is the
Koster model [16], which has been modified to also include metastable polarons and
positional disorder. SETFOS 3.2 is unable to model the transfer of exciton energy across

different layer interfaces and invokes a no-flow condition in order to prevent their migration.

4.2). Introduction:

In order to assess the viability of SETFOS 3.2 as a tool for analysing OLED devices it
is necessary to check its ability to replicate device data and its ability to handle changes in
device structure. Perhaps the simplest change that could be investigated concerns the type of
poly(3,4-ethylenedioxythiophene) (PEDOT) used in devices. The PEDOTSs used throughout

this thesis come from a commercial source, Heraeus Precious Metals, Germany, and as such
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have known properties and are of a high enough quality that allow for reproducible devices.
This makes it extremely suitable to be used to test the ability of SETFOS to adapt accurately

to carefully controlled changes in device parameters.

To recap 2.6.2), many OLED devices feature a hole-injecting layer (HIL) between an
Indium Tin Oxide (ITO) anode and a hole transporting layer (HTL). One of the most
commonly used hole-injecting layers is PEDOT. The PEDOT layer acts to smooth the
gradient of work functions [17, 18] between the ITO and the HTL, which aids charge
injection within the device. As PEDOT possesses a poor solubility it is commonly combined
with poly(styrenesulfonate) (PSS) to form a complex; PSS acts as a negative counterion to
the positively charged PEDOT and renders the complex soluble. It is possible to tune the

properties [19] of PEDOT-PSS, including the work function and resistivity, in order to affect
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Figure 4.1: Plots of (a) J-V curves, (b) Luminance vs. J, (c) E.Q.E. vs. J and (d) Device Efficiency vs. J for four devices with
PEDOT of different resistivity and work function. Inset to (b) shows the turn on voltages for the three PEDOTS in a plot of
Luminance vs. V.
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the overall properties of the device. This can be achieved by changing factors such as the

ratio of constituents, impurity density, dopant type and the dispersion solvent [20-22].

A previous investigation [2, 3] into the effect of PEDOT resistivity and work function
on device characteristics tested four commercially available variations of PEDOT from
Heraeus Precious Metals, Germany [23]. The PEDOTSs included CLEVIOS™ HIL 1.1, HIL
1.3 and HIL 1.5, and were used in devices of the same structure to evaluate the effects of the
PEDOT resistivity and work function on PLED efficiency and performance. The results of
this research can be seen in Figure 4.1. The PEDOT AL4083 also featured in this initial
investigation but, as it introduced a change in work function instead of hole mobility, it has
not been included here. As only one parameter is varied between the three PEDOTS these

results are the ideal subject for testing the viability of SETFOS analysis of OLED devices.
4.3). Experimental:

Three devices were made previously using the PEDOTs HIL 1.5, HIL 1.3 and HIL 1.1
respectively as the HIL. The differing properties[23] of these are detailed in Table 4.1. The
devices were manufactured and steady state characterised using the techniques detailed in

Chapter 3. The device structure used here was based on the solution processed multilayer

Aluminium — 100 nm

PVK (90k Mw) : 40% PBD : 8% Ir(ppy)s — 80 nm

PVE (1.1M Mw) - 30% TPD —27 nm

FEDOT — 70 nm

ITO — 150 nm

Glass Substrate

Figure 4.2: The structure of the devices used to provide the data for SETFOS analysis.
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devices used in previous works [1], where layers of poly(9-vinylcarbazole) (PVK) with
different molecular weights (PVKH = 1,100,000 Mw and PVKL = 90,000 Mw) are stacked
on top of each other, using their different solubilities in the solvents chlorobenzene and
toluene to maintain discrete boundaries between the two. The exact device structure can be
seen in Figure 4.2 and these devices provided the results seen previously in Figure 4.1. The
data presented is an average over four devices for each different PEDOT and have an error

associated with them of approximately 5%.

Table 4.1: The properties of the different PEDOTSs used to manufacture devices for this report.
PEDOT Resistivity /Q.cm | Work Function /eV

HIL1.1 10-100 5.4-5.9
HIL1.3 1000-10000 5.4-5.9
HIL 1.5 100000-1000000 5.4-59

Using the same solutions, thin films were prepared on Si/SiO, substrates. Their
thicknesses and refractive indices were then obtained using ellipsometry as detailed in 3.5.4).
Both of these material parameters are required by SETFOS and the thicknesses were
repeatable to within £10 nm. These values, along with several others, were entered into
SETFOS using the graphical user interface, which can be seen in Figure 4.3. Values not
directly obtained by experimental methods were acquired from the literature or estimated

using Table 4.9 in the SETFOS 3.2 User Manual.

SETFOS was instructed to sweep over the same voltage range that was used for
device characterisation, including the same voltage step size. Three parameters, PEDOT work
function, PEDOT resistivity and TPD mobility, were selected to be varied in order to achieve
a good fit. The PEDOT parameters were varied in accordance with the ranges given in Table
4.1, whilst the hole mobility of TPD was varied between the literature values of 10%-107
cm?®.Vs[24]. The TPD mobility corresponds in this case to the effective hole mobility of the

blocking layer, as the concentration of TPD exceeds the threshold after which transport
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occurs without the involvement of the PVKL [25]. Using the three free parameters SETFOS

was aiming to fit its values to the device current densities using a built in optimisation

algorithm.
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Figure 4.3: The graphical user interface used to operate SETFOS 3.2. The device parameters have been entered and the
simulation is ready to run.

4.4). Results and Discussion:

Drift-diffusion simulations of the three HIL type PEDOTSs were carried out using
SETFOS 3.2. The resultant J-V curves are in good agreement with the experimentally
observed results. These plots are shown in Figure 4.4, along with their experimentally
determined counterparts, and allow for the extraction of qualitative values for the PEDOT

work function, PEDOT resistivity and the effective hole mobility of the blocking layer. This
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Figure 4.4: Plots of the simulated J-V curves for (a) PEDOT HIL 1.5, (b) PEDOT HIL 1.3 and (c) PEDOT HIL 1.1,
produced using SETFOS 3.2, along with the experimentally determined J-V curves already seen in Figure 4.1.

is possible due to the fact all the other drift diffusion parameters were kept constant as the

type of PEDOT should have no effect on their magnitude.

The parameters used to produce the three different plots are detailed in Table 4.2.
From these values, it can be seen that there is indeed an increase in resistivity when going
from the HIL 1.1 PEDOT to the HIL 1.5 PEDQOT, although these values do not fall within the
ranges stated in Table 4.1. This is probably due to the cross-sectional area of the pixels

involved not being taken into account by SETFOS; nor does SETFOS consider the
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resistivities of the ITO or aluminium layers. There is a slight increase in work function,
which is within the prescribed range, but this change is small enough to not be overly
significant. Finally, it can also be observed that the effective hole mobility of the blocking
layer is dependent on the PEDOT used; there is a decrease in the effective hole mobility as

the resistivity of the PEDOT is increased.

Table 4.2: The parameters used by SETFOS 3.2 to produce the simulated J-V curves seen in Figure 4.4.

pepoT | PEDOT Work Function PEDOT Resistivity | Effective TPD Hole Mobility
/eV / x10° Qm / x10™* cm?.vs™

HIL1.1 5.41+0.05 8.90+0.09 3.10+0.03

HIL1.3 5.42+0.05 9.00+0.09 2.80+0.03

HIL 1.5 5.46x0.05 26.0+£0.3 1.30£0.02

The SETFOS simulations yielded values for the hole mobility of TPD from the lower
end of the 10-10"° cm?.Vs™ range which, together with the values in Table 4.2, indicates that
increasing the resistivity of the PEDOT has the effect of decreasing the effective hole
mobility of the TPD. This implies that the resistivity of the PEDOT affects the balance

between the charge carriers by changing the holes per unit time entering the blocking layer.

In order to address the discrepancies between the values given in Table 4.1, from the
PEDOT manufacturers Heraeus, and the values produced by SETFOS in Table 4.2, more
simulations were carried out; the results of which can be seen in Figure 4.5. Initially
simulations were performed to try and match the experimental values for HIL 1.5 whilst
using the given ranges of resistivity and work function in Table 4.1. This was achieved after
modifying several values from the original simulation parameters used to produce Figure 4.4,
and produced reasonable, but not as well fitting, results; see plot .a. of Figure 4.5.
Unfortunately, when it came to using these parameters to fit the data for HIL 1.3 using the
correct resistivity range, it was not possible to create a satisfactory fit; see plot .b. of Figure

4.5.
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Figure 4.5: Plots of the simulated J-V curves for (a) PEDOT HIL 1.5 from a simulation optimised for HIL 1.5, (b) PEDOT
HIL 1.3 from a simulation optimised for HIL 1.5, (c) PEDOT HIL 1.5 from a simulation optimised for HIL 1.3 and (d)
PEDOT HIL 1.3 from a simulation optimised for HIL 1.3, produced using SETFOS 3.2, along with the experimentally
determined J-V curves already seen in Figure 4.1.

This same process was then carried out for HIL1.3 instead, and the original
parameters were modified to fit its experimental data. This again produced good, but also not
as well fitting, results; see plot d. of Figure 4.5. Unfortunately, as was observed before, when
these parameters were used to fit for HIL1.5 it was not possible to achieve a good fit; see plot
.c. of Figure 4.5. This serves to highlight that the discrepancies between the given resistivities
in Table 4.1 and the simulated ones in Table 4.2 are more than likely due to a problem with
the SETFOS model. This is believed to be due to the inability of SETFOS to account for the

leakage current that occurs in devices.

Despite these potential problems with the SETFOS model, it is believed that the
guantitative trends and values, produced from the simulations, are still valid and can be used
to reinforce conclusions drawn from experimental data. The general trends