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Abstract

This thesis investigates the use of the large-area, roll-to-roll compatible deposition
technique of ultrasonic spray coating for the fabrication of polymeric organic light-

emitting diodes (OLEDs).

Firstly, in Chapter 4 a range of different materials are investigated as potential
solution processable electron-injection layers, typically this layer is deposited via
thermal evaporation in OLEDs but a solution based alternative is required for
deposition via ultrasonic spray coating. Solution-processed electron-injection
layers: caesium carbonate (Cs2C03), 8-hydroxy-quinolinato lithium (Liq) and
polyethylenimine-ethoxylated (PEIE), are spin cast to tune thickness for optimal
device performance and investigated for compatibly with ultrasonic spray coating
under ambient conditions. Caesium carbonate deposited in an inert atmosphere was
found to improve device performance compared to thermally evaporated lithium
fluoride references but when cast in an ambient atmosphere the device performance
was very poor due to the hygroscopic nature of Cs2C0s. Devices fabricated with

optimal thickness Liq electron-injection layer had low mean peak luminance of 1197
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cd m2, Devices with PEIE layers of 2.7 + 0.1 nm spin cast under ambient conditions

have mean peak performance metrics of 3.18 cd A1, 1.14 Lm W-1, and 10690 cd m2.

In Chapter 5 the wide parameter space of ultrasonic spray coating is probed in order
to determine the processing window and optimisation process for depositing
uniform polymer thin films. The parameter space for ultrasonic spray coating has
been investigated and an optimisation process for spraying uniform thin polymer
films has been developed using hole-transporting polymer poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-butylphenyl))) diphenylamine] (TFB).
The processing window for casting uniform films of TFB from a 4 mg ml-! toluene
solution cast onto a substrate held at 25 °C with a fluid pressure of 50 mbar have
been shown to be a pass height of 40 mm and a range of pass speeds from 125 - 200

mm s to fabricate films between 66 - 97 nm.

In Chapter 6 a study is undertaken to determine if there is a fundamental issues with
films deposited via ultrasonic spray coating that could limit the electrical
performance of devices containing these film compared to those deposited via spin
coating. The influence of thin film processing technique and surface roughness on
the electrical performance of unipolar polymer OLEDs are studied, and a negligible
difference is found between low-roughness spray cast (Ra < 10 nm) and spin cast
devices of equivalent thicknesses. However, above 10 nm roughness there is a
reduction in injection efficiency, up to an 86 % loss in performance for roughnesses
of the order of 40 % of the thickness of the film. As such a processing window of Ra
< 10 nm for achieving comparable electrical performance between spin and spray

cast devices is demonstrated.

Finally, in Chapter 7 the different layers of a White-emitting polymer OLED are
deposited via ultrasonic spray coating in separate devices for optimisation, then the
layers are sprayed subsequently in the same device and lastly large-area devices are
fabricated to demonstrate the scalability of the process. White-emitting polymer
OLEDs have been fabricated in which the hole-injection layer, emissive layer and

electron-injection layer were deposited via ultrasonic spray coating.
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Several different device studies have been conducted: Firstly, devices with
PEDOT:PSS deposited via ultrasonic spray coating as a hole-injection layer were
fabricated and show comparable device performance to those with spin-cast

PEDOT:PSS.

Secondly, devices with a white-light-emitting polymer (LEP), deposited via
ultrasonic spray coating, have mean peak current efficiency of 4.93 cd A-1, 90 % of
the value of the spin cast references 5.45 cd A-1. The mean peak power efficiency of
the spray cast devices was 2.42 Lm W-1, 82 % of the spin cast references 2.97 Lm W-
1, The mean peak luminance of the spray cast devices was 8149 cd m-2, 80% of the
reference spin cast value 10189 cd m-2. These results are equivalent to those in
literature where devices fabricated by Gilissen et al. in which a yellow-light-emitting
polymer was deposited via ultrasonic spray coating achieved 9.71 Lm W-1, 81 % of

the spin cast reference.

Thirdly, attempts were made to replace the electron-injection layer with an air-
stable, non-ionic and non-conjugated polymer, polyethylenimine-ethoxylated
(PEIE), layer deposited via ultrasonic spray coating. Devices in which PEIE was
deposited via ultrasonic spray coating as an electron-injection layer showed poor

device metrics and non-uniform emission.

Finally, white-light-emitting devices were then fabricated in which the hole-
injection and emissive layers were sequentially deposited via ultrasonic spray
coating, a first for polymer OLEDs. The mean peak current efficiency for the spray
cast devices was 2.43 cd A1, 72 % of the value of the spin cast references 3.39 cd A-
1. The mean peak power efficiency of the spray cast devices was 0.83 Lm W-1, 71 %
of the spin cast references 1.17 Lm W-1. The mean peak luminance of the spray cast
devices was 7409 cd m2, 70 % of the reference spin cast value 10626 cd m2. The
same layers were then spray cast to fabricate large-area devices to demonstrate the
possibility of coating over large areas and the potential compatibility of this
technique with roll-to-roll processing, a yield of working pixels of 95.8 % was

achieved.
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Chapter 1

Introduction

Electric lighting is an absolute fundamental of modern life. If you are at home, work,
inside or outdoors you'll almost certainly be illuminated by some form of electrical
lighting. The first mass produced light bulb was the incandescent light bulb and it is
still used today. In an incandescent bulb there is a resistive wire filament sealed
within a partial vacuum or inert gas, a current is applied across the filament causing
it to heat to a high enough temperature to emit light. Incandescent bulbs are limited
to an maximum efficiency of around 17 Lm W-1 as around 95 % of the energy put

into the bulb is transferred into waste energy in the form of heat.[1,2]

The low efficiency of incandescent bulbs has driven research into more efficient, and
therefore cheaper lighting. One popular higher efficiency alternative to
incandescent bulbs are fluorescent tube lights. Fluorescent tube lights consist of a
sealed, phosphor coated glass tube containing a mercury vapour/gas mixture. When
a current is applied to the cathode within the tube electrons are emitted into the gas,
these electrons collide with mercury atoms in the gas causing excitation of the
outermost electron in the mercury atoms. The electron subsequently relaxes by
emitting a UV photon which is absorbed by the phosphor coating and re-emitted as
visible light in a similar process. Over the past 40 years fluorescent tube lights have
been developed to have luminous efficiencies around 90 Lm W-1, longer life times
and less flickering issues.[1] Compact fluorescent bulbs are now available designed
to fit light fittings previously used for incandescent bulbs. The price of fluorescent
tube lights/compact fluorescent bulbs are typically higher than incandescent bulbs.

However, the higher efficiency and longer lifetime make fluorescent lighting more
e e e e
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cost efficient overall, but the initial higher cost of such technologies is still a barrier
for efficient lighting.[2] One downside to fluorescent lighting is the potential risk of
mercury contamination of the area if the glass breaks as such special precautions

must be taken when disposing of fluorescent lights.

One promising field of research for lighting is solid state lighting (SSL). Solid state
lights are made up entirely of solid materials in which the charge carriers, electrons
and holes, are confined within solid structure. This differs from incandescent and
fluorescent lighting which contain either a vacuum or a gas. The two main forms of
SSL are light-emitting diodes (LEDs) and organic light-emitting diodes (OLEDs).
Both inorganic and organic light-emitting diodes use semiconducting materials to
emit light through the process of electroluminescence, with LEDs using crystalline
materials such as gallium arsenide and OLEDs using carbon based materials. The
first LED to emit in the visible region was reported in 1962, with the efficiencies
improving over time and with the publication of blue LEDs in the early 1990’s the
route to a white LED (WLED) was achieved in 1996.[3-6] The first commercial
WLEDs had efficiencies comparable to incandescent bulbs but in only a couple of
years WLED efficiency has increased massively so commercial devices with
efficiency over 200 Lm W-1 are now available.[6,7] The rapid improvement in device
performance suggests that there is still potential to improve device efficiency in the

near future.

Organic compounds were first shown to produce electroluminescence by Bernanose
in 1955. Bernanose applied voltages up to 2000 V to 100-200 um thick acridine
derivatives.[8] In 1963 Pope and co-workers observed electroluminescence in
single crystal anthracene. The 10-20 pm thick crystals were prepared by
sublimation and from solution and began to emit light above 400 V.[9] Later in the
1960's similar devices with lower, but still not commercially viable, operating
voltages were produced by Helfrich and Schneider in "recombination radiation in
anthracene crystals" and by the Mehl and Bucher group.[10-12]. In the early 1980's
a key development was made in the OLED field by Ching Tang's group at Kodak. The

group were the first to add a hole-injection layer (HIL) into the device structure.[13]

|
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This innovation led to operating voltages below 20V, brighter devices and higher

quantum efficiencies.[11]

In 1990 Burroughes et al. used 100 nm thick films of poly(p-phenylene
vinylene)(PPV) to make green emitting OLEDs.[14] This work using PPV was the
first step in making an OLED from an emissive conjugated polymer thin film but
much work was still needed in order to make displays or lighting using this
technique meet commercial standards. Research that followed aimed to synthesise
PPV derivatives that were soluble, higher purity and had improved structural
regularity.[15] In 1991 Braun and Heeger used MEH-PPV, a PPV derivative with
soluble side chains, dissolved in an organic solvent to spin coat an emissive
conjugated polymer thin film as a layer in an OLED.[16] The ease in which OLEDs
could now be fabricated, compared to previous techniques, and new soluble
polymers led to improvements in OLED performance over the following years. The
evolution of OLEDs in the 20 years following Burroughes work was due in part to
the development of emissive conjugated polymers but also due to innovations in the
device architecture, further development of small molecules and phosphorescent
emitters and an increased understanding of the physics of charge transport in
OLEDs leading to the multiple new interlayers.[17-23] The first white OLED
(WOLED) was reported in 1994 by Kido et al. where host polymer poly(N-
vinylcarbazole) (PVK) was doped with blue, green and orange emitting small
molecules to combine to emit over a broad range with a luminance of 3400 cd m-2at
14 V, and an efficiency of 0.83 Im W-1[24] The field has advanced at a rapid rate
since this point with improved device stability and efficiencies up to 130 Lm W-1 for

white phosphorescent devices.[25-29]

Large improvements in efficiency and luminance have been made for both LEDs and
OLEDs, and these devices are now fabricated on an industrial scale for premium
products such as televisions, displays and lighting (for inorganics). Inorganic LEDs
are typically fabricated via epitaxial growth on expensive crystalline substrates
using techniques such as metal-organic chemical vapour deposition. This is a slow
process that involves high control and is limited to small-area depositions, leading

to displays or lights requiring arrays of small LEDs.[30] Further to this inorganic
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LEDs are point light sources as such require the light emitted to be scattered to
produce diffuse light required for lighting, which leads to a reduction in efficiency

and limits design.

The consumer price of solid state lighting (SSL) units could be reduced drastically if
production cost could be lowered, this could be achieved by increasing the rate of
production and increasing the size of the fabricated light sources. One such method
of mass production, which could be used to fabricate SSL on an industrial scale for
lighting is Roll-to-Roll (R2R) processing. Roll-to-Roll (R2R) processing uses a roll of
flexible material which is unfurled at speed, coated or printed on then wound up
into a roll which can then be cut to the desired dimensions. The rolls of flexible
material used vary in size and can be up to Kilometres long and meters wide. The
high throughput of R2R processing and wide nature of the substrates used require

arapid, large-area coating technique.

Organic LEDs, typically small molecules LEDs, can be deposited via thermal
evaporation under high vacuum, this process is used to fabricate OLED televisions
but the complexity of these devices lead to a slower process and consumer prices
over £1500. Thermal evaporation of small molecules for the fabrication of large-area
OLEDs is a process which is compatible with high throughput coating but the small
molecule layers deposited may lack the mechanical robustness to undergo
unravelling and re-reeling of flexible substrates required for a R2R process, as well
as there being potential issues with interlayer diffusion during thermal cycling
during fabrication.[31] This coupled with the high vacuums required for depositions
use a large amount of energy, can be expensive to achieve, with cost rising with
larger vacuum chambers required for higher output are challenging barriers for

thermal evaporation of OLEDS as a route for low cost lighting.

Another route to fabricating OLEDs, typically polymer based OLEDs, is via solution
processing. Small-scale processing of solution processed OLEDs in labs is typically
achieved using spin coating but this process struggles to coat uniformly over large
areas and is incompatible with R2ZR processing. However, some potential R2R
compatible techniques have already demonstrated the coating of polymeric thin

films from solution for electronic devices.[32-34] In this thesis ultrasonic spray
|
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coating is investigated as a deposition technique for uniform, thin polymer films for
the fabrication of OLEDs. Ultrasonic spray coating, a large-area R2R compatible
coating technique, has already been used to successfully fabricate organic
electronics such as solar cells and transistors, but the high sensitivity to thickness
variations and the sequential deposition of layers required for OLED fabrication

provides a stern test for the wide spread application of ultrasonic spray coating.

If OLEDs could be successfully deposited using a R2R compatible process like
ultrasonic spray coating then not only could this potentially reduce the cost of
efficient lighting but the way lighting is used could change. R2R fabricated OLEDs
could be millimetre thick, large-area, flexible panels emitting across the device not
requiring a diffuser unlike other sources. The thin and flexible nature could allow
lighting to be integrated into building, vehicle or outside designs unlike any other
form of lighting. OLEDs are already becoming popular for use in screens and displays
such as phones and television due to their efficiency, high resolution and thin nature
but these products are expensive due to the low fabrication rates. If OLEDs could be
fabricated via R2R processing then these screens could be cheap to produce and
flexible allowing for increased integration in design and use in clothing/wearable
technology. Such cheap, flexible displays could also be potentially used for digital
signage, pricing labels in retail, billboards or newspapers/magazines, all
applications whereby the information displayed needs regularly updating but with

cheap mass produced OLED displays this could be done digitally reducing waste.

1.1: Thesis Summary and Motivation

The focus of this thesis has been to investigate the feasibility of the novel deposition
technique of ultrasonic spray coating to fabricate polymer light-emitting diodes. The
motivation to investigate ultrasonic spray coating of WOLEDs is due to the high
efficiency achievable by WOLEDs, the need for affordable efficient lighting and the

compatibility of ultrasonic spray coating with roll-to-roll processing.

In Chapter 2, an overview of organic physics is given building to an understanding
of the origin of the semiconducting nature of conjugated polymers, the photophysics
of such materials and the operating principles of devices incorporating them. The

|
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characterisation of devices and the origin of white emission from organic light-
emitting diodes is discussed before a brief literature review of roll-to-roll coating
techniques with the view of industrialising the fabrication of OLEDs. The techniques
used for the preparation, fabrication and characterisation of OLEDs are described in

Chapter 3.

In Chapter 4, caesium carbonate, 8-hydroxy-quinolinato lithium and
polyethylenimine-ethoxylated (PEIE) are investigated as solution-processed
electron-injection layers (EILs) for white-emissive polymer LEDs. The EILs are
deposited via spin coating at a range of different thicknesses to optimise device
performance, the effect of ambient processing on device performance is also
investigated to probe the compatibility of these materials with a large-area ambient
coating technique such as ultrasonic spray coating. It is found that under ambient
processing conditions PEIE performed best with mean peak metrics of 3.18 cd A1,

1.14 Lm W-1, and 10690 cd m™=2.

Chapter 5 describes the physics behind the key stages of depositing a thin film via
ultrasonic spray coating; the formation of droplets of a solution, transferring the
droplets onto the substrate, the spreading and merging of droplets to form a
continuous wet film and the evaporation of the solvent to form a dry thin film. Thin
films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-butylphenyl))) (TFB)
are cast via ultrasonic spray coating using a range of different deposition parameters
and the morphology is characterised in order to demonstrate the parameter space
and the optimisation process required to deposit uniform thin films. Issues with the
USI Prism Ultra-coat 300 system are raised and how they are managed is discussed
in order to maintain a good level of repeatability from device-to-device and run-to-

run.

In Chapter 6, the influence of thin film processing technique and surface roughness
on the electrical performance of unipolar polymer devices is studied. The injection
efficiency of holes into films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-
sec-butylphenyl))) diphenylamine], cast by ultrasonic spray coating is compared
with those cast by spin coating. It is shown via statistical analysis, across a range of

thicknesses typical of those used in OLEDs, that there is no intrinsic difference in the
|
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injection efficiency between ultrasonic spray coating and spin coating. This
reinforces the importance of spray coating as a potential route to high volume
manufacturing of OLED based technology. The importance of controlling the
roughness of films is also demonstrated and a threshold of 10 nm average roughness
is determined, below which the effect of roughness on injection efficiency is
negligible. As such a process window for achieving comparable spin and spray cast
hole injection performance is wide with spray cast films with Ra < 10 nm being
easily achieved by control of drying time through solvent choice, substrate

temperature, formulation concentration and pass speed.

In Chapter 7, uniform PEDOT:PSS films, with a root-mean-square (rms) roughness
of 2.14 nm, are successfully deposited via ultrasonic spray coating. OLEDs with
spray cast PEDOT:PSS as the hole-injection layer have been demonstrated and have
comparable luminance to spin cast references but the efficiency metrics are lower
than the spin cast references. The lower efficiencies are due to additives to the spray
cast ink increasing the conductivity of the layer leading to off pixel current
contributions, it is demonstrated that if the devices are patterned more precisely the
efficiency metrics of the spray cast PEDOT:PSS devices are comparable to the spin

cast references.

Highly uniform white-light-emitting polymer (LEP) films are successfully deposited
via ultrasonic spray coating with a rms roughness of 1.33 nm, an equivalent
roughness to spin cast films. These films were incorporated into devices and
compared with spin cast references. OLEDs with a spray cast emissive layer have a
mean peak current efficiency, power efficiency and luminance of 90 %, 82 % and 80
% of the spin cast references respectively. In comparison Gilissen et al. fabricated
devices with the emissive layer polymer (Merck Super Yellow) spray cast and
achieved, with a champion device, a value for power efficiency 81% of the spin cast
reference.[35] The comparable device performance between spin and spray cast
devices, narrow spread of metrics and high yield demonstrate the potential for the
use of the roll-to-roll compatible technique of ultrasonic spray coating for the

deposition of the emissive layer in a polymer OLED.

|
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Devices are fabricated with spray cast polyethylenimine-ethoxylated (PEIE) films as
the electron-injection layer, these devices had comparable efficiency metrics to the
spin cast references but the mean peak luminance was less than 50 % of the
reference. Device performance has been shown in Chapter 4 to be highly sensitive
to PEIE thickness with the optimum thickness 2.7 + 0.1 nm and a very narrow
thickness window for good device performance. Improving the uniformity of spray
cast PEIE films and thus fabricating devices of comparable performance to spin cast
references proved to be exceptionally challenging due to the inability to characterise
the thin, transparent, colourless PEIE layers and optimise the spraying parameters
accordingly during the fabrication process, this was reflected in the non-uniform

electroluminescence of these devices.

OLEDs are then fabricated in which PEDOT:PSS and the white-light-emitting
polymer were deposited sequentially via ultrasonic spray coating, after studying the
literature as far as I am aware this is the first multilayer ultrasonic spray cast
polymer OLED. These multilayer spray cast OLEDs have a mean peak current
efficiency, power efficiency and luminance of 72 %, 71 % and 70 % of the spin cast
references respectively. The high performance and comparable spread to spin cast
reference devices demonstrates the potential for the use of the roll-to-roll
compatible technique of ultrasonic spray-coating for the deposition of multilayer

polymer OLEDs.

Attempts are then made to scale up to fabricate large-area (1875 mm?2) 24 pixel
multilayer spray cast polymer OLEDs. A degraded batch of ethylene glycol in the
PEDOT:PSS blend ink led to non-uniformity and holes in the spray-cast PEDOT:PSS
films which resulted in poor devices metrics. Despite the issues with the PEDOT:PSS
layer remarkably the yield was 95.8 % of 48 pixels across two devices this
demonstrates the feasibility and robustness of using ultrasonic spray coating to

process over large areas.

Finally, the results of this thesis are summarised in Chapter 8 with suggestions on

how this work could be taken forward in the future.
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Chapter 2

Background Theory

2.1: Introduction

In this chapter a broad range of concepts are introduced and discussed to firstly, in
Section 2.2, build an understanding of the semiconducting properties of conjugated
polymers and the photophysics of these materials. These concepts are then built
upon as the physics of charge injection into and transport through organic materials
within device structures are discussed in Section 2.3. In Section 2.4 the concept of
emitting white light from a polymer in an organic light-emitting device is discussed
and the characterisation of these devices is explained. In Section 2.5 the solution
processing of organic light-emitting devices via lab scale processing is introduced.
Towards the end of this section a brief review of the potential routes toward the
industrial fabrication of organic light-emitting devices is presented with a particular
focus on spray coating as a route toward roll-to-roll fabrication of polymer based

organic light-emitting diodes.

2.2: General Background

2.2.1: Atomic Orbitals
Electrons within an atom are described as being in orbitals of discrete energy levels
around the nucleus. In contrast to the classical scenario of an orbiting object such as
a satellite around a planet where the movement and position of the satellite is
known, the quantised electron orbitals describe the probability of there being an

electron within a certain region.[1]
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The properties of the atomic orbitals, including shape and electron occupation, are
determined by the combination of four quantum numbers: the principal quantum
number (n) which denotes the potential energy of the electron, the azimuthal
quantum number (/) which denotes the magnitude of the angular momentum of the
electron, the magnetic quantum number (mi) which gives the direction of angular

momentum and the spin quantum number (ms) gives the direction of spin of the
electron. The electron is classed as a lepton thus has half integer spin (i%), the

other quantum numbers have integer values and the conditions which define these

values are stated in table 2.1.[2]

n | mj ms Orbital name Number
mz21) | (n-1)2120) | (Izmi=-1) | (s2ms=-s) of
electrons
1 0 0 1/2 1s 2
-1/2
0 0 1/2 2s
-1/2
-1 1/2 2px
-1/2
2 1 0 1/2 2p 2py 8
-1/2
1 1/2 2pz
-1/2

Table 2. 1: Quantum numbers, conditions which define the quantum numbers, orbital

names and the number of electrons in each shell for the first 2 shells.

Table 2.1 shows the values of the quantum numbers for the first two shells of
electrons (n =1 and n =2). The Pauli exclusion principle states that no two electrons
can have identical quantum numbers, as such the first shell can only contain two
electrons and as the magnitude of the angular momentum is zero these electron are
confined to an s orbital, in this case the 1s orbital.[3] The second higher energy shell,
n = 2, if full, contains eight electrons split between electron orbitals with angular
moment of zero or one which relate to the 2s and 2p orbitals. Electrons fill the
orbitals in the first few shells in order of increasing energy, 1s then 2s then 2p then
3s. As such there are two electrons in the 2s orbital and six in the 2p orbital. The 2p

orbital subdivides into three sub-orbitals of equal energy where the direction of
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angular momentum dictates the orientation of the px, py and pz sub-orbitals as
demonstrated in Figure 2.1. At higher energies, beyond the first few electron shells,
the azimuthal quantum number can increase further to 1 = 2 (d-orbitals) and 1 = 3 (f-
orbitals), these orbitals are complex and unlikely to be encountered in organic

semiconductors as such are not discussed here.

Nucleus . s

1s 2s 2p, 2p, 2p,

k3
i

Figure 2. 1: (Top) The 2D electron probability density distribution of the first and
second s orbitals (1s, 2s) and the p orbitals (px py and pz). (Bottom) The 3D electron
probability density distribution diagrams illustrating the first and second atomic s

orbitals and the p orbitals (x, y, z) around a nucleus.

2.2.2: Molecular Orbitals
In order to build more complex organic materials atoms must be brought together
and covalent bonds formed between them to make molecules. When two atoms are
brought within a close vicinity their orbitals overlap to form molecular orbitals. The
simplest example of this is given in Figure 2.2 where two atoms, each with a single

electron in an s-orbital, are brought together and form a bonding orbital.

|
Chapter 2 15



Antibonding

. . A Antibonding
- %

o) (o 2 4
r ‘]

Bonding

Figure 2. 2: A diagram demonstrating the constructive and destructive interaction of
electron orbitals when two atoms are brought together to form a molecule and
molecular orbitals. Constructive interaction between atomic orbitals leads to a lower
energy bonding molecular orbital. Destructive interaction between atomic orbitals

leads to a higher energy antibonding molecular orbital.

This occurs when there is a constructive interaction between the electron
wavefunctions of the atomic orbitals, which form a single electron cloud in which
the two electron reside between the two atoms. The increase in electron density
between the two atoms acts to increase the shielding to coulombic repulsion,
lowering the energy of the molecular orbital in relation to the individual atomic
orbitals. Conversely, in the case where either one or both of the atoms have a full
outer shell the additional electrons are excluded from the bonding orbital due to the
Pauli exclusion principle and will occupy an antibonding orbital instead.[3] This
destructive interaction between the electron wavefunctions leads to a lower
electron density between the atoms, less coulombic shielding, a higher energy state

and a less stable bond.
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Figure 2. 3: a) and b) are 2D electron probability density distributions of the bonds in
ethene (CzH4) where a) are the a-bonds (between nuclei) and b) are the m-bonds (away

from the adjoining axis). c) is an illustration of all of the bonds.

When two atoms are brought together to form a molecule the molecular orbitals,
both bonding and anti-bonding, between the atoms that are symmetrical around the
adjoining axis (e.g x-axis) are called o-bonds.[4] The molecular orbitals that form
from atomic orbitals that were perpendicular to the adjoining axis (those
symmetrical around z axis in this example) form m-bonds. The orbitals formed due
to m-bonding are further from the axis connecting the atoms as such the coulombic

attraction to the nuclei is weaker and the m-bonds are less strongly bound.[5]

2.2.3: Orbital Hybridisation

The main class of materials of interest in this thesis are organic polymers, carbon is
the main building block of organic molecules and forms the backbone of most
polymers. As such the electronic configuration of carbon and how it interacts with
other atoms is of great interest and importance. Elemental carbon has 6 electrons in
the orbitals 1s2, 2s2, 2px1, 2pyl. The two electrons in the outer 2p orbital suggest that
carbon will only be able to form a maximum of two covalent bonds, this however is
not the case as carbon can form four bonds as demonstrated by the existence of the
molecule methane (CH4). Carbon is allowed to form four covalent bonds due to the
process of orbital hybridisation which results in carbon having an electronic
configuration of 1s2, 2s1, 2pxl, 2pyl, 2p.l. Firstly an electron from the 2s orbital is
excited to the 2p orbital, the excitation energy is provided from the electromagnetic
attraction between the carbon atom and another atom brought close to the carbon

atom in the bonding process. The remaining 2s orbital can then combine with a
|

Chapter 2 17



number of different 2p orbitals forming a new kind of hybrid atomic orbital, an sp
orbital.[5] The number of 2p orbitals the 2s orbital merges with defines the level of
hybridisation. Sp! hybridisation is the mixing of one p orbital with the s orbital
resulting in two sp orbitals, sp? hybridisation is the mixing of two p orbitals with the
s orbital resulting in three sp orbitals and sp3 hybridisation is the mixing of three p

orbitals with the s orbital leading to four sp orbitals.

a) y b) y <) y

109.5° \12'3“

— X

/ X \ ] ——

109.5°

Figure 2. 4: Diagrams visualising a) sp3, b) sp? and c) sp! orbital hybridisation. The blue
orbitals demonstrate un-hybridised p orbitals, the red orbitals demonstrate hybridised
s and p orbitals. The hybridised sp orbitals in b) (sp? hybridisation) are all in the x-y

plane.

Figure 2.4 shows how in case of sp2 hybridisation the sp orbitals are in the x-y plane,
these will form o-bonds when in a molecule which as mentioned in section 2.2 are
strongly bound and spatially in the region between two bound nuclei. The un-
hybridised p orbital in this situation extends perpendicularly to the plane of the sp
orbitals and will form weakly bound m-bonds when forming a molecule which are
key for the semiconducting property of organic molecules going forward. In the case
of sp3 hybridisation the sp orbitals will again form strongly bound ¢-bonds but the
lack of un-hybridised p orbitals will lead to molecules with this level of hybridisation

to be insulators.

2.2.4: Conjugation and Band Formation
The concepts of atomic orbitals, molecular orbits and orbital hybridisation
discussed so far in this chapter are important building blocks towards explaining

the electronic properties of semiconducting organic materials. The o-bond, formed
(= SEm e e e e e e e e e
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between two atoms in a molecule from the hybridised sp orbitals are referred to as
a single bond. The -bond, formed between un-hybridised p orbitals, in combination
with a o-bond is referred to as a double bond. The alternation between single and
double bonds along a molecule or polymer is defined as conjugation, and it is
conjugation that is responsible for the semiconducting properties of some organic
materials. The single and double bond in polymer chains differ in length due to the
Peierls instability leading to shorter double and longer single bonds.[6] This more
energetically favourable conformation results in a higher electron density in the
regions with double bonds. The widely used example to demonstrate conjugation is
benzene. Benzene is a molecule that comprises of a hexagonal ring of six sp?2
hybridised carbon atoms bound with alternating single and double bounds with a

single hydrogen atom bound to each carbon atom.[5]

OO

Figure 2. 5: (a) The two possible orientations in which the double bonds can be

positioned on a benzene ring, these are indistinguishable as such m-electrons are

delocalised along the entirety of the benzene ring as illustrated by the third image (b).

There are two potential positions in which the double bonds can be considered to
be as shown in Figure 2.5. In both scenarios the m-orbitals of the carbon ring, are a
combination of -orbitals between the pairs of carbon atoms in the ring. This leads
to a torus of delocalised charge above and below the plane of the benzene ring. As

such the two configurations are indistinguishable as changing the position of the
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double bonds doesn’t change the molecule. The quantum mechanical nature of
electron orbitals coupled with the indistinguishable nature of the benzene ring
configuration allows the electrons within the m-orbitals to be in both places at once
and thus the m-electrons are delocalised around the benzene ring.[4,5] In a
conjugated polymer chain, like in a benzene ring, the m-electrons are delocalised
along the conjugated backbone of the polymer chain. Now, if we picture a linear
torsion-free defect-free polymer with alternating single and double bonds along the
length of the polymer chain. If the single and double bonds in conjugated polymers
such as this were of equal length the -electrons would be delocalised along the full
length of the polymer chain. In such a case the bonding and anti-bonding states
would be indistinguishable, there would be no bandgap but instead a single half-

filled energy band and the polymer would act as a one-dimensional metal.[7]

However, the variation in single and double bond lengths in combination with
defects that can occur along the polymer, twisting/flexing of the chain, addition of
substituents and interactions with the surroundings act to limit the delocalisation
along the conjugated backbone leading to regions of delocalised m-electrons rather
than delocalisation along the full length of the polymer. As such conjugated

polymers are semiconductors rather than metallic-like conductors.[8]

As discussed in the molecular orbitals section the -bond is weakly bound compared
to the g-bond as such the delocalised m-bonding orbital is weakly bound and is the
highest energy state occupied by electrons. This orbital is then referred to as the
highest occupied molecular orbital (HOMO). The higher energy m-antibonding
orbital is referred to as the lowest unoccupied molecular orbital (LUMO). The HOMO
and LUMO levels are similar to the valence and conduction bands respectively of
inorganic semiconductors as such the difference in energy between the HOMO and
LUMO levels is similarly called the bandgap. The size of the bandgap in conjugated
polymers is derived from the delocalisation length of the m-electrons, the greater the

delocalisation length the lower the bandgap and vice versa.[8,9]

2.2.5: Organic Photophysics
One of the key properties of conjugated polymers which make them of such interest

to researchers is the fact they can absorb and emit photons across a range of
|
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different wavelengths, these wavelengths can be engineered during the fabrication
of the polymer. Figure 2.6 is an energy level diagram demonstrating the Franck-
Condon principle in an ideal conjugated system.[10-12] The lower curve represents
the ground electronic state of a molecule and the higher energy curve the excited
electronic state of a molecule. Each level contains several quantised vibrational
energy states (n). An electron can be excited from the HOMO (ground state) to the
LUMO (excited state) when a photon with energy equal to or greater than the
bandgap is absorbed. This electronic transition is represented on the energy level
diagram by a vertical line as it is likely to occur without a change in position of the
nuclei. If the electron is excited with a photon with energy greater than the band gap
then the electron will be excited to one of the quantised vibrational states in the
LUMO, the electron with then rapidly relax to the lowest vibrational state in the
LUMO through non-radiative decay via the emission of a phonon.[13] A phonon is a
quasiparticle or quantum of vibrational energy associated with lattice oscillations

analogous to a photon as a quantum of electromagnetic energy.
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Figure 2. 6: An energy level diagram demonstrating the Frank-Condon principle. The
ground state, So, and the first excited state, Si, are shown with the quantised
vibrational states within the ground and excited states, n. The vertical solid arrows
demonstrate the excitation of an electron from the ground to excited state via
absorption of a photon. The curved line demonstrate the fast non-radiative relaxation
of an electron from an excited vibrational state to the ground vibrational state in the
excited state via emission of a phonon. The dashed lines demonstrate the radiative
relaxation of electrons from the vibrational ground state in first excited state to the

vibrational states in the ground state (fluorescence).

The excitation of an electron to the LUMO leaves an absence of an electron in the

HOMO, this is referred to as a hole. The hole is treated as a particle with equal but
|
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opposite charge to the electron. Due to the equal and opposite charges of the hole
and electron in the LUMO they are coulombically bound to form an electrically
neutral quasiparticle called an exciton. The low relative dielectric constants of
organics, typically around 3, result in a strong coulombic attraction between the
paired electron and hole lead to the exciton being tightly bound (Ebinding > k5T) and
localised, this form of exciton is known as a Frenkel exciton.[14,15] Further to this
when an electron is promoted to an excited state it interacts with phonons and forms
a quasiparticle, an electron-polaron, this interaction causes deformation in the
surrounding area, relaxing the molecular bonds and reducing the energy of the
LUMO level locally.[16] This effect is mirrored by the formation of a hole-polaron in
the HOMO raising the energy of the HOMO level, the combination of the shifts in local
LUMO and HOMO level reduce the separation of the electron and hole and aid in the

tight binding of the Frenkel exciton that has been formed.

a) b) c)

LUMO

Figure 2. 7: The interaction between excited electrons/holes and their surroundings
via interactions with phonons form electron-polaron/hole-polaron quasiparticles. The
formation of these quasiparticles cause shifts in the energy of the LUMO deeper for
electron-polarons (b) and the HOMO shallower for hole-polarons (c), a) shows the

ground state for comparison.

The electron and hole which form the exciton can recombine via radiative relaxation
of the electron from the LUMO to of one of the vibrational states of the HOMO, via
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emission of a photon, in a process termed fluorescence. The radiative relaxation into
different vibrational states in the HOMO will cause a slight change in the wavelength
of the photons emitted, broadening the emission spectrum of the material. The
process of non-radiative decay of the electron from higher vibrational states to the
lowest vibrational state in the LUMO is a more rapid process than the radiative
relaxation process of exciton recombination as such the electron bound in the
exciton will relax to the lowest vibrational state of the LUMO prior to the radiative

relaxation process.[17]

The energy level landscape and transitions laid out so far in this section so far have
only included a single electron which is far from the case in conjugated polymers. To
discuss a system with more than one electron we must consider the quantum
numbers discussed in atomic orbitals section, and to simplify the discussion the
states and transitions are expressed in the terms of electron wavefunctions. The
combined wavefunctions of electron-electron or electron-hole can couple to have a
total spin of the system, S, to be equal to zero or one, due to the different combination
of the intrinsic % spin of the electrons. Those with the overall spin state of zero are
classed as singlet states, which have antisymmetric wavefunctions, and those with
the overall spin state of one are classed as triplet states, which have symmetric

wavefunctions.

The wavefunctions of the ground and the excited singlet states are given by:

Vs - Y. _1 2.1
So= (ITL)) Sy= (1) = 1) (1)

Where the upwards arrow in the ket (| )) denotes the + % spin operator and the

downwards arrow in the ket the - % spin operator. The triplet states can be

expressed through three symmetric wavefunctions

Pr= 2 + umy ¥r,= () Yr=quy 22)
In the energy landscape the excited triplet states sit at a slightly lower energy than
the excited singlet state as there is a lesser repulsion between electrons as they sit

in separate orbitals.
|
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For optical transitions between states to occur the spin (intrinsic angular
momentum) must be conserved, AS = 0, and the orbital angular momentum must be
non-zero, AL # 0.[3,18] In the case of the transition from the excited singlet state to
the ground singlet state (fluorescence) the intrinsic angular momentum is
conserved and the orbital angular momentum changes from one to zero, this due to
the photon emitted having integer angular momentum. It can be seen that for a
transition from the excited triplet state to the ground singlet state the spin would
have to change from one to zero as such this transition is dipole-forbidden. However,
this transition can occur via spin-orbit coupling. Spin-orbit coupling describes the
interaction between the spin and orbital angular momentum of a particle which can
flip the spin of the electron involved in the transition. The low probability of this
transition leads to triplet states having a much longer lifetime than singlet states.
The process of emitting a photon in the transition from a triplet to a lower energy
singlet state is known as phosphorescence. Phosphorescence from emissive
conjugated polymers is very unlikely as the atoms that make up conjugated
polymers are typically lighter atoms with lower orbital quantum numbers, whereas
heavier atoms have electrons in orbitals with higher angular momentum and as such
will more readily be involved in spin-orbit interactions.[13] Further to this the 3:1
ratio of excited triplet states to excited singlet states combined with the lack of
phosphorescence from typical polymers limits the theoretical maximum internal

efficiency of fluorescent polymers to 25 %.[19]

2.3: Device Physics

2.3.1: Device Architecture
OLED device architectures most simply can be either ‘standard’ or ‘inverted’, as
shown in Figure 2.8. The standard architecture employs a hole-injecting anode as
the 1stlayer on top of a substrate, the electron-injecting cathode being the ‘top’ layer
and the emissive layer sandwiched in-between.[20,21] The inverted architecture is
the inverse with the cathode being the first layer deposited onto the substrate and
the ‘top’ layer being the anode.[22] Further to the ordering of the contacts defining

the architecture of an OLED it is critical to consider the direction in which the device
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will emit. Bottom-emitting OLEDs, the most commonly used, emit light from the
emissive layer and out of the device through the substrate as such the ‘bottom’
contact must be a transparent conducting layer, such as indium-tin oxide (ITO),
whilst the choice of top contact to be a reflective conductor such as aluminium can
increase the emission through the bottom of the device. However, in a top-emitting
device the top electrode must be transparent, in this design the substrate can be
metallised plastic which offers a potential route to low cost, flexible and high
throughput devices. However, it can be challenging to find and deposit effective
transparent layers directly on top of the emissive layer without causing damage to

the layer. In this thesis all devices fabricated are standard bottom-emission devices.

Inverted Standard

Substrate Substrate
hv hv

Figure 2. 8: A schematic of a bottom emission standard OLED architecture and a

bottom emission inverted OLED architecture.

Expanding on the simplistic idea of device structure of an emissive layer sandwiched
between two electrodes, in addition devices typically have charge-
transport/blocking and injecting layers. The addition of transporting/blocking and
injecting layers aid in the injection and balance of flow of charges into the emissive
layer by providing intermediate energy steps between the electrodes and the
emissive layer.[23,24] As well as this these layers can determine if a device is
standard or inverted architecture as materials such as ITO and aluminium can be
used as either an anode or cathode, so by inserting a layer above ITO that blocks
electrons with a large energy barrier and transports holes ITO can act as an anode

and vice versa. Figure 2.9 gives an example vacuum energy level diagram of a device
- -

Chapter 2 26



with intermediate energy steps to aid charge transport through the device and large

energy barriers to define the polarity and confine charges in the emissive layer.
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Figure 2. 9: Vacuum energy level diagram of layers in a device showing the
intermediate energy levels (HTL - hole-transporting layer, ETL - electron-
transporting layer) between the emissive layer and the electrodes to aid transport of
charges (red=holes, blue=electrons) into the emissive layer and large energy barriers

to confine charges within the emissive layer improving emission efficiency.

2.3.2: Charge Injection
To begin to use conjugated organics for emissive materials in devices first charges
must be injected into the organic material. In this thesis the area of most interest in
terms of charge injection is that of metal-organic interfaces. When fabricating a
device the work function of the electrodes and HOMO/LUMO levels of
semiconductors relative to the vacuum level are often compared in order to
fabricate a device with an energy level cascade or to confine charges in a certain
layer in order to maximise the performance of devices as illustrated in Figure

2.9.[25] The work function of a material is equal to the vacuum level, where an
|
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electron is unaffected by the potential of the material, minus the fermi level inside
the material. The fermi level of a material is the level of the highest energy state
which is occupied by an electron, for a metal this is the minimum energy to eject an
electron.[26] When two materials are brought into contact the fermi levels of these
materials can shift via the formation of an interfacial dipole and the transfer of

charges can occur.[27]

V=0 Flat-band Condition V> Vpiicin
V = Vigiitin

Ebinding | Anode Cathode

Figure 2. 10: In the first image the anode and cathode have been connected to the
organic layer, a common fermi level is formed across the device. In the second image a
voltage is applied equal to the difference in work functions of the anode and cathode,
the built-in voltage. The applied voltage tilts the bands of the organic and when the
voltage applied is equal to the built-in voltage a flat-band condition is reached. In the
third image a voltage larger than the built-in voltage is applied to the device, charges
are injected through the triangular barriers, excitons can be formed and emission can

occur.

In the case of metal-organic contacts fermi level alignment occurs can occur if the
work function of the metal is shallower than an upper critical Fermi level of the
organic for the LUMO level to inject electrons. In order for the Fermi levels to align
with the HOMO and inject holes the work function of the metal must be deeper than
the lower critical Fermi level.[28] An Ohmic contact is said to have been formed
when there is flow of charges across the interface with no injection barrier.[27] In
reality however the energy levels at an interface are rarely this well aligned and
small barriers (barrier < 0.3 eV) can still exist in quasi-ohmic contacts but these
must be overcome to inject charges.[29-32] The firstimage in Figure 2.10 shows the
effect of connecting the anode, cathode and organic material, the difference in work

functions of the contacts creates flow of charges in order to equalise the Fermi levels
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and a built-in voltage is established. When the voltage applied across the organic is
equal to the built-in voltage the flat energy-band condition is returned (Figure 2.10
2nd image) but due to slight barriers at the interfaces charges aren’t yet injected into
the organic. As the applied voltage is further increased charges begin to get injected
into the organic as the barriers are overcome via thermionic emission and through
Fowler-Nordheim tunnelling through the triangular energy barrier (Figure 2.10 3rd

image).[20,33-35]

2.3.3: Charge Transport
Once electrons have been injected into the LUMO of a polymer and holes into the
HOMO these excited charges form polarons as described in the organic photophysics
section.[36-38] These charges must be transported from near the electrodes along
backbone of polymers and between polymer chains in order to form an exciton in

the emissive polymer prior to radiatively relaxing.

As discussed in the conjugation and band formation section the semiconducting
nature of conjugated polymers means that charges are only delocalised across a
molecular segment rather than the entire conjugated chain, this is due to local small
changes in the energy levels. The small perturbations in the energy levels can be
caused by the surrounding environment for example in a crystalline organic
molecule the structure is highly spatially ordered and there is little variation in the
energy levels. In contrast, in an amorphous polymer there is essentially no structural

order and the spread in energy levels within the bands are much larger.[16]

The process of charge transport across this varied energy landscape within either
the HOMO or LUMO can be described as a phonon-assisted hopping process.[39]
Where the charge hops between the different energy sub-states of the regions of

delocalisation along or between polymer chains.
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Figure 2. 11: A visualisation of the Gaussian distribution of energy sub-states (g(E))
within the HOMO or LUMO of a disordered conjugated polymer. The solid arrows
demonstrate the diffusion hopping process of a charge from higher to lower energy
sub-states (when KT < o). The dashed red arrow shows the width of the Gaussian

distribution of transport states.

The simplest model to describe this transport comes if the form of the Gaussian
disorder model (GDM), where the transport states are modelled as a Gaussian
distribution of the disordered energy sub-states with the distribution of states is

given by g(E):[40,41]

1 E?
9B = =exp(~353) (23)
Here, o is the width of the Gaussian distribution of transport states and is dependent
on the level of disorder in the polymer chain. The spread of energy sub-states allows

transport of charges to occur in the absence of an electric field via diffusion from
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higher to lower energy sub-states. As such the lower energy tail of the density of
states can become a trap states for charges. As the temperature of the system rises
diffusion to higher energy sub-states becomes possible due to the assistance of
phonons. The hopping rate can then be defined by the Miller-Abrahams equation,
where by the probability of hopping occurring (thus rate of hopping ) is dependent
not only upon the difference in energy between the two sub-states but also on the
spatial separation of the two sites.[42] Under operation as a device the charges in
the polymer will be aiding by an electric field across the device, this will not only
cause charges to flow in a specific direction rather than random hopping between
different energy sub-states but it will tilt the density of states, reducing energy
barriers to transport.[20] In device physics the charge transport ability of a material
is typically described using the charge carrier mobility, pu. Following on from the
GDM Bassler derived the field-temperature dependent mobility via Monte-Carlo
simulations to be:[43,44]

exp [C(a2 - Zz)El/Z] X >15

R F) = poexp [~ (25) ] 24)

3kpT exp [C(az - 2.25)E1/2] 5<15
Equation 2.4 incorporates both the energetic disorder, g, and the positional
disorder, ). po is the zero-field mobility of the material and C is an empirical constant
related to intermolecular spacing. As such it can be seen that the mobility of a
material can be increased by reducing the energetic and spatial disorder such as by
increasing the conjugation length of the polymer used or by increasing the

crystallinity of the polymer layer.[45]

2.3.4: Unipolar Charge Transport
If a metal/organic contact is considered Ohmic then the current through a simple
metal/organic/metal driven device is limited by the mobility of the organic. If the
architecture of a device is designed such that the workfunctions of both electrodes
match either the HOMO or LUMO of the organic material sandwiched in between
them then Ohmic contacts can be formed, and only one type of charge can be injected
or extracted. This device structure is known as a unipolar device and by only

allowing for the injection and extraction of one type of charge the transport
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properties of the organic material for that charge can be investigated. In unipolar
devices at low applied fields (low driving voltage) the current is dependent on the
density of charges intrinsically within the organic, with charges diffusing through
the organic material (Ohmic regime).[46] As the applied voltage is increased further
the number of charges injected into the organic increase such that there is a build-
up of carriers and the electric field at the electrode is zero, this is the space charge
regime. In this regime the current is no longer dependant on the density of charges
but instead is dependent on the mobility of the organic and the applied electric field.
The space-charge-limited current, jsci, can be calculated using the Mott-Gurney

relationship:[47]

; 9 E?

JscL = GEo&rH (2.5)
Where ¢, is the permittivity of free space, ¢, is the relative permittivity, u is the
mobility of the organic, E is the applied electric field and L is the thickness of the
layer. However, it has been shown that the mobility increases with applied field as
such a Poole-Frenkel field dependence can be used to modify the Mott-Gurney

relationship to account for this as shown in Equation 2.6:[48-52]

JscL = Zgofrlio ETZGXP(Y‘/E) (2.6)
Here y is the field dependent factor and y, is the zero-field charge mobility of the
organic. This equation allows for the modelling of j-V curves of materials of known
properties or the extraction of mobility from the gradient of the space-charge-
limited current. However, when testing devices it is challenging to deconvolute the
Ohmicity of a contact and the mobility of the material being studied. The mobility of
a material can be measured using the time of flight (TOF) method where a laser
pulse generates charges via photoexcitation near one electrode and the mean time
of arrival is recorded at the far electrode, from this and knowledge of the electric
field and thickness of the sample the mobility can be calculated. The TOF technique
requires amongst other conditions the studied material is of high purity, of low
disorder (as disorder broadens the measured times) and crucially that the material
thickness must be much larger than the penetration depth of the excitation

light.[16,53] This leads to a thickness requirement on micron scale which is
- - |
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challenging to uniformly deposit for polymers and not representative of a typical
device structure. A method that can be used to investigate the transport of a material
within the structure of a unipolar device is the injection efficiency. The injection
efficiency (n) is determined by calculating the theoretical space-charge-limited
current (JscL) for a thickness of the material being investigated and comparing it to

the measured current (Jmeasured) in the space-charge-limited regime:[54,55]

77 — Jmeasured (2 7)

JscL

The injection efficiency can be used to probe the Ohmicity of a contact with a specific
material.[56] Comparing the injection efficiency, at the same applied electric field,
of identical material systems but differing thickness of the studied material or
identical structure where the studied layer has been deposited using a different
technique allows for comments to be made on the charge transport of the bulk

studied material as the Ohmicity of the contact should be equivalent.[57,58]

2.3.5: Exciton Diffusion
Upon making contact between the electrodes and a polymer, applying a driving
voltage high enough to inject electrons into the LUMO and holes into the HOMO of
the polymer which are then swept along and between the polymer chains towards
the alternate electrodes, the next step towards light emission is the binding of these
charges to form excitons. When an excited electron hops with the aid of the applied
electric field onto a molecule in which a hole is present in the HOMO the previously
described tightly bound quasiparticle, an exciton, can form between the two

charges.

Although the exciton is a relatively short-lived quasiparticle it can still travel along
or between polymer chains prior to the components undergoing radiative
recombination. The neutral quasiparticle is unaffected by the applied electric field
but can travel through a diffusion process allowing the exciton to ‘hop’ from one
delocalised region to another. The average distance an exciton can diffuse (Lp) prior
to recombining is defined by a combination of the lifetime of the exciton (7), and the

diffusion coefficient (D) which is dependent on the properties of the polymer.[59]
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L, = VDt (2.8)

In conjugated polymers the average diffusion length is typically sub-ten
nanometres.[60] There are two energy transfer mechanisms which drive the
diffusion of excitons in organics; Forster resonance energy transfer (FRET) and
Dexter energy transfer.[61-63] FRET, summarised pictorially in Figure 2.12a,
occurs when the exciton on a molecule couples via a non-radiative dipole-dipole
interaction with an electron in the ground state of the molecule the exciton is
transferring to. The electron in the exciton then relaxes non-radiatively, transferring
the energy to the electron in the ground state of the molecule being transferred to,
promoting this electron to the excited state thus forming an exciton in this
secondary molecule. The efficiency of this process decreases rapidly with spatial
separation (r®) between the molecules involved in the transfer.[40,61] Dexter
energy transfer involves the direct transfer of the excited electron from the LUMO
of one molecule to another and the direct transfer of an electron in the HOMO in the
inverse direction. This process relies on wavefunction overlap and as such decreases
in efficiency exponentially with spatial separation, as such Dexter energy transfer

occurs over shorter distances than FRET.[64,65]
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Figure 2. 12: a) A schematic diagram of the process of exciton diffusion via Férster
resonance enerqy transfer (FRET). The energy of the excited electron in the exciton is
transferred to the ground state electron in a neighbouring site via a non-radiative
dipole-dipole interaction, exciting the neighbouring electron and forming an exciton
in the neighbouring site. b) A schematic diagram of the process of exciton diffusion via

Dexter energy transfer whereby an excited electron is transferred directly to the LUMO

of another molecule and an electron is the HOMO is transferred in the inverse direction.
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2.4: Lighting Standards, Concepts and Characterisation of Devices

2.4.1: The Human Eye
An understanding of how the human eye detects light is of great importance when
considering the description and characterisation of organic light-emitting devices.
The eye much like other optical detectors has a wavelength dependant spectral
response. As light passes into the eye UV-light (below around 400 nm) is filtered out
and the sensitivity to wavelengths beyond 600 nm drops rapidly to negligible by 700
nm. This occurs as human eyes uses three types of cones to detect light, each
sensitive to different wavelength regions, the combination of these wavelength
dependent sensitivities for an average person can be described by the photopic

response curve, Figure 2.13.[20]
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Figure 2. 13: The normalised Photopic response curve, demonstrating how the

sensitivity of the average human eye varies with the wavelength of light.
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It can be seen from the photopic response of the eye that the peak sensitivity is at
555 nm, which is green light and the maximum theoretical efficiency is 683 Im W-1.
This increased sensitivity to certain wavelength regions and diminished sensitivity
at the visible wavelength extremes must be considered when fabricating OLEDs in
order to achieve the desired colour but also when testing devices and

performance.[66]

2.4.2: Quantifying Colour
When discussing OLEDs and lighting it is important to define the colour of the
emitter being discussed in a parametric manner. There are a number of approaches
in which to do this which summarise the full emission spectrum into one or more
characteristics numbers. Correlated colour temperature (CCT) describes the
temperature of a blackbody which has a colour which most closely represents the
colour emitted by the non-blackbody emitter being described. However, describing
the emission of a device using a CCT alone does not precisely quantify the emission.
A more comprehensive technique for characterising the colour of a light source is
the 1931 Commission Internationale de I'Eclairage (CIE) colour coordinates.[67]
The CIE colour space is a plot of all possible visible colours on which an emission
spectrum can be mapped using the CIE xy co-ordinates. The CIE xy mapping
coordinates are calculated to take into account the components that make up the
photopic response curve and therefore the perceived intensity of different colours.
A CIE 1931 chromaticity diagram is shown in Figure 2.14 with a Planckian

Blackbody locus superimposed.
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Figure 2. 14: CIE 1931 xy chromaticity space in which the coordinates are used to
characterise the colour of emission from LEDs. The Planckian locus, which shows the
temperature a blackbody would have to be to emit at the colour it is superimposed

onto in the colour map, across a range of temperatures.

2.4.3: White-Light-Emitting Polymer
The focus of this thesis is to demonstrate the possibility to deposit the multiple
layers require for an OLED via ultrasonic spray coating as the initial step towards
large area coating and industrialising of the process to reduce the cost of fabrication
with the view of using polymer OLEDs for lighting. To aid in the demonstration of
ultrasonic spray-coating as a route to affordable lighting from OLEDs the emissive
polymer used in this thesis emits broadly over the visible spectrum to appear white.
In Section 2.2.4 (conjugation and band formation section) it was explained how
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delocalisation length in polymer chains dictates the bandgap of the polymer, and in
Section 2.25 it was explained how the size of the bandgap coupled with the range of
vibrational states that can be radiatively relaxed into dictate the wavelengths of the
emitted photons. As such in order for the emission of a polymer to be perceived to
be white the polymer must emit at a range of different wavelengths such that when
combined, and taking into account the photopic response of the eye at different
wavelengths, the emission appears white. There are three main emissive layer
architectures, demonstrated in Figure 2.15, in which OLEDs can be fabricated to
produce white light: Multiple emissive layers, a blend in a single layer or copolymer

emissive layer.

a) b) c)

Figure 2. 15: Three routes to white light emission for OLEDs: a) A multilayer structure
where separately emitting green, blue and red layers are combined to produce a broad
white emission. b) A blend of polymers in a single layer which emit different colours to
combine for white emission. c) A single copolymer layer in which a blue emitting
polymer backbone is combined with red or red and green chromophores in a specific

ratio to emit a broad spectrum that appears white.

White light can be emitted from a multilayer emissive structure where a
combination of different layers that separately emit blue and red in a dual layer
system or blue, red and green in a triple layer system. This route is typically used for
evaporated small molecule devices as depositing multiple emissive layers
sequentially can be challenging via solution processing required for polymers as
orthogonal solvents must be used for the sequential layers limiting the possible
polymers that can be cast to those that are soluble in such solvents.[68,69] To
overcome the challenges of solution processing sequential emissive layers an

alternate route of casting a blend of different colour emitting polymers in one layer
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to emit white light can be used.[70-73] This approach comes with many challenges:
a common solvent for the blend components must be used, limiting polymer choice;
the use of different solvents and deposition processes can affect the morphology of
the cast polymer blend film.[74-76] Devices incorporating polymer blends require
fastidious control over the morphology as different sized phase domains / level of
phase separation effect the charge and exciton dynamics within the layer which

effects the device performance.[77]

A third route involves the use of a copolymer, in which red or red and green
chromophores are copolymerised with an energetically deep blue emitting host
polymer backbone.[78,79] Charges can be transferred along the backbone, between
the polymers chains and from the host into the narrower bandgap red or red and
green emitting units with excitons formed in the different sections of the polymer
and radiatively recombine and emit photons of the wavelengths related to the units
emitting. As such by controlling the ratio of host polymer units and the other
emitting units during the copolymerisation process the colour of emission can be
tuned. In this thesis a single emissive layer structure is employed where a white-
light-emitting copolymer containing red and blue emitting chromophores is used to
fabricate devices. Any further details of the properties of the white-light-emitting
copolymer used in this thesis such as structure or molecular weight are not

disclosed due to the commercially sensitive nature of the product.
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Figure 2. 16: The electroluminescent spectrum of a device driven at 10 V with the

emissive layer being the white-light-emitting copolymer used in this thesis.
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Figure 2. 17: CIE 1931 xy chromaticity space on which the white are coloured region
are split. The colour coordinates of 0.37, 0.41 are marked which have been calculated
from the spectrum in Figure 2.16 which shows the electroluminescent spectrum of a
device containing the white-light-emitting copolymer used in this thesis. The

correlated colour temperature of this polymer is 4455 K.

The devices in this thesis incorporate a white-light-emitting copolymer with a CIE
xy coordinate of 0.37, 0.41 and correlated colour temperature of 4455 K when

driven at 10 V (9022 cd m-2).

2.4.4: Device Characterisation
In order to test and characterise an OLED a voltage must be applied in order to inject
and drive the flow of charges through the device to allow excitons to be formed in
the emissive layer, radiative recombination to occur and light to be emitted. As such
devices are tested by applying a voltage sweep, measuring the current across the
device and measuring the light emitted. As discussed above the photosensitivity of

the ‘average’ human eye should be taken into account when described the
- - - - - - -

Chapter 2 42



performance of an OLED as such photometric metrics should be used to quantify the
emission. The luminance flux, lumens (Im), is the rate of flow of radiant energy
taking into account the photopic response of the eye. Candela (cd) (or luminous
intensity) is defined as the luminous flux per solid angle.[20,80] An OLED can be
considered to be a Lambertian emitter if the emission is isotropic, emitting with
equal radiance across any point of the forward hemisphere, if this is the case then
the luminance can be defined as the luminous intensity divided by a small area over

which the light in emitted given by the units, cd m=2.[81]

The luminance is measured as the voltage sweep is applied to a device, the
luminance-voltage and current-voltage curves can then be used to characterise the
devices. The luminous efficiency (Current efficiency), cd A1, can be calculated by the
ratio of luminance to the current density (current divided by pixel area). The
luminous power efficiency (power efficiency), Im W-1, can be calculated by dividing
the luminance by the combination of current density times the voltage, then
multiplying the final result by & as for a Lambertian source 1 Im = c¢d.[66] As such
the current efficiency allows the analysis of the influence of current and power

efficiency the influence of applied voltage.

The current-voltage and luminance-voltage curves can also provide important
information about the device being tested. Figure 2.18 shows example curves which
demonstrate the effect of varying energy level alignment in devices and varying the

thickness of the emissive layer in a device.
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Figure 2. 18: The left-hand graph demonstrates the increase in turn-on voltage when
the energy levels of a devices are poorly aligned. The right-hand graph demonstrates

the effect of increasing the thickness of the emissive layer on the L-V curve.

As discussed in the charge injection section an ideal OLED would have a perfect
Ohmic contact between the electrodes and the hole- and electron- transporting
layers. The HOMO of the hole-transporting layer and the emissive layer would be
energetically aligned, the LUMO of the electron-transporting layer and the emissive
layer would be perfectly aligned. In this scenario as the voltage applied to the device
increases the field across the device would increase tilting the bands in the device
until the flat-band condition was achieved and at this point there would be no
barriers for injection from the electrodes all the way into the emissive layer and
after initial injection emission would begin to occur. The voltage required for
emission to begin to be detected is defined as the turn-on voltage and in this ideal
case would be equal to the built-in voltage of the device. However, as discussed
earlier the perfect alignment between metal electrodes and organic transport layers
is difficult as such this increases the barrier to injection and thus increases the turn-
on voltage. Further to this, it is likely the HOMOs of the transport and emissive layer
and LUMOs of the transport and emissive layer will not be perfectly aligned, for
example the wide bandgap polymers required as a component for white emission

have very deep HOMO levels, as such these can potentially add barriers to injection
|
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also contributing to the increase in turn-on voltage from the ideal scenario.[82,83]
The left-hand graph in Figure 2.18 demonstrates the increase in turn-on voltage on
the luminance-voltage curves for a device with worse energy alignment. Current and
luminance-voltage curves can vary when changing the thickness of the emissive
layer in devices this is reflected in changes in the efficiency and gives a route for
finding the optimum thickness of the emissive layer. If the energy levels of a device
are well aligned and the contacts with the electrodes are Ohmic then the typically
low mobility of organics will be the limiting factor for the current. The luminance of
OLEDs scales with the current as the greater population of charges injected into the
emissive layer the more excitons can form and the more photons can be emitted. As
such as the emissive layer is thinned in an OLED the current and luminance for the
same voltage will typically increase. However, as the emissive layer is thinned
further the luminance will not increase proportionally with current as some charges
may be swept through the emissive layer and out through the rest of the device
before an exciton can formed, increasing the leakage current. Also Excitons formed
within 30 nm of the electrodes can be quenched further limiting the increase of

luminance with current thus the efficiency will be lower.[84,85]

Another issue with thinning the emissive layer is the current across the device is
higher for the same voltage and the thermal stress on the thin emissive layer is
higher, this can create ‘hot spots’ and the probability of thermal / electrochemical
degradation during a sweep of same voltage range is increased which leads to
delamination of the layers.[86,87] Also if there are any impurities that have
contaminated the device, the thinner the device the more likely the impurity is to
have spanned from one electrode to another thus electrically shorting the device. If
a thicker emissive layer is deposited within a device the current for the equivalent
voltage will decrease as will the luminance, as shown in the right-hand graph of
Figure 2.18, but typically the peak efficiency will increase. As with the luminance not
increasing proportionally with current for thinner emissive layers the inverse is
applicable here as there will be less charges being swept through the entire emissive
layer without forming an exciton and emitting, also thicker emissive layer will
minimise exciton quenching as such the efficiency can increase as the emissive layer

thickness is increased. However, as the emissive layer is made thicker less charges
|
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are injected into the emissive layer for the same voltage as such the probability of
forming an exciton in the emissive layer prior to the injected polaron undergoing
non-radiative relaxation decreases. Secondly, with a thicker emissive layer the
chance of reabsorption of the emitted photon within a layer of the device is
increased as the photon has a longer path to escape the device.[85] As such the
optimisation of the thickness of the emissive layer in an OLED is a compromise

between efficiency and luminance.

2.5: Solution Processing

Organic semiconducting materials such as small molecules and polymers can be
used to efficiently convert electricity to light in organic light-emitting diodes
(OLEDs). Polymer LEDs have several advantages over inorganic LEDs including low-
temperature processing, ambient processing, ability to tune physical properties by
tuning chemical structure, greater mechanical flexibility and critically the ability to
process from solution. The combination of these advantages when processing
polymer layers allows for the rapid optimisation of new materials on lab scale and

opens up the possibility to coat over large areas and onto delicate flexible substrates.

2.5.1: Wetting
There are a number of different coating techniques used for the fabrication of
OLEDs. The main aim of the various different coating techniques is to repeatedly
fabricate thin films of uniform thickness, no gaps or flaws, with smooth surface
morphology. There are a number of factors that can affect the quality of films
fabricated depending on the coating method but one universal issue is the wetting

of the solution to the substrate.
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Figure 2. 19: Three droplets on a substrate demonstrating: firstly, good wetting with a
small contact angle. Secondly, poor wetting with a 90° contact angle and thirdly, the

droplet de-wetting from the substrate shown by a contact angle over 90°.

Wetting is the degree to which a liquid can maintain contact with a solid surface. It
is determined by the combination of interfacial energies between the solution, the
substrate and the air. Surface energy of a liquid results from the greater attraction
of the liquids molecules to themselves than the attraction of the liquid molecules to
the substrate. The greater the interfacial energy difference between the
solution/substrate (ys;) and substrate/air (ys,) the larger the contact angle (6,)
(where is the y; 4 liquid/air interfacial energy).[88]

cos(6,) = Ysa~¥su) (2.9)

YLA

The smaller the contact angle the more the solution spreads out across the substrate
forming a more uniform film. If the contact angle is greater than or equal to 90°
beads of the solution are formed as the solution does spread and it de-wets from the

surface.

2.5.2: Spin Coating
Spin coating, a form of wet processing, is a commonly used lab technique of
producing both solar cells and OLEDs. To spin coat a thin film the solution is
deposited onto a rotating substrate. The solution is spread out across the substrate
due to the centrifugal (centripetal) force. The substrate is spun until excess solution
is ejected, the solvent evaporates and the thin film is dry. The thickness of films (hr)
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is dependent on the concentration of the solution (C) as well as the angular velocity

of the substrate (£2), as shown in Equation 2.10.[89]
h Cc
;X Y (2.10)

Spin coating is used widely for small area devices due to the high level of control
over film thickness, morphology and surface topography allows for the repeatable
fabrication of thin films. Spin coating can be used to scale up to larger area devices,
to a certain extent, but it is highly wasteful and not easily adapted for industrial

processing.[90]

a) H b) c)

+ T T

Figure 2. 20: A schematic of the stages involved in fabricating a thin film via spin
coating. a) Depositing the solution onto a static substrate from a pipette, for dynamic
spin coating the substrate would be rotating at this stage. b) and c) demonstrate a
slower and quicker spin speed of the substrate respectively showing the relationship

between spin speed and film thickness described in Equation 2.10.

2.5.3: Roll-to-Roll Compatible Deposition Techniques
The possibility of processing polymer thin films from solution at low temperatures
is a possible route towards industrialising the fabrication process of large area
OLEDs. In the field of electronics the route to industrialised fabrication of devices is
thought to be via roll-to-roll processing. Roll-to-roll processing (R2R) requires a
flexible plastic substrate which is stored wound on a reel, unravelled at high speed,
coated before being re-wound onto a storage reel in a similar process to the printing
of newspapers.[91] In order to industrialise the fabrication process of OLEDs a large
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area, high-throughput coating technique must be established which is compatible

with roll-to-roll processing.[92]

2.5.4: Ink-jet Printing
Ink-jet printing is used widely in homes and offices as a way of producing hard
copies of electronic images and text. Over the past decade researchers have adapted
the technology successfully printing transistors, nano-sized silver colloids, OLEDs

and other electronics.[93-98]

The printing head contains a reservoir of ink (deposition solution) with an open
nozzle at the bottom, the narrow diameter of the nozzle combined with the surface
tension of the ink stops it from flowing from the printing head. The solution is
expelled from the printing head in individual droplets which are formed from one
of two methods; thermally or piezoelectrically. In thermal ink-jet printing (often
referred to as bubble jet) a small area within the head is rapidly heated causing an
increase in pressure. The increase in pressure allows the ink to overcome the
surface tension forcing a droplet out of the nozzle.[53] In a Piezoelectric ink-jet
printer a current is applied to a piezoelectric material within the printing head
which causes it to rapidly expand in volume, increasing the pressure within the
printing head, leading to the formation of an ink droplet in the same method as
thermal ink-jet printing.[53] Some ink-jet printers accelerate droplets towards the
substrate using an electric field, and deflect excess droplets, but this limits the
possible deposition solutions to those which are charged. The printing head sweeps
back and forth perpendicular to the motion of the substrate as the droplets are

ejected, coating the substrate.
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Figure 2. 21: A schematic of an ink-jet printer.

The deposition by individual drops gives high control over the thickness of cast films

via the relationship shown in Equation 2.11.[99]

h = NdVd§ (2.11)

Where N is the number of droplets per unit area, V; is the volume of the droplets,

C is the concentration of solution and p is the density of material in the final film.

Ink-jet can be used to print or coat organic materials and has the potential to scale
up to fabricate large-area OLEDs. Ink-jet printers for electronics have been
developed and are now commercially available but there are still some doubts over
the adaptability of the technology for mass production of OLEDs. The complexity of
drop by drop deposition limits the speed at which a substrate can be coated such
that the technique could be adapted for R2R processing but the throughput would

be lower compared to other possible coating techniques.
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2.5.5: Blade Coating and Slot-Die Coating
Blade (Knife) coating is a technique which has already been adapted for use in R2ZR
processing of OLEDs.[100] Blade coating consists of a moving flexible substrate with
a knife just above it at one point which can be fixed at different heights varying the
size of the gap between the knife edge and substrate. The ink is fed continuously
onto the substrate in front of the blade, as the substrate moves below the blade only
ink of height less than the gap between the knife edge and substrate is coated onto

the substrate, the remaining ink is held back.[101]

Blade coating is a simplistic technique and as such it doesn't allow for much
customisation, the width of the film can only be changed between batches and
patterned deposition isn't possible. A benefit of blade coating is that very smooth
films can be obtained even on rough surfaces and the thickness of the film is
proportional to the distance between knife edge and substrate (g) as shown in

Equation 2.12, although the velocity of the substrate can cause small variations.[99]

hy =2 (;) (2.12)

Slot-die coating is a similar technique which is already used for R2R processing of
solar cells and OLEDs.[99,102,103] In Slot-die coating the ink is pumped into a
coating head which is fixed just above the moving substrate like the blade in blade
coating. As the ink flows from the head onto the substrate a standing meniscus is
formed due to the narrow gap and a continuous film is deposited as the substrate

moves on.

The volume of ink pumped through the head can be varied to match the speed of
substrate so all the ink supplied to the coating head is coated with no loss. Equation
2.13 shows the thickness of deposited films is dependent on the flow rate of the ink
(f), the speed of the substrate (S), the width of film deposited (w), the solution
concentration (c¢) and the density of material in the final film (p).[99]

=L (5) (2.13)

f_Swp
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Blade and slot-die coating can be used with a wide range of ink viscosities and due
to the way the ink is deposited dewetting is much less of an issue compared to

techniques such as ultrasonic spray and ink-jet coating.

Figure 2. 22: A schematic of a) Blade coating, b) Slot-die coating.

2.5.6: Flexographic and Gravure coating
Gravure and Flexographic printing are two very similar R2R processing techniques
which have been used for printing newspapers and leaflets and have now been
adapted for electronics.[104-109] Gravure printing has a patterned cylinder which
is rotated through an ink bath, continuously refilling the cavities of the pattern.
Wastage of ink is minimised as the cylinder rotates by a doctor blade removing

excess ink before the cylinder is pressed against the substrate. A second cylinder on
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the reverse side of the substrate ensures good contact and transfer of the ink onto

the substrate.

Impression Cylinder

Substrate Movement
> Flexible Substrate

° | H B N

Doctor Blade Gravure Cylinder

Ink Reservoir

Figure 2. 23: A schematic of the gravure printing process.

Flexographic printing uses an extra cylinder to transfer the ink compared to Gravure
printing. The Anilox roller is partially submerged in an ink bath and as it rotates a
doctor blade controls the volume of ink transferred to the printing plate cylinder.
The printing plate cylinder is patterned in a similar manner to the Gravure cylinder
but instead of transferring the ink into the cavities the ink is transferred to the raised
areas. The printing plate cylinder then presses against the substrate as it passes
between it and the impression cylinder, transferring the ink via direct contact like a

traditional stamp.
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Figure 2. 24: A schematic of a flexographic printing process.

Gravure and Flexographic printing have the potential to have very high throughput,
using low viscosity inks these techniques could potentially reach printing speeds of

15ms1.[101]

There are some issues which could limit the use of the techniques for fabricating
OLEDs, one such issue is the lack of customisation. To change the pattern which is
printed requires new roller which has the desired pattern engraved, this would slow
the manufacturing process and would have a large cost to have multiple engraved
cylinders. Solutions must be viscous and use low volatility solvents to ensure
wetting of the rollers and to stop rapid evaporation of the deposition solution, only

polymers that are soluble in such solvents can be being coated.

2.5.7: Spray Coating
Spray coating has the potential to be compatible with high-throughput processing
such as R2R processing as it enables the rapid coating of large areas with low
material wastage. Although some spray heads are able to deposit narrow spray
widths, typically to pattern via spray coating involves the use of a mask which would

increase the wastage of solution. There are two main sub-technologies within the
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spray coating bracket: airbrush (pneumatic) and ultrasonic. In an airbrush spray
head the solution is sheared into droplets via the use of pressurised nitrogen or air
forcing the solution through an orifice. In recent years a number of polymer based
electronic devices have been fabricated using airbrush spray coating.[110-115]
However, the flow rate of the solution, the droplet size and velocity of ejected
droplets are coupled to the pressure of the air (or nitrogen), these can all effect the
uniformity of the final cast film. Ultrasonic spray coating, the main focus of this
thesis, atomises the casting solution into droplets via high frequency vibrations, the
droplets are then guided to the substrate below via a shaping gas. Ultrasonic spray
coating is a highly customisable process in which air pressure, solution pressure,
height, speed, substrate temperature, spray width and spray time can all be varied.
The range of settings allows for precise control over thickness and deposition area,
minimising waste solution and giving the potential to scale up to large area OLEDs.
Ultrasonic spray coating has been used to deposit a range of different materials and
layers in electronic devices.[116-123] One paper of particular interest consists of
work by Gilissen et al. where a yellow emitting polymer was spray cast with the
other layers deposited via spin coating and thermal evaporation.[124] Another
example of ultrasonic spray coating for OLEDs in literature includes the deposition
of F8BT on top of a spin cast TFB layer as part of an emissive bi-layer using.[125]
Liu et al. have contributed greatly to the area with four publications included
depositing a small molecule hole-transporting layer, an inorganic hole-transporting
layer, a small molecule emissive layer and a device in which both a polymer hole-
transporting layer and an emissive small molecule layer were spray cast.[126-129]
However, in these works the solutions are often highly dilute and require a multi-
pass raster spraying pattern which is incompatible with a R2R process unlike the
single spray pass technique used in all spray coating in this thesis. Further details
on ultrasonic spray coating and the specifics of the system used in this thesis are

provided in Chapter 3 and in Chapter 5.
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Chapter 3

Experimental Methods

3.1: Introduction

In this chapter, the procedures are laid out for the preparation, fabrication and
characterisation of organic light-emitting diodes (OLEDs) in this thesis. In Section
3.2 the methods followed for the preparation of solutions are described, in Section
3.3 the fabrication techniques used for producing devices in this thesis are reviewed.
In Section 3.4 the device architecture and the fabrication of devices layer-by-layer is
described. The procedures used for characterising the performance and emission of
OLEDs and single-carrier devices are presented in Section 3.5, and the techniques

used to characterise thin films are shown in Section 3.6.

3.2: Solution Preparation

All solutions in this thesis were prepared within a clean room environment. Amber
glass vials (chosen to minimise possibility of photodegradation of solutions) and the
vial lids were blasted with nitrogen to remove particulates, these vials were then
rinsed with isopropyl alcohol before drying with nitrogen. The vial, without lid, was
placed onto a microbalance to zero the scales before carefully depositing materials
into the vials using a disposable spatula to the desired weight. Whilst under a fume
hood the appropriate solvent is then added to the vial using a micropipette to
prepare the desired concentration. Solutions of hygroscopic/air-unstable materials
were prepared by cleaning the vial as discussed above prior to moving the empty
vial into the dry nitrogen atmosphere glove box. The vial was then opened, blown
with nitrogen and sealed before removing from the glovebox and zeroing the

microbalance to the weight of the sealed vial. The vial was then returned to the
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glovebox where an amount of material is transferred to the vial using a disposable
spatula, the vial is then resealed and weighed on the microbalance in air. This
process is repeated until the mass of material is enough for the desired
concentration of solution to be prepared, at which point the vial is returned to the
glovebox and anhydrous solvent is added to the solvent via micropipette to prepare
the solution of desired concertation. Solutions were then placed on a hotplate till the
solute is fully solubilised with occasional aggravation using a vortex mixer to aid this
process. If particulates still remain in solution prior to use they were filtered using

either 0.45 pm PTFE or PVDF depending on the solvent properties.

3.3: Fabrication Techniques

3.3.1: Spin Coating
Spin coating is the ubiquitous technique for solution processing thin films on a
laboratory scale. Thin films are formed by depositing a volume of solution onto
substrate which is coupled to a rotating chuck, the solution is spread uniformly
across the surface of the substrate by the centrifugal (centripetal) force, with excess
solution being ejected. As the substrate continues to spin the solvent then
evaporates leaving a uniform dry film. The final film thickness, as discussed in
Section 2.5.2, is dependent on the solution concentration, viscosity, solvent
diffusivity and has an inverse relationship to spin speed.[1] The repeatable
thickness of thin films cast via spin coating combined with the known thickness
relationship allows for the rapid optimisation of materials as once a film is cast and
measured the spin speed for the casting same solution required for a desired film
thickness can be estimated, or the required solution concentration for a specific

thickness can be estimated if cast at the same spin speed.

Two models of spin coaters were used to deposit thin films in this thesis: A Laurell
spin coater and an Ossila spin coater. The Laurell systems, uses a vacuum chuck,
whereby the substrate is held in place during rotation by a vacuum. The Ossila

system uses a recessed chuck in which the substrate sits.
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3.3.2: Ultrasonic Spray Coating
A PRISM Ultra-coat 300 system made by Ultrasonic Systems Inc. is used to deposit
thin films in Chapters 5, 6 and 7 of this thesis. In this system the casting solution is
fed onto a vibrating tip driven by a rapidly contracting and expanding piezoelectric
crystal to resonate at 35 KHz. The solution is atomised into a fine mist of droplets as
it contacts the tip, the mist is shaped and directed by a nitrogen flow towards the
substrate placed on a hotplate below. The spray head is mounted on a computer
controlled gantry which controls the motion of the spray head for each deposition
allowing for high precision and repeatability. The deposition parameters that can be
varied include: pass length, pass height, pass speed, shaping gas pressure, solution
flow rate, deposition time and substrate temperature. Further to these parameters
the properties of the casting solvent and solution concentration all contribute to the
vast parameter space that affects the uniformity and thickness of cast films. In
Chapter 5 this parameter space is probed and a guide to fabricating uniform thin

polymer films is laid out.
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Figure 3. 1: Top left - A side on picture of the spray head showing the solution feed onto

the piezoelectric tip and the shaping gas tube from which nitrogen flows and guides
the spray mist down onto a substrate below. Top right — A view from below the spray
head showing again the solution feed, piezoelectric tip and the main shaping gas tube.
The ring of holes around the resonating tip are another source of pressurised nitrogen
which helps shape and define the width of the spray pattern. Bottom - A picture of the

spray coating system showing the computerised gantry on which the spray head is
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mounted, the reservoir in which the casting solution is stored, the spray head and a

hotplate below on which the substrate is placed during deposition.

3.3.3: Thermal Evaporation
Thermal evaporations are undertaken under a high vacuum (Pressures lower than
4x10-® mbar) this acts to reduce the evaporation temperature of the desired
material and reduce contaminants. When at ambient pressure the material to be
deposited is placed on a resistive source or within a crucible which is stable above
the evaporation temperature of the material, the crucible is then placed within a
resistive tungsten wire basket. The evaporation chamber is then sealed and the
evacuation process begins with first the use of a roughing pump to achieve a low
vacuum prior to a cryopump lowering the pressure to a high vacuum. Once at high
vacuum a current is passed through the resistive source or the resistive wire basket,
the temperature of the source/crucible rises and the material heats up begins
evaporating above a certain temperature dependent on the specific material and
pressure in the chamber. The rate of deposition and thickness deposited are
measured using a quartz crystal monitor. The quartz crystal, when new, oscillates at
6 MHz, as material is deposited and begins to build up on the monitor the frequency
at which it oscillates decreases, which with knowledge of the density and z-ratio
(acoustic impedance of the deposition material) of the material allows for the mass
and thickness of the material deposited on the crystal monitor to be calculated. This
coupled with a geometric tooling factor, which accounts for the positional difference
between the crystal monitor and the substrate being deposited upon, allows for the
calculation of thickness deposited on the substrate and rate of deposition. The
tooling factor for each evaporation source was calculated by evaporating thick films,
estimated to be a few hundred nanometres, with an initial tooling factor. The
thickness of these films are then measured via surface profilometry, spectroscopic
ellipsometry or atomic force microscopy depending on the material properties and
the tooling factor corrected for differences between the predicted thickness and
measured thickness. Lithium fluoride and Molybdenum (VI) oxide layers used in

devices in this thesis were deposited at 0.2 A s1, Aluminium cathodes were
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deposited at 1 A s1. Evaporated layers in this thesis are patterned via the use of a

shadow mask.

3.4: Device Architecture and Fabrication

In this thesis both organic light-emitting devices (OLEDs) and hole-only devices are
fabricated on the same 15 x 20 mm glass substrates with a pre-patterned 100 nm
indium-tin oxide (ITO) layer. A schematic of device architectures used in this thesis

is laid out in Figure 3.2.

/ Electrode

Electron-Injection Layer
, ——| or

Hole-Injection Layer

Light-Emitting Polymer /
Studied Polymer

Glass Substrate

Figure 3. 2: Schematic of the device architecture used in this thesis on 8-pixel ITO
patterned substrate. This image shows a solution deposited layer below the electrode,
in a device with thermally evaporated hole- or electron-injection layer this layer would

be patterned like the top electrode.

The OLEDs in this thesis take advantage of the transparent nature of ITO and are
standard architecture bottom emitting devices, with ITO acting as the anode and the
reflective top metal contacts acting as the cathode. On top of the ITO anode the next
layer is a hole-injection layer (HIL), the following layer is the white-light-emitting
polymer (LEP). Between the LEP and the cathode is an electron-injection layer (EIL),

Figure 3.2 depicts a solution cast EIL as investigated in Chapter 4 in reference
- e
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thermally evaporated EIL devices this layer would have the same pattern as the
cathode rather than a continuous layer. The hole-only devices in this thesis vary
from the OLED structure by having the studied hole-transporting polymer instead

of the LEP, and have a thermally evaporated hole-injection layer rather than an EIL.

Prior to device fabrication the substrates were cleaned to remove surface
contaminants and aid in the wetting of the subsequently deposited solutions to the
substrate. The substrates were loaded into a PET rack, submerged in a solution of
Hellmanex (III) mixed with boiling deionised water (DI) and sonicated for 10
minutes. This was followed by the rinsing of the substrates in boiling DI prior to
sonicating the substrates for 10 minutes in boiling DI. A further rinse in boiling DI is
followed by a 10 minutes of sonication in isopropyl alcohol (IPA). The substrates
were then dried using a nitrogen gun before being exposed to a UV-Ozone treatment

for 15 minutes.

h+

h+

Figure 3. 3: The top left image shows a top-down view of an 8-pixel ITO substrate. The
bottom left image shows a top-down view of a completed 8-pixel device demonstrating
how regions of layers have been removed over the ITO fingers to pattern the device.
The dashed red line shows the edge of the central ITO pad and the dashed red square

shows the area in which all layers are present which defines the pixel of 4 mm?, this
|
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occurs eight times over the substrate as such this is an eight pixel device. The ITO
corners of the substrates are connected to the central ITO pad which allows charges to
be transported to the bottom of the pixels, as shown for hole injection in OLEDs in the
top right image. In OLEDs the electrons are transported through the ITO fingers, into
the evaporated metal contacts, along the metal layer to the top of the pixel area and
down into the other layers of the device within the pixel area at which point the
opposite charges may radiatively recombine in the emissive layer to emit a photon. The
bottom right image depicts a side on image of a completed device prior to any
encapsulation, in which a glass slide will cover the full width of the substrate and to a

length where only the ITO is exposed to air.

Once the cleaning process has been completed the HIL can be deposited. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS, is used as the bottom
hole-injection layer for all devices in this thesis. PEDOT:PSS is a combination of the
conjugated polymer PEDOT and non-conjugated polymer PSS which has a negatively
charged SO3 group. The addition of PSS is to solubilise the PEDOT allowing for
PEDOT:PSS to be spin cast from an aqueous solution.[2] The ratio of PEDOT to PSS
can be varied to change the depth of the HOMO and to vary the conductivity of the
final PEDOT:PSS film. The conductive, highly transparent and smooth films cast from
PEDOT:PSS are favourable properties for both organic photovoltaics and OLEDs.[3]
The specific PEDOT:PSS used in this thesis is AL4083 with a PEDOT to PSS ratio of
1:6 and a work function around 5.2 eV. The aqueous PEDOT:PSS was filtered
through a 0.45 um PVDF filter prior to use for spin coating or for the preparation of
the spray coating solution as described in Chapter 7. The spin cast PEDOT:PSS layer
in deposited under a fume hood in a clean room via dynamic spin coating at 5000
rpm to form a continuous 40 + 3 nm thick layer. The layer is then removed over the
ITO fingers using a DI water soaked cotton bud, leaving the layer coated over the
central ITO pad and onto the glass but crucially not on the ITO fingers. Following the
swabbing process the PEDOT:PSS coated substrate is then placed on a 120 °C
hotplate for 15 minutes to remove any remnant water in the film. The spray cast

deposition of PEDOT:PSS is discussed in detail in Chapter 7.
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The emissive layer of the OLEDs in this thesis is a white-light-emitting copolymer
(LEP) as described in Chapter 2. The LEP was deposited dynamically from a 12 mg
ml-1in p-Xylene at a spin speed of 2400 rpm for spin cast devices to form a layer 63
+ 3 nm thick. The deposition of the LEP via spray coating is described in detail in
Chapter 7. After depositing the film it was patterned in the same positions as the HIL
below using a cotton bud soaked with p-Xylene. In the hole-only devices the studied
polymer, TFB, is deposited via spin coating at a range of different spin speeds from
a range of different concentrations in toluene. The film is removed over ITO fingers

via swabbing with a toluene soaked cotton bud.

In reference OLEDs in this thesis Lithium Fluoride (LiF) is thermally evaporated
through a shadow mask at 0.2 A s to form a 3 nm EIL prior to the deposition of a

100 nm Aluminium cathode at 1 A s'1 under the same vacuum.

In the hole-only devices in this thesis the layer above the studied polymer is a further
HIL of thermally evaporated Molybdenum (VI) oxide, deposited at a rate of 0.2 A s1
to form a 10 nm layer prior to the deposition of a 100 nm Aluminium cathode at 1 A

sl under the same vacuum.

The evaporation of the top contact through a shadow mask defines the area of the
pixels on the substrate as the regions where there is a complete stack of all the
layers, as such the architecture used in this thesis leads to eight 4 mm? pixels on

each device.

Once all layers are deposited the devices are removed from the vacuum chamber
directly into the dry nitrogen atmosphere of the glovebox where they are
encapsulated by applying a drop of UV-curable epoxy resin on top of the device
stack, placing a glass slide down to cover all the deposited layers and exposing the
devices to 30 minutes of UV light to cure the resin. UV light has the potential to cause
degradation in the polymer layers within a device, to test if this was occurring during
curing of the epoxy air-stable devices were fabricated, half of which were
encapsulated as described above and half had no UV exposure, no difference in

device performance was observed between the two splits as such the epoxy protects
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the rest of the device stack from UV induced photodegradation during the curing

process.

Figure 3. 4: Photographs of a completely fabricated and encapsulated OLED.

In Chapter 7 large area devices were fabricated using 25 x 75 mm glass substrates
pre-patterned with 100 nm of ITO. These substrates pictured in Figure 3.5 have a
similar design to 8 pixel but larger to fit 24 pixels of 9 mm?Z. A slight but important
difference in layout between large-area and 8 pixel substrates is that between each
ITO finger which connects to the pixel there is an ITO strip that is connected to the
central pad, this attempts to minimise the path length of charges in ITO which is

known to cause resistive losses when scaling up devices.[4-6]

Figure 3. 5: A photograph of a large area/scale-up substrate used to fabricate 9 mm?2

24 pixel devices.
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The cleaning procedure for large-area substrate was identical to that of 8 pixel
substrates but only three large-area substrates could be cleaned in each batch
through this process unlike the twenty 8 pixel substrate that can be cleaned in one

run.

The layers cast on the large area substrates were patterned in the same manner as
with the 8 pixel substrates, the electron-injection layer and top electrodes were
evaporated in the same method using a larger evaporation mask in which only four
devices could be deposited on per run and devices were encapsulated in the same

manner as the 8 pixel substrates but using a larger glass encapsulation slide.

3.5: Device Characterisation Techniques

3.5.1: Current-Voltage-Luminance Measurements (I-V-L)
To characterise the output from fabricated OLEDs, devices are mounted into an
Ossila push-fit testing board, where spring-load gold pins contact the ITO fingers
and main pad such that electrical contact can be made to each pixel individually via
turning a switch. The testing board is mounted in a magnetised stand on an optical
bench with a Konica Minolta LS-110 luminance meter aligned at a normal incidence
to the bottom of the substrate. The luminance meter is fitted with a No°® 110 close-
up lens and is aligned such that the silicon photodiode within the luminance meter
is 21 cm from the bottom of the substrate. The measuring distance can be tuned by
small margins by twisting the lens so that the measurement-area ring in the in-built
viewfinder is in focus within the area of the pixel, as the pixel is in focus. The LS-110
has a 1/3° acceptance angle of light this coupled with the normal alignment of the
luminance meter justifies the assumption that the devices tested in this thesis can
be treated as Lambertian emitters. As light passes through the luminance meter it
passes through a filter before being measured by the photodiode, this filter coupled
with a colour-correction factor of 1.050 alters the spectra such that the photodiode
response closely replicates the Commission Internationale de I'Eclairage (CIE)
relative photopic luminosity response. A Keithley 2602 source measure unit or an
Ossila Xtralien X100 source measure unit were used to sweep voltage for each pixel

separately from 0 to 10 V, in 0.2 V steps whilst measuring the current at each voltage
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step. The Luminance is measured, in cd m2, after the current at each voltage step.
Device metrics such as current efficiency, power efficiency and peak luminance can
then be calculated after the data from sweeps has been recorded. After a pixel has
be swept the testing board and optical stand it is mounted on are adjusted to align
the next pixel to the luminance meter, the tested pixel is switched off and the newly

aligned pixel is switched on.

Single-carrier devices were tested in the same testing set-up, minus the use of the
luminance meter. The maximum voltage swept to was dependant on the thickness
of the studied polymer layer in each pixel, with the voltage swept such that the

electric field would pass 1 MV cm1 based on the relationship:

E= %4
dpolymer

Where d is the thickness of the studied polymer layer.

3.5.2: Electroluminescence Spectroscopy
The electroluminescent spectra from devices fabricated in this thesis were recorded
using an Andor Shamrock 303i spectrometer. An optical fibre coupled into the
spectrometer with a cross-sectional area smaller than the pixel area was placed on
the bottom of a device within the region of a pixel. A background measurement was
taken in this setup within a dark room, the pixel was then swept from 0 to 10 V in
0.2 V steps as with I-V-L measurements with the spectra being recorded
continuously, and this was repeated for multiple pixels and devices with no

noticeable variation in emission recorded.

3.6: Film Characterisation Techniques

3.6.1: Surface Profilometry
A Bruker DextakXT has been used to measure the thickness, roughness and to
produce 3D maps scans of layers in this thesis. To measure the thickness of a layer
a razor blade was used to remove an area of the film from the substrate with any
remnant film debris removed from the surface using a nitrogen gun to avoid any

issues during measurements. The substrate is placed on the motorised dektak stage
|
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and the 12.5 pum radius diamond tipped stylus is lowered onto the surface of the
sample with a stylus force of 29 uN. The length of a line scan and time taken is set in
the Vision64 program which controls the Dektak, with a typical thickness
measurement taken in this thesis taken over 750 pum in 15 seconds, leading to a
resolution of 167 nm per point. This resolution is less than that obtained from
measurement techniques such as atomic force microscopy (AFM), leading to
smoothing of smaller features of films studied but allowing for larger regions of the
films to be analysed. Asthe line scan runs the stylus remains in the same xy position,
the stage with the substrate upon it moves as such the tip of the stylus effectively
passes along the cleared area of the substrate before being dragged over the edge
and onto the layers being measured, with the stylus raising to continue the scan on
the top surface of the material of interest. The stylus is linked to a linear variable
differential transformer which translates physical motion of the stylus to electrical
signals which can be interpreted by the software and then the difference in stylus
height on the substrate and on the layer can be compared and the thickness can be
calculated. All thickness stated in this thesis that are taken via surface profilometery
are based on an average of a minimum of three measurements to ensure a
representative thickness, errors stated from such thicknesses demonstrate the

spread of values measured.
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Figure 3. 6: A photograph of the motorised stage of the Bruker DektakXT showing the

stylus down on a substrate with the 10x optical camera and light source labelled.

The roughness average (Ra) and root-mean-square (rms) roughness are also
calculated by the Vision64 software for line scan but the roughness measurements
in this thesis are based upon 3D maps scans as this is more accurate representation

of the surface of the entire film.

Map scans were set up by determining the scan length, desired width of the final
map scan, time per scan and number of scans the combination of these factors
determined the resolution of the final map scan. 3D maps scans were constructed
by the Vision64 software from a number of individual line scans stitched together,
after the previous line scan is complete the tip returns to a point next to the start
point of the previous line before beginning the next line scan. The final topographical
map scans are exported and processed in Gwyddion software to produce the final
figures in this thesis, the roughness values stated for map scans are taken calculated

in this software.
'
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3.6.2: Spectroscopic Ellipsometry
Spectroscopic ellipsometry involves the probing of a layer by light with the changes
in polarisation and intensity of light reflected from the sample measured and used
to calculate the thickness of the layer as well as the optical properties: refractive
index (n) and extinction coefficient (k). Figure 3.7 shows a photograph of the
Woollam M-2000V ellipsometer used in this thesis. Light of wavelengths from 370 -
1000 nm is emitted from a Xenon lamp then passed through a monochromator,
which only allows a single wavelength to pass through. The light then passes
through a polariser such that it is linearly polarised with known polarised
components. The light then falls on the sample where it passes through the thin film
and is reflected off the silicon substrate, this process causes a change in the phase
and intensity of the light leading to elliptically polarised light. The light then passes
through an analyser, a rotating polariser, the angle of the analyser is varied and
coupled with the CCD this allows for the polarisation and intensity of the reflected
light to be measured. These values are then compared with the initial output light to

determine the change in phase (A) and change in the intensity of polarisation (¥).[7]

Lamp and

CCD Monochr

Analyser

Figure 3. 7: A photograph of the Woollam M-2000V ellipsometer with the key
components labelled. The light source arm and detector arm are at 30° to avoid high

losses due to reflections at the interface.
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A model that approximates the structure being measured is developed based on the
optical constants, thickness and roughness of the material to produce A and ¥ values
for comparison with the experimentally determined values. In this thesis a Cauchy
model (Equation 3.1) has been used for comparison in order to estimate the

thickness and refractive index of the layer being studied.
B Cc
n(l) =4+ =T (3.1)

The Cauchy model relies on variables A, B and C as well as the wavelength (1) but
does not include the extinction coefficient as such it can only be applied to
wavelength ranges where the modelled material displays high transmittance. Once
a model has been generated it is compared to the experimental data and the
parameters are tuned in an iterative process to minimise the mean-square error
(MSE) between the measured and modelled data. When the MSE has been
minimised the estimated thickness of the studied layer can be extracted. The data
processing and modelling for ellipsometry was performed using CompleteEASE

software.

3.6.3: Contact Angle
The contact angle of solutions on ITO substrates were probed using an Attension
Theta optical tenisometer as pictured in Figure 3.8. The tensiometer uses a setup
where an adjustable stage is positioned between a monochromatic LED with smooth

lighting integration sphere and a high-resolution, high-speed camera.
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Syringe

Figure 3. 8: A labelled photograph of the Attension Theta tensiometer used to measure

contact angles of droplets on ITO substrates in this thesis.

To calibrate the system a ball bearing of known diameter is placed on the stage and
the camera is focussed on the ball bearing. An image is then taken using the camera
and a circle is fitted to the edges of the ball bearing and the diameter of the ball
bearing is inputted into the software. An un-patterned ITO substrate then replaced
the ball bearing and the focus on the substrate is checked. The solution of interest is
loaded into a syringe with a fine needle, the syringe is then held in a clamp such that
the tip of the needle is above the centre of the substrate. The camera is set running,
taking an image every 16 ms for the desired time period, a small droplet of solution
is deposited from the syringe onto the substrate below. After images of the droplet
spreading on the substrate have been recorded the user looks through the images
to find the first image of the droplet settled on the substrate, inputs the location of
the substrate surface (baseline) making sure the point of contact between the edges
of the droplet and the substrate sit on this line. The image processing software then
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attempts to fit an ellipse extending below the substrate to the droplet to each frame.
The software then for each frame calculates the angle between the baseline and the
ellipse at the points they intersect giving the contact angle at both edges of the

droplet, also an average of the two is calculated for all frames.

3.6.4: Laser-Beam-Induced Current Mapping
Laser-beam-induced current (LBIC) mapping is a device measurement technique
that can spatially resolve current generation within and between pixels. A laser
beam focused to a point on the active layer of a device generates a photocurrent at
that position which is measured, the laser point is raster scanned in steps across the
device and the measurement is repeated at each point building a spatial map of the
distribution of current generation. The absorption and thus current generated is
dependent upon the thickness of the layers within the device as such LBIC mapping
allows for a route to probe the uniformity of thickness within a pixel and across the

pixels of a device.

A picture of the LBIC mapping experimental setup is shown in Figure 3.9, the key

components of the system are labelled.
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Figure 3. 9: A photograph of the LBIC setup with key components labelled. The beam

path of the 405 nm laser is marked with blue arrows. The beam path of the white light

source used for alignment is shown using yellow arrows.

The beam from a 405 nm, 3 mW laser was passed through a variable neutral density
filter with a fraction of the beam being reflected onto a photodiode to record and
account for fluctuations in laser power. The beam then passes through an optical
chopper and a spatial filter which help collimate the beam and minimise effects such
as airy rings of the beam or Newton’s rings on the device. After exciting the spatial
filter the beam is incident on a beam splitter where a fraction of the beam is split
onto a secondary photodiode to further check for fluctuations in power and the main
beam path continues on through a 10x microscope objective and onto the device.
The device is mounted in an electrical testing board and the board is mounted on a
computer controlled xy stage and a manual z stage. A Stanford Research Systems
SR830 lock-in amplifier was used to maximise the signal and measure the current

generated.
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A white light source is directed via the beam splitter, through the microscope
objective to illuminate the device, this allows for the position of the laser spot on the
device to be seen as to align in the xy plane and the z stage allows the laser spot to

be focussed on the device.

A device is mounted and levelled in the testing board before moving the stage such
that the device sits under the objective. After aligning and focussing the laser spot
on the device with the optical chopper switched off, the dimensions of scan and step
size are inputted by the user into a LabVIEW script. The LBIC maps presented in
Chapter 7 required 130 by 230 steps with a step size of 50 um to cover all 8 pixels
on a device and the surrounding regions. The optical chopper is switched on and all
other light sources other than the laser are switched off and the script is started. At
each point of the scan five current measurements are taken, with a one second settle
time between each measurement, and an average of these measurements is written
to a txt file. The stage then shifts 50 um after completing the measurement of the
first point and the next measurement begins, this is repeated as the laser raster
scans across the device to construct the map, for maps of 130 by 230 steps with 50

um steps this takes in the region of 40 hours to complete.

3.7: Summary

The experimental techniques and procedures used in this thesis have been
introduced and discussed in this chapter. Spin coating and thermal evaporation are
used in all experimental chapters, ultrasonic spray coating is used in Chapters 5, 6
and 7. The device architecture and fabrication described in this chapter is used
across all experimental chapters. Current-Voltage measurements as used in Chapter
6 to investigate single-carrier devices, Current-Voltage-Luminance measurements
are taken in Chapters 4 and 7. Spectroscopic ellipsometry is used in Chapter 4 to
determine the thicknesses of thin-film spin cast electron-injection layers. In Chapter
7 contact angle measurements are used to investigate the use of solvent blends on
the wetting of a solution to a surface and LBIC mapping is used to probe the

uniformity of spin cast and spray cast layers in an OLED.

|
Chapter 3 90



3.8: References

[1]

C.J. Lawrence, The mechanics of spin coating of polymer films, Phys. Fluids. 31

(1988) 2786-2795. doi:10.1063/1.866986.

A.M. Nardes, M. Kemerink, M.M. de Kok, E. Vinken, K. Maturova, R.A.]. Janssen,
Conductivity, work function, and environmental stability of PEDOT:PSS thin
films treated with sorbitol, Org. Electron. 9 (2008) 727-734.
doi:10.1016/].0RGEL.2008.05.006.

C.H.Jonda, A.B.R. Mayer, U. Stolz, Surface roughness effects and their influence
on the degradation of organic light emitting devices, ]. Mater. Sci. 35 (2000)
5645-5651.doi:10.1023/A:1004842004640.

J.E. Bishop, D.K. Mohamad, M. Wong-Stringer, A. Smith, D.G. Lidzey, Spray-cast
multilayer perovskite solar cells with an active-area of 1.5 cm2, Sci. Rep. 7

(2017) 7962. doi:10.1038/s41598-017-08642-2.

Y. Galagan, E.W.C. Coenen, W.].H. Verhees, R. Andriessen, Towards the scaling
up of perovskite solar cells and modules, ]. Mater. Chem. A. 4 (2016) 5700-
5705. d0i:10.1039/c6ta01134a.

R. Clark, K. Tapily, K. Yu, T. Hakamata, S. Consiglio, C. Wajda, J. Smith, G.
Leusink, Perspective: New process technologies required for future devices

and scaling, APL Mater. 6 (2018). doi:10.1063/1.5026805.

JA. Woollam Co, CompleteEASE™ Data Analysis Manual, 2004.
http://www.jawoollam.com (accessed September 17, 2018).

|
Chapter 3 91



|
Chapter 3 92



Chapter 4

Solution-Processed Electron-
Injection Layers for Polymer Light-
Emitting Diodes

4.1: Introduction

The performance of OLEDs has improved over time with a key development being
the introduction of multilayer device architectures.[1-4] Introducing layers such as
electron-injection layers (EILs), hole-injection layers (HILs), electron-transporting
layers (ETLs) and hole-transporting layers (HTLs) between the emissive layer and
the electrodes have been demonstrated to increase device luminance and efficiency
by reducing energy barriers to charge injection, improving the balance of injected
charges, confining charges within the emissive layer, reducing exciton quenching

and tuning the recombination location to improve light out-coupling.[5-7]

Typically multilayer devices are fabricated via thermal evaporation under a high
vacuum although it is possible to scalably deposit under vacuum, high vacuums in
large chambers which are required for large area deposition of such thin reactive
layers are challenging to achieve and very expensive. Scalable solution-processed
multilayer devices are often viewed as a potential route for low-cost fabrication due
to room-temperature high-vacuum-free processing.[8,9] The main challenge of
fabricating multilayer solution-processed devices is the need for alternate layers to
be cast from orthogonal solvents to avoid the layer below being dissolved during the
deposition. Commonly used thermally deposited EILs such as lithium fluoride (LiF)
and calcium are insoluble in alcohol type solvents which could be cast on conjugated

polymer emissive layers as such alternate solution-processable EILs must be used.
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In this chapter caesium carbonate, 8-hydroxy-quinolinato lithium and
polyethylenimine-ethoxylated are investigated as solution-processed spin cast
electron-injection layers for white-light-emitting polymer LEDs. The dependence of
device performance on the thickness of these different electron-injecting layers is
investigated in order to optimise device performance. This work is undertaken with
the future aim of depositing this material via ultrasonic spray coating under ambient

conditions to complete a fully spray cast polymer LED.

4.2: Device Fabrication

Devices in this chapter were fabricated using pre-patterned 8 pixel ITO TEC 20
substrates purchased from Ossila Ltd. The substrates were cleaned following the
protocol laid out in Chapter 3. Al 4083 grade PEDOT:PSS was filtered using a 0.45
um PVDF mircodisc filter prior to spin coating at 5000 rpm to yield a 40 + 3 nm film.
The PEDOT:PSS films were annealed on a hotplate, in air at 120 °C for 15 mins and
then cooled to room temperature prior to deposition of the emissive layer. The
white-light-emitting polymer (LEP) was spin cast in ambient conditions from a 12
mg ml-! p-Xylene solution at 2400 rpm to form a 63 = 3 nm film. Devices were then
coated by the electron-injection materials discussed in the following sections via
spin coating. The layers over the ITO contacts were wiped away using a solvent
soaked cotton bud. The solvent used for each layer was deionised water for
PEDOT:PSS, p-Xylene for the LEP and the respective solvent used to deposit the EILs.
A 100 nm Aluminium electrode capped the devices deposited through a shadow
mask via thermal evaporation under a minimum vacuum of 4 x 10-¢ mbar to define
a pixel area of 4 mmz2. Devices were encapsulated using a UV-curable epoxy and a

glass slide in an inert atmosphere prior to being tested.
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Figure 4. 1: A 3D rendering of the device architecture used in this chapter. A pre-
patterned ITO coated glass substrate coated by a 40 + 3 nm PEDOT:PSS layer, a 63 + 3
nm emissive layer, varying thicknesses of spin cast electron-injection layers and a 100

nm Aluminium cathode.

The thickness of the PEDOT:PSS, emissive layer and electrode were confirmed using
a Bruker DektakXT surface profilometer. Thicknesses of the various solution-
processed electron-injection layers which produced the best device metrics were
measured via ellipsometry. Ellipsometry was performed using a spectroscopic
ellipsometer (M2000v, J. A. Woollam Co., USA). The different EILs were deposited
from the same concentrations and spin speeds used for devices onto silicon
substrates. W, the ratio of the amplitude of incident and reflected light, and A, the
ratio of the phase lag between incident and reflected light, were recorded over a
wavelength range of 370 to 1000 nm. A Cauchy model was used to fit to this data in
the optically transparent region, 370 - 800 nm, of the thin film, (where the extinction
coefficient, k = 0) and determine the thicknesses of the EILs. The thickness of the
non-optimal performance EILs were calculated based on the thicknesses measured
via the ellipsometer then applying the thickness-spin-coating relationship discussed

in Section 2.5.2.[10]
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4.3: Caesium Carbonate as a Solution-Processed Electron-Injection
Layer

In this section caesium carbonate, Cs2C0s3, is investigated as a potential solution-
processed electron-injection layer for devices using the white-light-emitting
polymer (LEP) used in this thesis. An alkali metal salt, Cs2CO3 has been used
extensively as an EIL when deposited via thermal evaporation and more recently as
a spin cast EIL.[11-15] Spin cast Cs2C03 reacts with the thermally evaporated
aluminium cathode to form an Al-O-Cs complex at the interface between the
aluminium and Cs2C03 which reduces the work function of the aluminium
decreasing the barrier for electron injection. Further to this Cs2C03 acts as a hole-
blocking layer, confining holes within the emissive layer to help to balance the

density of charges and increase efficiency.[12]

Cs2C03 was spin cast in a dry nitrogen atmosphere at a range of spin speeds (2000
- 5000 rpm) from anhydrous 2-ethoxyethanol at a range of concentrations (0.5 - 8

mg ml1) in order to find an optimal thickness for this device structure.
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Figure 4. 2: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of devices with spin cast Cs2C03 as the electron-
injection layer. Cs2C03 was deposited from a range of different concentrations, 0.5 - 8

mg ml1, and a range of spin speeds, 2000 - 5000 rpm, to vary the thickness of the layer.

The devices with Cs2C0s3 cast from a 0.5 mg ml! solution at 5000 rpm have the
lowest mean device metrics of 1.66 cd A1, 0.52 Lm W-1 and 1811 cd m=2. Devices
with Cs2C03 cast from 0.5 mg ml-* at 2000 rpm through to those cast from 2 mg ml-
Lat 3000 rpm had very similar metrics, all a slight improvement on the thinnest
Cs2C0s3 layer with the mean metrics 2.20 - 3.23 cd A1, 0.91 - 1.27 Lm W-1 and 4309
- 5545 c¢d m2. The estimated thicknesses of these cast films are 1.4 nm or less, the
root-mean-square roughness of the LEP deposited via spin coating is measured in
Chapter 7 to be 1.4 nm as such the low concentration spin cast Cs2COs3 layers are
unlikely to uniformly coat the LEP layer resulting in an incomplete film or a
conformal coating of varying thickness leading to poor device performance. There
is a large jump in the performance metrics to the films cast from 4 - 8 mg ml-1 which
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have similar metrics, the range of mean metrics 6.59 - 7.49 cd A1, 4.69 - 5.80 Lm
W-1and 20403 - 22130 cd m2. The devices with the Cs2C0s3 cast from 4 mg ml-1 have
narrowest spread of data for the peak current efficiency and peak power efficiency
with standard deviations of 0.38 cd A-1and 0.38 Lm W-1respectively. However, the
devices with Cs2C03 cast from 4 mg ml-! have a fractionally larger spread in mean
peak luminance than those cast from 8 mg ml-1, standard deviations of 1001 cd m
and 996 cd m2 respectively. Due to the slightly higher performance metrics and
narrower distribution across two of the three metrics the Cs2CO3 film cast from a 4
mg ml-1 solution was chosen as the optimum deposition thickness. Ellipsometry
performed on a Cs2C03 film spin cast at 5000 rpm from a 4 mg ml-! solution onto a
silicon substrate confirmed the thickness to be 2.2 + 0.1 nm. This optimal thickness
is in agreement with work done by Huang et al. where the peak device efficiency was
achieved with solution-processed Cs2C0Os3 of a thickness between 2.0 - 2.4 nm based
on comparison with thermally evaporated data and estimated from X-ray photon

spectroscopy absorption data.[12]

The performance of devices with Cs2C0O3 cast from a 4 mg ml-! solution is in fact
higher than the equivalent reference devices from the same run with a 3 nm
thermally evaporated lithium fluoride EIL which had mean peak luminance, current
efficiency and power efficiency of 9022 cd m=2, 5.01 cd Al and 2.54 Lm W-1

respectively.

The deposition of solution based EILs via spray coating under a dry nitrogen
atmosphere for proof of concept lab scale fabrication is acceptable but if this is to be
viewed in the context of an industrial roll-to-roll process then there are a number of
issues. To scale up such a process would require a very large glovebox and a near
constant purging of fresh nitrogen through the box as to remove evaporated solvent
from the atmosphere, both these factors would raise the costs significantly and
reduce the financial viability of the process. Further to this having multiple spray
heads rapidly depositing within the same glovebox and the continuous flow of
nitrogen required would lead to a turbulent atmosphere which would affect the
directionality of the mist of droplets being deposited and the uniformity and
repeatability of the deposited films. As such potential EILs for ultrasonic spray
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coating must be stable under ambient processing. Devices with the same optimal
thickness of Cs2C03 were fabricated under ambient conditions as the next step
towards depositing this layer via ultrasonic spray coating. The current efficiency and
luminance against voltage of a representative pixel from ambient processed and

glovebox processed devices are compared below.
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Figure 4. 3: The current efficiency against voltage and Luminance against voltage of
devices with Cs2C03 EILs spin cast to the same thickness in a nitrogen atmosphere

(blue) and in ambient conditions (red).

Figure 4.3 shows that the device in which Cs2COs3 is cast in air is drastically worse
than the devices with the EIL cast under nitrogen. The peak current efficiency
decreases nearly eight-fold and there is a decrease in peak luminance of around two
orders of magnitude. A similar effect on device performance in which Cs2COs films
have been exposed to ambient conditions has been shown in literate with a 30
minute exposure enough to reduce the Cs2C03 EIL device performance

drastically.[16]

Despite the impressive performance metrics of devices in which Cs2CO3 is cast in the
glovebox the poor performance of devices in which the film was cast in air means
that Cs2COs is not a viable option for deposition in the ambient ultrasonic spray

coating system.
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4.4: 8-Hydroxy-Quinolinato Lithium as a Solution-Processed

Electron-Injection Layer

In this section 8-hydroxy-quinolinato lithium, Liq, is investigated as a potential
solution-processable electron-injection layer for devices using the white-light-
emitting polymer (LEP) used in this thesis. After initial promising results with
Cs2C0s3 the inability to process it under ambient conditions lead to Liq as a potential
solution as it has been demonstrated to be resistant to ambient exposure.[16] Liq,
an alkali metal compley, is far less hygroscopic than Cs2CO3 and is highly soluble in
arange of alcohols allowing for smooth thin films to be cast via spin coating.[17] The
interaction of Liq with the evaporated aluminium electrode leads to and interfacial
dipole which reduces the barrier to electron injection into the emissive layer from

the cathode.[18,19]

Liq is spin cast in a dry nitrogen atmosphere at a range of spin speeds (2000 - 4000
rpm) from anhydrous 2-ethoxyethanol at a range of concentrations (0.2 - 2 mg ml-

1) in order to find an optimal thickness for this device structure.
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Figure 4. 4: The key device performance metrics a) peak current efficiency, b) peak

power efficiency and c) peak luminance of devices with spin cast Liq as the electron-
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injection layer. Liq was deposited from a range of different concentrations, 0.2 - 2 mg
mlL, and a range of spin speeds, 2000 - 4000 rpm, to investigate the device

performance on the thickness of the layer.

The devices with Liq cast from a 0.2 and 0.5 mg ml-1 solutions at various deposition
speeds have the lowest mean device metrics ranging from 0.18 - 0.31 cd A1, 0.06 -
0.1 Lm W-1and 98 - 198 cd m-2. These solutions are highly dilute as such it is possible
that complete films weren’t formed or equally it is possible these films were

complete but too thin to allow for reasonable device performance.

Devices with Liq cast from 1 mg ml! at 4000 and 2000 rpm show a measurable
improvement with an increase In the three mean performance metrics to 0.66 cd A-
1,0.27 Lm W-1 and 368 cd m-2 for the 4000 rpm devices and 1.73 cd A1, 1.15 Lm W-
1and 1164 cd m2. The peak performance devices were those with Liq cast from a 2
mg ml-! solution at 4000 rpm, the peak mean metrics were 2.34 cd A1, 1.92 Lm W1
and 1197 cd m2. The performance of devices then drastically decreased with slight
increases in thickness as the devices with films cast from the same 2 mg ml-1 solution
but at slower spin speeds of 3000 and 2000 rpm had mean peak performance
metrics of 2.22 and 1.72 cd A%, 1.73 and 0.81 Lm W-1 and 818 and 360 cd m=
respectively. This demonstrates there is a very narrow optimum thickness window
for Liq as an EIL, the layers must be thick enough to form a continuous layer but as
the thickness of the layer increases, the performance decreases due to the poor
electron mobility.[17,20] A Liq film cast from a 2 mg ml-! solution at 4000 rpm,
equivalent to those in the highest performance devices, was cast onto a silicon
substrate in order to perform ellipsometry to confirm the optimum thickness to be
1.5 £ 0.1 nm. The optimum thickness found in this device structure tends to agree
with Liq used in small molecule and polymer LEDs in literature of between 0.5 - 2

nm.[16,18,21]

The mean peak power efficiency of devices with a 1.5 + 0.1 nm Liq EIL are only
slightly lower than the reference devices with a 3 nm thermally evaporated Lithium
Fluoride EIL, 1.92 Lm W-1to 2.54 Lm W-1. However the mean peak current efficiency,

2.34 cd A1 compared to 5.01 cd AL, and to a further extent the mean peak luminance,
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1197 cd m2 compared to 9022 cd m=2, of the devices with spin cast Liq are
significantly lower than the thermally evaporated LiF reference. The disappointing
performance metrics, particularly the low luminance, coupled with the fact that
although being significantly less hygroscopic than Cs2C03 the device performance
will still drop when these films are fabricated in ambient, as required for spray
deposition, shows that Liq is not a viable material for investigation as and ambient

ultrasonic spray cast electron-injection layer.[16]

4.5: Polyethylenimine-Ethoxylated as a Solution-Processed

Electron-Injection Layer

Following the disappointing performance metrics of spin cast Liq and the inability
to process Cs2C03 in air the decision was made to move away from alkali metal-
containing compounds to primarily focus on materials which are air stable. In 2012
Zhou et al. demonstrated the potential of air-stable non-ionic and non-conjugated
polymer polyethylenimine-ethoxylated, PEIE, to reduce the work function of
electrodes for organic electronics. This work function shift, which reduces the
barrier for electron injection, is due to a combination of the intermolecular dipole
moments from the amine groups in the PEIE and the induction of interfacial dipoles

with the aluminium electrode.[17,22,23]

In this section PEIE is investigated as a potential solution-processed electron-
injection layer for devices using the white-light-emitting polymer (LEP) used in this
thesis. PEIE is spin cast in ambient conditions from environmentally friendly
isopropyl alcohol (IPA) at a range of dilute concentrations (0.01 wt.% - 0.4 wt.%) at
5000 rpm in order to find an optimal thickness for this device structure. Thin PEIE
films are annealed for 10 minutes in ambient at 100 °C prior to the deposition of the

Aluminium electrode following the method laid out by Zhou et al.[23]
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Figure 4. 5: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of devices with spin cast PEIE as the electron-
injection layer. PEIE was deposited from a range of different concentrations, 0.01 - 0.4
wt.%, at 5000 rpm to investigate the influence of the layer thickness on the device

performance..

Initial thickness investigations were based around the work done by Zhou et al.
where the PEIE was deposited from a 0.4 wt.% solution to form a 10 nm layer. In
this device structure those with PEIE cast from a 0.4 wt.% solution perform very
poorly with mean peak current efficiency, power efficiency and luminance of 0.84
cd A1, 0.03 Lm W-t and 113 cd m2 respectively, similar luminance, 75 cd m2, to a
reference device with no EIL (ITO / PEDOT:PSS / LEP / Aluminium). The insulating
nature of PEIE dictates that when this layer is too thick the device performance will

drop as such I began to probe lower concentration solutions.

Devices with thinner films cast from 0.08 and 0.1 wt.% show and improvement from
cast from 0.4 wt.% but are still very poor with mean peak device metrics of 1.06 and

1.57 cd A1, 0.44 and 0.70 Lm W-1 and 745 and 421 cd m2 respectively.
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A significant increase in mean peak device metrics occurs for devices with films cast
from 0.04 and 0.06 wt.% solutions. The mean peak current efficiency, 3.18 (0.65)
and 3.12 (1.34) cd A1, and mean peak power efficiency, 1.14 (0.21) and 1.25 (0.62)
Lm W-1, are similar for 0.04 wt.% and 0.06 wt.% respectively but with a lower
standard deviation for the more dilute solution as indicated by the values in
brackets. The mean peak luminance of the devices with PEIE cast from 0.04 wt.%
solution is higher than the mean of the devices with 0.06 wt.% EIL, 10690 cd m-2 in

comparison to cd 7600 m-2.

As the PEIE film is cast from more dilute solutions, 0.02 and 0.01 wt.%, the mean
peak luminance metrics decrease sharply to 2.05 and 0.92 c¢d A1, 0.71 and 0.30 Lm
W-1and 5286 and 1762 cd m2 respectively. The decrease in performance metrics of
the devices with PEIE films cast from these lower concentration solutions may be
due to the film being too thin to shift the work function of the aluminium cathode
the optimum amount leading to a high barrier for electron injection or due to
incomplete surface coverage as the calculated thickness of these layers are less than
the root-mean-squared roughness of the emissive layer (measured to be 1.4 nm

using a dektak map scan in Chapter 7).

A PEIE film cast from a 0.04 wt.% IPA solution at 5000 rpm, equivalent to those in
the highest performance devices, was cast onto a silicon substrate to measure the

thickness via ellipsometry. The thickness was modelled to be 2.7 + 0.1 nm.

The optimum thickness found in this device structure is slightly thinner than the
optimum thickness estimated via XPS of 3.7 nm cast from 0.06 wt.% found for a blue-
emitting polymer LED by Stolz et al.[22] In that work the electrode chosen was silver
and as the thickness of PEIE deposited on the silver was increased the work function
decreased to a minimum point at 4 nm of PEIE. In this chapter the electrode used is
aluminium which has a lower work function than silver, as such it would require a
lesser reduction in work function for a good alignment with the LUMO of the

polymer thus a thinner layer of PEIE is required.

As a further test to confirm the thin layer of PEIE is performing as an EIL and the

improvement in device performance is not due to a phenomenon caused by spin
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rinsing the emissive layer with IPA and annealing the film, control devices were
fabricated in which this process was performed which showed identical

performance to those without an EIL.

The optimal thickness of PEIE devices have lower mean peak efficiency metrics than
the LiF references 3.18 cd A1 compared to 5.01 cd A1, and 1.14 Lm W-1 compared to
2.54 Lm W-1L, Although these metrics are lower than the references they are still an
acceptable level and importantly unlike devices with Liq as the EIL the mean peak
luminance is very good, in fact slightly higher than the LiF references at 10690 cd m-
Z compared to 9022 cd m=2.

The high luminance and reasonable efficiency metrics of devices with PEIE EILs
coupled with the fact these devices were fabricated under ambient conditions shows
that PEIE is a viable material for investigation as and ambient ultrasonic spray cast

electron-injection layer.

4.6: Conclusions

In this chapter caesium carbonate, 8-hydroxy-quinolinato lithium and
polyethylenimine-ethoxylated have been investigated as solution-processed spin
cast electron-injection layers for white-emissive polymer LEDs, with the future aim
of depositing these materials via ultrasonic spray coating in ambient. The
dependence of the device performance on the thickness of these different electron-
injecting layers was investigated and the optimum thickness for this structure were
found to be 2.2 + 0.1 nm, 1.5 + 0.1 nm, 2.7 + 0.1 nm for caesium carbonate, 8-

hydroxy-quinolinato lithium and polyethylenimine-ethoxylated respectively.
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Liq Cs2C03 Cs2C03 PEIE

. (Ambient
(N2 (N2 (Ambient processed)
processed) processed) processed)
Mean peak current
2.34 7.49 0.96 3.18
efficiency (cd A1)
Mean peak power
1.92 5.76 0.32 1.14
efficiency (Lm W-1)
Mean Peak
1197 20403 269 10690

Luminance (cd m2)

Table 4. 1: A table comparing the mean peak performance metrics of the different spin

cast EILs and the atmosphere they were processed in.

The devices fabricated under nitrogen with optimum Cs2C03 thickness
outperformed all other EILs with mean peak metrics of 7.49 cd A1, 5.76 Lm W-1 and
20403 cd m-2 but as discussed in Section 4.3 ambient processing is a requirement
for the future use of ultrasonic spray coating as an industrial process, when
equivalent devices were fabricated in ambient conditions the performance metrics

were very poor as such Cs2C03 was deemed not viable for ambient spray deposition.

Liq was investigated as a solution-processed EIL due to its less hygroscopic nature
in comparison to Cs2C03. Devices fabricated with optimum Liq thickness had mean
peak performance metrics of 2.34 cd A1, 1.92 Lm W-1 and 1197 c¢d m-2, the metrics
particularly the luminance were too low in comparison to the LiF reference devices

as such Lig was deemed a non-viable option for an ambient spray cast EIL.

PEIE was investigated as a solution-processed EIL due to its stability in air, devices
fabricated with optimum PEIE thickness under ambient conditions had mean peak
metrics of 3.18 cd A1, 1.14 Lm W-1,and 10690 cd m-2. Although the efficiency metrics

were lower than the thermally evaporated LiF EIL reference devices and all metrics
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were lower than those of glovebox processed Cs2C03 devices the still impressive
luminance, ability to cast from environmentally friendly solvents and to be cast
under ambient conditions led to the decision that PEIE would be a viable material

for deposition via ultrasonic spray coating looking toward a fully spray cast ambient

processed polymer LED.
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Chapter 5

Optimisation of Ultrasonic Spray
Coating for Polymer OLED Layer
Processing

5.1: Introduction

Currently the incumbent approach to fabricate lab-scale polymer OLEDs is via spin
coating. While deposition via spin coating has many advantages such as excellent
repeatability and it’s simple to process high-quality films of a range of thicknesses,
as such allowing for efficient optimisation of new materials, it is a time consuming
process in which the majority of solution that is deposited is wasted and has limited
scalability. In order for polymer OLEDs to evolve from lab fabricated devices for use
purely in research to a feasible future alternative for displays and solid state lighting
it must be demonstrated that devices can be fabricated via scalable techniques.
Polymer films has been deposited by a range of potential scalable techniques for the
fabrication of devices such as gravure,[1,2] slot-die[3] and ink-jet.[4] One such
technique that has gained significant interest is spray-coating. This due to
compatibility with roll-to-roll production, high material utilisation and prior use in

industry (spray painting vehicles).

There are a number of sub-categories of spray coating, the most commonly reported
in literature for the spray coating of polymers is airbrush this is due to the simple,
robust and cheap nature of the setup required.[5-10] In this thesis I focus on the use
of ultrasonic spray coating rather than airbrush as the ultrasonic system allows the
finer control and repeatability of the spray mist and automated control increases

the pass-to-pass repeatability and more closely replicates how the technique would
|
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work in an industrial process. Ultrasonic spray coating has been shown to be an
effect deposition technique for thin polymer films in solar cells[11-16] and
transistors.[17] In papers such as these the focus is on presenting the device data,
typically of champion devices and the parameters used to fabricate the device but
there are very few examples of how the deposition parameters were optimised to
achieve the uniform films required for champion devices. The lack of information on
parameter tuning coupled with variations between different spray coating systems
leads to problems replicating the work of others or using their learning to deposit

other materials.

In this chapter I describe the stages involved in the deposition of a thin film via the
ultrasonic spray coating process. Commonly used hole transporting polymer
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-butylphenyl)))

diphenylamine] (TFB) is spray cast from a range of pass heights, pass speeds,
solution concentrations and substrate temperatures to show the typical film
morphologies achieved when these parameters are varied, in order to demonstrate

the parameter optimisation process required to deposit uniform polymer films.

5.2: Ultrasonic Spray Coating: The Process of Spraying a Film

Fabrication via spray coating can typically be divided into four key stages; the
formation of droplets of a solution, the deposition of the droplets onto a surface, the
spreading and merging of droplets to from a wet film and the drying of the wet film.
Each of these stages contribute to the uniformity of the final film as such controlling
each stage is important. In this thesis ultrasonic spray coating is performed using an
Ultrasonic Systems Inc. Prism ultra-coat 300 system using a single pass method. In
this method the spray head passes over the substrate once at a constant velocity
whilst depositing the solution, a wet film is formed on the substrate before drying.
Some other works involve the use of a multi-pass technique whereby the single pass
technique is repeated and the dry film is re-dissolved by the following pass of
droplets to build up a layer, or an alternate multi-pass technique where the droplets
evaporate prior to reaching the substrate/as they reach the substrate and a dry film

is built up but this has been shown to form rougher films.[12,18,19] Others have
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used long stationary depositions but this is not a feasible step toward high-

throughput fabrication.[20]

In the Prism ultra-coat 300 system the solution is stored in a sealed reservoir
(Figure 5.8), the solution is forced through piping in the bottom of the reservoir
towards the spray head with the flow rate dictated by the pressure of nitrogen
flowing into the reservoir acting on the solution surface. A piezoelectric crystal has
a rapidly switching voltage applied across it causing it to expand and contract
rapidly, the crystal is attached to a tip which resonates at 35 KHz. As the solution
flows from the piping onto the tip the high frequency vibrations are transferred to
the solution causing the solution to shear, ejecting a fine mist of micron-sized
droplets from the apex of the standing wave. In contrast a simple
pneumatic/airbrush spray deposition system shears the solution by passing it
through an orifice within the spray gun whilst propelled by a pressurised gas. The
mean size of droplets formed by the atomisation of the solution by the ultrasonic tip
are smaller and have a narrower spread than droplets formed via airbrush
deposition leading to higher film uniformity and repeatability.[21-24] The mist of
droplets produced when spray coating for this chapter was visible but individual
droplets couldn’t be resolved by eye, indicating all wavelengths of light were
scattered by the droplets as such they must be larger than the wavelength of light so

of the order of microns to tens of microns in diameter. The mean droplet diameter
in microns (D 5) has been shown to be dependent on the solution properties as well

as the frequency of vibrations using the relationship introduced Mujumder et al.

based on work by Lang and Berger.[22,25,26]

8n0)1/3 (5.1)

Dys = 0.34 (F

Where o (dyn cm1) is the surface tension of the solution, p (g cm-3) is the solution

density and f (Hz) is the frequency of tip vibration.

As the fine mist of droplets is formed a nitrogen gas flow widens and planarises the
mist of droplets as they fall towards the substrate below, this with Equation 5.1

demonstrate the separation of deposition rate, droplet size and energy when using
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ultrasonic spray coating.[25] In contrast increasing the flow rate using an airbrush
nozzle results in an increase in droplet energy which may cause droplets to deflect

back off the substrate and lead to non-uniformities in the final film.

As the droplets of solution land onto the substrate the third stage of this technique
of spray coating begins. In an ideal scenario the individual droplets will wet well to
the substrate, spread and merge to form a continuous wet film. In reality this is
dependent on the droplet diameter, density, viscosity, surface tension as well as the
substrate roughness and wettability.[19] The use of low roughness (1.8 nm rms) ITO
substrates decreases the chance of droplets bouncing off the surface, the cleaning
procedure described in Chapter 3 improves the wettability of the substrates. The
low concentrations used for spray coating aid in lowering the solution density and
viscosity of the droplets. However, as the mist of droplets descends from the spray
head towards the substrate the solvent can begin to evaporate, increasing the
solution density and viscosity of the droplets as such it is important to consider the
volatility of the solvent when applying the spray coating technique described in this
thesis. Another key solvent parameter to consider is the surface tension, if the
surface tension of the deposited solution is too large the droplets will form a large
contact angle with the surface and the droplets will not spread well and fully merge

into a wet film before drying leaving an incomplete or highly uneven film.

There are a few techniques that can be employed to aid the wetting of droplets
during the spray coating process. The addition of additives to the solution have been
shown to change the viscosity or boiling point of the deposition solution which can
aid in the wettability, but these additives may have a negative effect on device
performance if they remain in the dry film.[27,28] A second widely used technique
to improve the wetting of a spray cast solution is to increase the temperature of the
substrate the solution is cast upon. Increasing the substrate temperature reduces
the surface tension of the solution, reducing the droplet contact angle and increasing
the probability of forming a continuous wet film.[29,30] However if the substrate
temperature is raised too high it is possible for the droplets to dry before fully
spreading and merging, forming a non-uniform film or for the droplets to evaporate

prior to reaching the substrate. Another route to improve the wetting of a spray cast
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solution is to use an alternate solvent with a lower surface tension. When looking
for a lower surface tension solvent the other properties of the solvent must also be
considered, as if the boiling point is much lower this will have an analogous effect to
raising the substrate temperature too high, if the viscosity is much higher the
droplets may not spread and form a uniform wet film, the density of the solvent
changes the droplet size which could affect the film quality formed and most
importantly the solute that is being sprayed may have lower solubility or even be
insoluble in alternate solvents. Another potential route to improve the wetting of
droplets and film formation is to use a solvent blend where a miscible secondary
solvent with a lower boiling point and lower surface tension is added to the solution.
Initially the addition of the lower surface tension secondary solvent aids wet film
formation by decreasing the contact angle of the droplets to the surface, additionally
as the secondary solvent evaporates localised surface tension gradients are formed
causing the solution to flow onto the uncoated areas, this is the Marangoni

effect.[12]

Once the droplets have spread, merged and a continuous film has been formed the
wet film continues to flow as evaporation of the solvent begins to dominate and the
film dries. In an ideal scenario these flows will help level the wet film as it dries
leading to a uniform dry film. However if the substrate temperature, spray
parameters and solvent properties are not correctly chosen then the wet film can

pool, shrink or dewet resulting in a non-uniform dry film.

5.3: Optimisation of Spray Cast Polymer Films

As mentioned in the previous section of this chapter the uniformity of spray cast
films is dependent on a wide parameter space. In this section the deposition
parameters of spray speed, spray height, substrate temperature and solution
concentration will be explored. The effect of changing these deposition parameters
on the morphology of the dry film will be demonstrated followed by a discussion on

how to optimise these parameters to deposit uniform films.

The well-studied conjugated polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(4,4'(N-(4-sec-butylphenyl))) diphenylamine] (TFB), often used as a hole-
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transporting layer in solar cells and OLEDs, has been spray cast from a range of pass
heights (40 - 100 mm), pass speeds (20 - 400 mm s1), solution concentrations (4
and 8 mg ml-! in toluene) and substrate temperatures (25 - 60 °C) onto PEDOT:PSS
coated ITO substrates. The resultant films were imaged using an Epson Perfection

V370 scanner and thickness measurements were taken using a Bruker DektakXT.

5.3.1: Varying Spray Speed and Solution Concentration
The pass speed of the spray head has a large effect not only on the uniformity of the
films formed but also on the thickness of the films. If other parameters such as flow
rate and pass height remain the same then by decreasing the pass speed the volume
of solution deposited on the substrate increases, leaving more material and thus a
thicker film when the solvent evaporates and vice versa. Figure 5.1 displays TFB
films spray cast at a range of pass speeds (20 - 300 mm s1) from a 4 mg ml-! toluene
solution all at a spray height of 40 mm, with a fluid pressure of 50 mbar onto 8 pixel

substrates (15 x 20 mm) held at 25 °C.
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Pass speed (mm s)

300 230 200 150 / 125
Uniform region

Figure 5. 1: Images of TFB films deposited at a range of spray speeds, from 20 - 300
mm s-1, onto PEDOT:PSS coated 8 pixel ITO substrates. The spray head passed over the
substrates from bottom to top. All other parameters were kept constant during
deposition. The yellow/orange regions are thick with the blue and more transparent
regions being thinner areas of the films. The contrast and brightness of the images was

altered to make the film features easier to see.

It can be seen in Figure 5.1 that for this set of parameters films cast over 200 mm s-
1 form incomplete films and that films cast from 125 mm s or slower speeds have
increasing thickness variation which appears to encroach from the edge of the

substrate towards the centre the slower the pass speed.

If we focus initially on films cast 125 mm s-1 or slower, as the volume deposited on

the substrate is increased whilst the temperature remains constant the drying time
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for the film will increase and this can have a marked effect on the morphology of the

dry film.

Pass speed (mm s)
125 100 80

15 mm

Figure 5. 2: Images of TFB films deposited at pass speeds of 125, 100 and 80 mm s,
onto PEDOT:PSS coated 8 pixel ITO substrates.. The spray head passed over the
substrates from bottom to top. All other parameters were kept constant during
deposition. The yellow regions are thick with the blue and more transparent regions
being thinner areas of the films. The contrast and brightness of the images was altered

to make the encroaching picture framing effect easier to see.

Films sprayed at 125 mm s-1 or slower, as pictured in Figure 5.2, have drying times
of over 20 seconds during the drying process the edges of substrate have lower
solvent vapour saturation as not surrounded by wet film this increases the
evaporation rate at the edge. Once the edge of the wet film in contact with the
substrate dries the edge of the film is pinned as such the film cannot shrink as it
dries, in order to maintain this fixed contact line fluxes of solution towards the edge

of the film occur leading to an accumulation of polymer towards the edges of the
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substrate reminiscent of a picture frame, with a larger ingress from the bottom of

the substrate as this edge dried first due to the spray pass direction.[31,32]

¢mn 4uuum uu =

Figure 5. 3: Images a) and b) demonstrate the incremental evaporation at the edge of
a wet film, the blue region is the initial film and the white region is the film after an
incremental drying time. Part a shows the result of evaporation prior to the edge of
the film drying to form a contact line as such the wet film shrinks as it dries,
demonstrated by the red arrow. Part b demonstrates the drying of a wet film when the
contact line has been formed, the red arrows show the flux of solution to maintain the

position of the contact line.

As the drying time increases the flux of polymer towards the edge of the substrate
continues over a longer period of time bringing larger amounts of polymer towards
the wet/dry boarder line, the drying front retracts towards the centre of the
substrate during this process as such the ‘picture frame’ encroaches further into the
centre of the substrate. As a greater volume of solution is deposited on the substrate
not only is the drying time much longer there is also an increase in the mass of
polymer as such as the solvent evaporates the remaining solution is a much higher
concentration. As the concentration of the remaining wet film increases so does the
viscosity. Thin viscous films can suffer from convective instabilities when drying

which induce thickness variations and roughness in the dry film surface, as notably
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seen in the films sprayed at 20 and 40 mm s! in Figure 5.1.[33,34] The further the
rough, thick picture frame ingresses into the central area of the substrate the greater
effect this will have on the performance of the device fabricated from this film as this
is the region in which the pixels will be fabricated. To counteract the issues with the
picture framing effect and get a uniform film across the substrate the drying time
must be reduced, this can be achieved by reducing the deposited volume by
increasing the pass speed. However, if the pass speed is increased too much then
drying times will be too short leading to non-uniform or even incomplete films.
Films cast at 400, 300 and 230 mm s! are pictured in Figure 5.4 had drying times of
less than 10 s, this fast drying time leads to a mottled surface with small regions of
thick material surrounded by thin or uncovered regions, as the film dries before the

droplets can spread, merge and form a continuous film.

Pass speed (mm s?)
400 300 230

Figure 5. 4: Images of TFB films deposited at pass speeds of 400, 300 and 230 mm s,
onto PEDOT:PSS coated 8 pixel ITO substrates. The spray head passed over the
substrates from bottom to top. All other parameters were kept constant during
deposition. The lighter/blue-grey regions on the ITO areas of the substrates are thinner
or incomplete regions of the film. The contrast and brightness of the images was

altered to make the film features easier to see.
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Figures 5.2 and 5.4 show the extremes of deposition pass speed and thus the
importance of drying time on the quality of the final film. To form uniform dry films
the pass speed must be slow enough to increase the drying time to allow droplets to
spread, merge and level prior to the solvent evaporating but not so slow that a
picture frame forms and starts encroaching toward the centre of the substrate
before the solvent evaporates. There appears to be a window for uniform films cast
at speeds between 125 - 200 mm s for this solution under the parameters
previously stated, as shown by the films in Figure 5.5. Pass speeds between 125 -
200 mm s (7 - 12 m min-1) would translate to acceptable web speeds in a R2R
process, the web speeds could be further increased if spray heads were to move

relative to the web.[35]

Pass speed (mm s)
200 150 125

66 91 97
Thickness (nm)

Figure 5. 5: Images of TFB films deposited at pass speeds of 200, 150 and 125 mm s,
onto PEDOT:PSS coated 8 pixel ITO substrates. The spray head passed over the
substrates from bottom to top. All other parameters were kept constant during

deposition. The yellow/orange regions are thick with the blue and more transparent
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regions being thinner areas of the films. The contrast and brightness of the images was

altered to make the film features easier to see.

The films cast from 200 - 125 mm s had a drying time between 10 - 20 s and have
athickness range from 66 - 97 nm respectively for the central region. To obtain films
of a similar thickness range formed via spin coating requires solutions between 15
- 20 mg ml! as such spray coating requires less polymer. Further to this there is
minimal wastage in spray coating, only the volume that is not sprayed directly onto
the substrate which can be greatly limited by narrowing and shortening the spray
pass, whereas up to 90 % of the deposited solution is wasted when spin casting, this
shows the potential for spray coating to be a more economical deposition
technique.[36] Further to this the low concentrations required for spray coating
potentially allow the use of solvents in which the solute has low solubility,
broadening the choice of solvents available. If the desired film thickness is outside
of this range cast from 4 mg ml-1 between 200 - 125 mm s! then the simplest way
of increasing or decreasing the thickness whilst maintaining the film uniformity is
the varying the concentration of the solution. If the concentration of the casting
solution is increased but the volume kept constant then the mass of solute has
increased by the drying time should be very similar as such the uniformity of the dry
film should be consistent but thicker when the solvent evaporates. Films were cast
under identical parameters as described previously with the single change of the
solution concentration has been increased from 4 to 8 mg ml-! in toluene. Films cast
at 125 - 200 mm s! from 8 mg ml-! were measured to have thicknesses from 133 -
90 nm respectively. Finer changes in concentration and spray speed will allow for

greater tuning of the thickness of the spray cast layer.

However, changing the concentration of the casting solution is not a universal
solution to cast films of any thickness. As the concentration of the solution is
changed the viscosity and thus how the solution flows on the substrate will change
effecting the time taken for droplets to spread and merge as well as the drying time

for the formation of a uniform film.
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When optimising the spraying process for a polymer film I have shown that the
thickness of films can be tuned by varying the pass speed within a certain processing
window to form uniform thin films, films outside of this window, either cast at too
fast or too slow speeds, have been demonstrated and discussed. It is possible to
increase the range of thicknesses sprayed further by varying the solution
concentration. In order to cast films uniformly across a larger range of thicknesses

the other spray coating parameters need to be probed and optimised.

5.3.2: Varying Pass Height
The effect on film quality and thickness when varying spray pass speed and solution
concentration was discussed in the previous section, it was demonstrated that there
is a processing window in which uniform films can be cast by varying the spray
speed and that varying concentration is another possible route to vary thickness but
both have their limitations. Another possible route to further tune film uniformity
and thickness is to vary the spray pass height. The thickness and uniformity of spray
cast films are in fact more sensitive to pass height than the pass speed. If other
parameters such as flow rate and pass speed remain constant then by increasing the
pass height the volume of solution deposited is constant but the volume deposited
on the substrate decreases, leaving less material and thus a thinner film when the
solvent evaporates and vice versa. Figure 5.6 displays TFB films spray cast at a range
of pass heights (40 - 100 mm) from a 4 mg ml-! toluene solution, all cast at a spray

speed of 100 mm s-1, with a fluid pressure of 50 mbar onto substrates held at 25 °C.

|
Chapter 5 123



Pass Height (mm)
100 80 60 40

NJ/A  43-62 65+6 1063
Thickness (nm)

Figure 5. 6: Images of TFB films deposited at pass heights of 100, 80, 60 and 40 mm,
onto PEDOT:PSS coated 8 pixel ITO substrates. The spray head passed over the
substrates from bottom to top. All other parameters were kept constant during
deposition (pass speed = 100 mm s, substrate temperature = 25 °C, solution
concentration =4 mg ml-1in toluene). The yellow/orange regions of the films are thick,
the blue regions are thinner and the more grey/transparent regions being even
thinner. The contrast and brightness on the images was altered to make the film

features easier to see.

At an initial pass height the shaping gas will cause the spray mist width to be a
certain width when reaching the substrate and as such at a fixed flow rate and pass
speed a certain density of droplets over that area. If the spray height is increased
with all other parameters remaining constant then the spray mist width will be
wider when passing over the substrate but the same volume of solution will be
deposited over this spray area as such the number of droplets deposited onto the
substrate will decrease, firstly this will lead to lesser volume of solution on the
substrate and thinner films. Secondly, with less droplets falling onto the substrate

they will have to spread further prior to merging and levelling to form a uniform wet
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film before drying, this will take a longer period of time but with a lesser volume
being deposited as the height increases the drying time decreases thus the

likelihood of forming non-uniform dry films increases.

A film cast at a pass height of 40 mm, pictured in Figure 5.6, was measured to have
a thickness of 106 nm with a variation of #3 nm across the central region. The film
cast at a pass height of 60 mm shows less ingress of the picture frame effect due to
a shorter drying time, similar to a film cast at a faster pass speed, and is measured
to have a thickness of 65 nm with a variation in thickness +6 nm across the central
region. The film cast at a pass height of 80 mm shows no picture framing but shows
regions of varying thickness (measured by dektak) suggesting that the film dried
prior to the droplets fully spreading, merging and levelling. The film was measured
to have an average thickness of 52 nm with a max thickness measurement of 62 nm
and a min of 43 nm. The film cast at a pass height of 100 mm shows further mottling
and regions of incomplete film as such an accurate thickness measurement could

not be obtained.

When optimising the spraying process for a polymer film I have shown that although
the thickness of films can be tuned by varying the pass height the uniformity of the
dry film is highly sensitive to this variation as such it is recommended that when
attempting to spray a film that the spray height is chosen such that the width of the
mist when reaching the substrate is slightly larger than the width of the substrate to
fully coat the substrate but to minimise the morphological effects of changing the
spray height. If the pass height necessary for this is quite high then the spray speeds
used will need to be significantly lowered or the flow rate significantly raised or a
combination of the two to increase the volume of solution deposited onto the
substrate to allow the droplets to spread merge and level prior to the casting solvent

evaporating.

5.3.3: Varying Substrate Temperature and the Importance of
Solvent Properties
The effect on film quality and thickness when varying spray pass speed, pass height
and solution concentration have been discussed, the importance of controlling the

drying time has been a consistent theme when discussing the morphological effects
|
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of varying these parameters. In this section the substrate temperature is varied
when casting the solution to investigate the effect on film morphology and further

to this the properties of the casting solvent are discussed.

Increasing the substrate temperature has two potential benefits to film morphology
when spray casting a solution. Firstly, as discussed in Section 5.2, increasing the
substrate temperature when depositing via spray coating can reduce the surface
tension of the solution aiding in the wetting of the droplets and increasing the

likelihood of forming a continuous film prior to the evaporation of the solvent.[29]

Secondly, increasing the substrate temperature will drive the evaporation of the
solvent cast onto the substrate decreasing the drying time of the film. As discussed
in the previous sections in this chapter if the drying time is too long then a flux of
polymer toward the pinned edges of the film occurs causing thickness variations,
the formation of the picture frame effect. As such by tuning the substrate
temperature the uniformity of films can be improved, it is even possible to broaden
the thickness range in which uniform films can be cast. If at a certain temperature
and spray parameters a film is formed with a broad picture frame, covering part of
the central region of the substrate then by increasing the substrate temperature and
keeping the other spray parameters constant the drying time can be reduced, the
width of the picture frame reduced and a thicker uniform central region formed.
Conversely if the cast droplets are drying too quickly to merge and level to a
continuous uniform wet film before drying, then by reducing the substrate
temperature the drying time can be increased allowing the film to level before the

solvent evaporates.
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Substrate Temperature (°C)
60 50 40 35 25

NA N/A  126-170 1318  106+3
Thickness (nm)

Figure 5. 7: Images of TFB films deposited via ultrasonic spray coating onto PEDOT:PSS
coated 8 pixel ITO substrates held at a range of temperatures from 25 - 60 °C. The
spray head passed over the substrates from bottom to top. All other parameters were
kept constant during deposition (pass speed = 100 mm s, pass height = 40 mm,
solution concentration = 4 mg ml! in toluene). The yellow/orange regions are thick
with the blue and then more grey/transparent regions being thinner areas of the films.
The contrast and brightness of the images was altered to make the film features easier

to see.

Figure 5.7 displays TFB films spray cast at pass speed 100 mm s! from a 4 mg ml-1
toluene solution all at a spray height of 40 mm, with a fluid pressure of 50 mbar onto
substrates held at a range of temperatures from 25 - 60 °C. It can be seen that as the
substrate temperature is increased from 25 °C to 35 °C and 40 °C the thick picture
frame is incomplete, encroaches less and the average thickness of the central region
increases from 106 nm for 25 °C substrate to 131 nm for the 35 °C substrate and 146
nm for the 40 °C substrate. Although the average thickness of the central region
increases as the substrate temperature is increased from 25 °C to 35 °C through to
40 °C there is also a decrease in uniformity across this area with a variation in
thickness from the mean of +3 nm for the 25 °C substrate temperature, +8 nm for
the 35 °C substrate temperature and maximum of 170 nm and a minimum of 126
nm for the film cast onto a substrate held at 40 °C. The large increase in variation in
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thickness from the mean for the film cast at 35 °C to the film cast at 40 °C is mainly
due to a region top right of the central area which is much thicker, this is due to the
film drying too quickly for that region to spread and level across the active region,
this becomes far more obvious when looking at the films cast on to substrates held

at 50 °C and 60 °C.

For spray deposition onto substrates held at 50 °C the droplets likely partially
evaporate and increase in concentration prior to reaching the substrate where they
then dry rapidly leading to minimal merging of droplets and many small thick
regions of polymer across the substrate. As the substrate temperature is further
increased to 60 °C the film follow a similar trend with many small dots of thick
polymer across the surface with very thin regions separating them in a leopard-

print-like pattern.

When discussing the effect of the substrate temperature on the morphology of a
spray cast film the boiling point of the solvent being used must be involved as the
two are inexorably linked. As mentioned earlier in this section the solvent used for
spraying these films is toluene, which has a boiling point of 110.6 °C. Based on the
parameters used for spray coating in this chapter to spray uniform polymer films

from toluene the substrate temperature must be kept below 50 °C.

In this chapter the processing window for casting uniform films of TFB from a 4 mg
ml-1 toluene solution cast onto a substrate held at 25 °C with a fluid pressure of 50
mbar have been shown to be a pass height of 40 mm and a range of pass speeds from
125 - 200 mm st to fabricate films between 66 - 97 nm. In summary when
optimising a new material for spray coating there are many parameters to consider.
Firstly, the properties of the solvents in which the material is soluble must be
investigated, with the aim of finding a low surface tension solvent with a boiling
point high enough to allow a uniform film to be sprayed onto a substrate held at a
range of different temperatures to allow for control over drying time. Various dilute
concentrations of casting solution should be fabricated for initial spray coating
trials, for reference in this chapter uniform films of TFB were spray cast from
solution between a third and a fifth of the concentration required to spin films of

equivalent thicknesses. The spray pass height should be set so that the width of the
|
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mist of droplets deposited completely coats the width of the substrate. At this point
arange of spray pass speeds, flow rates (fluid pressure) and base plate temperatures
should be probed and optimised to control the drying time to minimise the picture
frame effect seen with longer drying times, and leopard print films seen with drying

times which are too short.

5.4: Issues with the USI System

In this chapter I have laid out the physics of depositing thin films via ultrasonic spray
coating and demonstrated the optimisation of spraying a thin polymer film. In this
section [ will discuss a few challenges I overcame with the spray coating system used
in my work, USI Prism Ultra-coat 300, which could have affected the uniformity of

cast films, the device-to-device and run-to-run repeatability.

Nitrogen flow through bung

O-ring seal

Solution reservoir

Reservoir to piping
threaded connector

Multiple screw connections

Figure 5. 8: Labelled image of the solution reservoir and surrounding piping from the
USI Prism Ultra-coat 300 system. A nitrogen flow passes through a pipe into the top of

the solution reservoir through the black bung this then acts to drive the solution from
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the reservoir through the tubing at the bottom of the image which eventually leads to

the spray head.

As discussed in Section 5.3 the volume deposited on the substrate when spray
coating effects both the thickness and uniformity of the final film, this was tuned by
varying the pass speed and pass height whilst keeping the flow rate constant.
Another possible route for changing the volume deposited when spray coating is to
vary the flow rate whilst keeping the other parameters constant. Typically on
coating systems such as spray coaters or slot-die coaters a syringe pump is used to
control the flow rate, the pump moves a certain distance over a certain period of
time with the dimensions of the syringe know this defines the flow rate of solution
passed to the deposition head. This system is simple but highly effective with the
flow rate only varying from what has been set if the solution can leak out somewhere
between the syringe pump and the deposition head. The USI Prism ultra-coat 300
system doesn’t use a syringe pump to define a flow rate instead the fluid is driven
by a flow of nitrogen applied to the solution reservoir as pictured in Figure 5.8. A
flow of nitrogen is passed into the sealed solution reservoir through a bung at the
top of the reservoir, the nitrogen then increases the pressure in the reservoir on the
casting solution this then dictates the flow rate when the valve to the spray head is
opened for deposition. The pressure of the incoming flow of nitrogen is measured
and this is defined as the fluid pressure and is analogous to flow rate on this system,
the fluid pressure is controlled by varying a manual dial with a range from 0 - 600
mbar which essentially increases the flow of nitrogen into the reservoir. For the
polymer solutions used in this thesis the optimised fluid pressure was in the region
of 50 mbar, due to the large range and thus lack of precision of the dial at
comparatively low pressures it is not possible to precisely replicate the desired fluid
pressure from one device run to another. This potential variation in fluid pressure
and thus flow rate from one device run to another can lead to variation in solution
volume deposited on a substrate, a variation in film thickness and uniformity and as
such a variation in device performance for what appear to be the same parameters

as a previous run.

|
Chapter 5 130



In order to manage this issue the first film in a device run is cast with the previously
optimised parameters, the film is observed as it dries and the thickness of the dry
film is measured. The measured thickness is then compared with the thickness that
was achieved previously from these parameters, if the thickness is different the fluid
pressure dial is tweaked slightly and the process repeated until the thickness of the
cast films matches that of the previous optimised device run, typically within 1 or 2

attempts.

Further to the run-to-run variation that can be caused by the lack of precision of the
fluid pressure dial this can also cause issues with device-to-device repeatability
within a single device run. During a spray coating run the fluid pressure dial can drift
slightly due to small variations in the flow of nitrogen passing through the valve
controlled by the dial. These variations are very small compared to the large range
of the dial but due to the low fluid pressures required for the work in this thesis
these variations cause a noticeable effect on the flow rate, as such the position of the
fluid pressure dial is checked and attempts made to correct it between each spray
pass. To confirm the fluid pressure is not drifting throughout the run the thickness

of at least every other film cast is measured.

A further problem with the design of the solution reservoir in the USI Prism ultra-
coat 300 system which causes issues with repeatability when spraying films is the
quality of the seals of the solution reservoir. Every time in which the solution needs
to be changed in the reservoir, be it for cleaning the reservoir or for spray deposition
of a different solution the bung needs to be removed, the solution pipetted into the
solution reservoir and the bung inserted back into the reservoir. The O-ring is on the
bung and it is the O-ring that creates the seal which allows the fluid pressure to be
increased when the bung is in the reservoir, as such the quality of the seal made by
the O-ring affects the flow rate. Typically when O-rings are used they are placed to
improve the seal quality in parts which rarely move as such the quality of the seal is
consistent, whereas in this system the O-ring is removed and refitted each run as
such it may sit slightly differently each time and the reservoir wall it is in contact
with may have solvent on it as such the quality of the seal can change. As well as the

O-ring at the top of the solution reservoir the seal at the bottom of the reservoir can
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lead to similar issues. The solution reservoir is changed for each solution to avoid
contamination, the reservoir has a threaded connection and screws into place.
Multiple removals and reattachments of the reservoir can loosen the multiple screw
connections shown at the bottom of Figure 5.8 this can cause solution leaks which
will lower the flow rate and reduce the volume cast onto substrates and affect the

thickness and uniformity of cast films.

These seal based issues for the reservoir are managed by drying the O-ring and the
walls of the reservoir where it will contact between each replacement of the
bung/O-ring and visually inspecting the positioning of the O-ring to confirm a
proper seal has been achieved. Upon changing the solution reservoir all the screw

connections below the reservoir are tightened to stop any solution leaks.

5.5: Conclusions

In this chapter I have discussed the physics behind the key stages of depositing a
film via ultrasonic spray coating; the formation of droplets of a solution, transferring
the droplets onto the substrate, the spreading and merging of droplets to form a
continuous wet film and the evaporation of the solvent to form a dry thin film. I have
demonstrated, characterised and discussed the effect of varying key spray
deposition parameters—spray pass height, spray pass speed, solution
concentration and substrate temperature—on the morphology of thin TFB films in
order to demonstrate the parameter space and the optimisation process required to
deposit uniform thin films. Finally I have raised some issues with the USI Prism
ultra-coat 300 system and discussed how these are managed in order to maintain a

good level of repeatability from device-to-device and run-to-run.
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Chapter 6

Ultrasonic Spray Coating as an
Approach for Large-Area Polymer
OLEDs: The Influence of Thin Film
Processing and Surface Roughness on
Electrical Performance

In this chapter a detailed comparison of ultrasonic spray coating and spin coating
for the fabrication of polymer organic light-emitting diodes (OLEDs) is
demonstrated. Single-carrier devices of hole-transporting polymer poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-butylphenyl))) diphenylamine] (TFB)
are fabricated by ultrasonic spray coating. Uniform reference devices using spin
coating are also made. It is shown, across a range of device thicknesses from 37 nm
to 138 nm, typical of those used in OLED hole-transporting layers, that there is no
statistical difference in the hole-injection efficiency between ultrasonic spray
coating and spin coating (spin cast fit gradient: (9.4 * 0.8) x106, spin cast fit
intercept: (- 1.2 £ 0.6) X104, spray cast fit gradient: (9.4 + 1.0) x10-¢, spray cast fit
intercept: (- 1.9 + 0.8) x10-4). The importance of controlling the roughness of the
films is demonstrated and a threshold of 10 nm average roughness (Ra) below which
injection efficiency is not controlled by roughness is determined. However, above
10 nm roughness a reduction in injection efficiency up to an 86 % loss in
performance for roughnesses of the order of 40 % of the thickness of the film. By
optimising the deposition parameters, in order to allow the wet films to start to
equilibrate, a wide processing window for smooth uniform films with excellent

injection efficiency is found. This work reinforces the importance of ultrasonic spray
|
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coating as a potential route to high-volume manufacturing of OLED based

technology.

6.1: Introduction

Spray coating is a promising candidate for the low-cost and large scale processing of
polymer semiconductors for use in optoelectronic devices such as area lighting,[1]
solar cells,[2,3] electrochromic devices[4,5] and transistors.[6] Ultrasonic spray
coating has the benefit over other spray coating techniques, such as airbrush
spraying, of increased uniformity of droplet size, leading to increased spray and film
uniformity.[7,8] Ultrasonic spray coating has been used widely in polymer organic
photovoltaics (OPVs), spraying single[9-11] and multilayer devices[12-15] but the
use for polymer organic light-emitting diodes (OLEDs) it has so far been
limited.[16,17] Gilissen et al. deposited the emissive layer (Merck Super Yellow) of
a polymer OLED via ultrasonic spray coating and achieved a power efficacy of 9.71

Lm W-1 compared to 12 Lm W-1 via spin coating.[17]

While these studies highlight the overall promise of ultrasonic spray deposition they
do not elucidate potential issues or difficulties at a device structure level. In this
chapter a detailed comparison of the performance of spray versus spin coating in an

exemplar device is presented.

In ultrasonic spray coating a low concentration solution is fed onto an ultrasonic tip
that vibrates at frequencies up to 35 KHz. The ultrasonic tip atomizes the solution
into a fine mist of micrometre sized droplets which are then shaped and directed by
a jet of gas as the spray head passes over the substrate. The individual solution
droplets wet to the substrate, then spread and merge to form a complete fluid film.
The film continues to flow and over time (a few seconds or more) increases in
uniformity. Finally, the solvent within the film evaporates and a dry film is formed.
The properties of the final film are dependent upon numerous process parameters,
such as the physical properties of the solvent—including vapour pressure, viscosity
and surface energy—, solution concentration, spray head height and speed, and the

substrate temperature.[8,12,18-20]
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In this chapter, I compare the electrical device performance of spin and spray cast
films to determine the relationship between film properties and electrical
properties. In order to understand spray coating the hole-injection efficiency ()
into spin cast and spray cast TFB layers of varying roughnesses was investigated
across the thickness range 37-138 nm by normalizing the J-V curves for different
devices via a mean-field approximation and calculating the space-charge-limited

current (Jsct).

Jmeasured
— Jmeasured 1
JscL (1)

Y]

It is concluded that the surface roughness plays an important role in controlling
injection efficiency but that for devices fabricated using spray or spin coating, that
have comparable surface roughness, no difference in charge-injection efficiency can
be measured. These results suggest that there is nothing intrinsic in spray coating
that limits the overall device performance. The morphology of the as-formed layer

does not limit the injection efficiency and transport in our experimental devices.

6.2: Device Fabrication

Hole only devices were fabricated using pre-patterned 8 pixel ITO substrates with a
sheet resistance of 20 Q square-! and an rms roughness of 1.8 nm (determined by a
10 x 10 pm AFM scan) purchased from Ossila Ltd. The ITO substrates were cleaned
by sonication in Hellmanex III solution, deionized water and isopropyl alcohol. Once
sonicated in isopropyl alcohol the substrates were dried with nitrogen and treated
with UV-Ozone for 15 minutes. Al 4083 grade PEDOT:PSS was purchased from
Ossila Ltd and was filtered using a 0.45 um PVDF mircodisc filter prior to spin
coating at 5000 rpm to yield a 40 nm film. The PEDOT:PSS films were annealed on a
hotplate, in air at 120 °C for 15 mins and then cooled to room temperature prior to
deposition of further layers. Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-
butylphenyl))) diphenylamine] (TFB) was purchased from Ossila Ltd with a purity
of >99 % and a molecular weight of 31,206 KDa. The spin coated TFB was cast from
a toluene solution at varying concentrations in ambient conditions, from 10-30 mg

ml-1, and at a number of different spin speeds to obtain a range of thicknesses.
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Ultrasonic spray cast TFB poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-
butylphenyl))) diphenylamine] films were deposited in ambient conditions from
toluene solutions of varying concentrations (4, 6 and 8 mg ml-1) using a PRISM Ultra-
coat 300 system supplied by Ultrasonic systems, Inc. to give layer thicknesses of
between 40 nm and 120 nm. The spray height (40 mm), base plate temperature (25
°C) and fluid pressure (50 mbar) were kept constant for each spray cast solution
with the spray speed varied from 180-250 mm s-1 to vary the thickness of the spray
cast layer. TFB has a relatively high and non-dispersive mobility as measured by
time of flight technique of 0.01 cm?2 V-1 s1[21,22] and along with a deep HOMO of -
5.3 eV,[23] excellent photochemical and thermal stability[23] makes a good test case
for device process investigations. It is widely used as a copolymer constituent in
light-emitting and hole transporting layers.[24-29] It is highly soluble in aromatic
solvents such as toluene, xylenes and chlorobenzene, and can be spray deposited
from a range of these solvents. Toluene was the chosen solvent for this work as its
relatively low boiling point for spray coating aids the formation of films with a range

of uniformities and roughnesses.

The contacts were swabbed using toluene to pattern the device and the films were
annealed at 100 °C for 10 minutes to remove any residual solvent. A bilayer top
electrode of 10 nm Molybdenum(VI) oxide (Mo0O3) and 100 nm Aluminium was
thermally evaporated at a vacuum pressure of 6x10-¢ mbar through a mask to define
a pixel area of 4 mm?2. After the deposition of the top electrode the devices were
encapsulated in an inert atmosphere (<1 ppm H20 and <1 ppm 02) using UV-curable
epoxy and a glass slide. External electrical connection to the devices were gained
via friction contacts attached to the ITO glass substrate. The top electrode being

evaporated over cleared ITO tracks on the underlying substrate.

6.3: Device Characterisation

Current-voltage sweeps were performed using a Keithley 2602 source measure unit.
Thickness measurements, roughness measurements and topographical map scans
were performed using a Bruker DektakXT. Map scans were replotted using
Gwyddion 2.50 and statistical analysis of the data was performed using SAS Institute

Inc JMP pro 13.
-
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Figure 6.1: (a) A 3D model of the device structure. (b) A topographical map scan of a
spray cast TFB pixel (6 mg/ml S200 P4) with the mean thickness set to the measured
thickness, 100 nm. (c) The current density against voltage of the space-charge-limited
current simulated using (b), the measured data from the same pixel and the simulated
space charge limited current for a uniform 116 nm thick device and the measured data
from a spin cast device of the same thickness. (d) The hole-injection efficiency against

electric field of the spin and spray cast pixels.

Thin films of TFB were deposited via both spin coating and spray coating. Thickness
measurements and surface height map scans (Figure 6.1b) were taken of the spray
cast pixels prior to the evaporation of MoO3 and Aluminium using a Bruker
DektakXT. The 1 mm by 1 mm maps are constructed from 50 line scans with
resolution of 220 nm along of the line scan direction and resolution of 20000 nm in
the direction orthogonal to the lines. The roughness average, Ra, is the sum of the
magnitude of deviation in thickness from the mean thickness divided by the number

of samples taken across the map scan. This represents the finer random
|
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irregularities of a surface rather than the larger scale thickness variations. The
thickness of both spin and spray cast films as also measured by Dektak by scratching
the surface of the film to the underlying substrate and scanning across the scratch.
The roughness of the spin cast films was routinely measured to be <2 nm as such
they are assumed to be perfectly uniform for space-charge-limited current

calculations.

6.4: Results and Discussion

In order to compare quantitatively the measured current-voltage characteristics of
devices fabricated using spray coating and spin coating the variation in thickness
between the two different processing methods needs to be normalised. In addition,
the variation of thickness within pixels and the surface roughness in the spray cast
devices also needs to be corrected in order that a fair comparison be made. The
approach chosen follows that of Abkowitz et al.[30] and loannidis et al.[31] in that a
charge-injection efficiency of the device is calculated by comparing the measured
current to a theoretical space-charge-limited current for the thickness and material
being tested. The injection efficiency has been used to probe a range of contacts as
well as the ability of such contacts to inject holes into TFB.[22,32] Following
Abkowitz et al.[30] a theoretical space-charge-limited current is calculated for the
non-uniform devices by dividing the device into an array of parallel elements of
discrete thickness and calculating a theoretical bulk space-charge-limited current
contribution from each element of the array. The below histogram, Figure 6.2, of
height differences between neighbouring array elements (Ah) shows (for a 100 nm
average thickness film) the mean and median differences are less than 1 nm.
Furthermore, 95 % of the differences are less than 2 nm. The error in thickness
between array elements is 2 %, which, by propagating through to a current via the
Mott-Gurney relationship, leads to a 2 % error in current density. Both the error in
current density due to the mean-field approximation, and the device-to-device
variation is significantly larger, and as such, treating each array element as discrete
is found to be valid with insignificant contributions to the overall device current
from lateral conduction, as such the films are locally smooth but globally rough

across the device.
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Figure 6. 2: A histogram of the difference in height between neighbouring array
elements from the map scan of a typical spray cast pixel (6 mg ml-1 S200 P4). The mean
Ah is 0.77 nm, the median is 0.60 nm.

The theoretical space-charge-limited current is calculated using a modified Mott-

Gurney relationship[33] with a Poole-Frenkel field dependent mobility,[34] j =
9 E? = . . e . -
S Eo€rfl—exp (y\/E ) Where &r is the relative permittivity, p is the bulk mobility, L

is the layer thickness, y is the field dependent factor and E is the mean electric field.
A mean-field approximation is used to simplify the calculation for different
thickness elements in the intra-device array. This approximation is shown to be
valid[35-38] and leads to typical under estimation in zero-field mobility and the
vy factor of 2 % and 15 % respectively[39] and an error in calculated j of 10 %. For
TFB the bulk mobility is taken as 0.01 cm? V-1 s1,[21] the relative permittivity &r ~
3[40] and field dependent factor y = 5.86 x 104 (cm V-1)05,[22]
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The theoretical space-charge-limited current values were compared to the
measured current density values of the same pixels (Figure 6.1c) to show the
variation of hole-injection efficiency against electric field (Figure 6.1d). The hole-
injection efficiency at a fixed electric field (1 MV cm'l) was used for direct
comparison of pixels of different thicknesses and deposition techniques. In this
chapter electrical measurements, topographical map scans and theoretical models
are combined to determine the hole-injection efficiency of MoOs into TFB films. The
hole-injection efficiency is used to probe the charge transport in TFB films across a
range of thickness equivalent to those optimal for OLEDs, allowing us to compare
the deposition techniques of ultrasonic spray coating and spin coating for the

fabrication of OLEDs.
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Figure 6. 3: (a) The injection efficiency at 1 MV cm! against thickness for the spin cast
pixels, a liner regression has been fitted and the shaded region demonstrates the 95 %
confidence interval. The linear regression fit has a P-value of <0.0001 and an R-
squared adjusted value of 0.66 (b) The injection efficiency at 1 MV cm against
thickness for the spray cast pixels, a linear regression has been fitted and the shaded
region demonstrates the 95 % confidence interval. The linear regression fit has a P-

value of 0.0003 and an R-squared adjusted value of 0.59.

Figure 6.3 shows the variation of injection efficiency from MoOs3 into a range of
different thicknesses of TFB deposited via spin coating and ultrasonic spray coating.
Figure 6.1a shows a schematic of the device structure, consisting of ITO /
PEDOT:PSS / TFB / MoOs3 / Aluminium. The thickness and deposition method of the
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PEDOT:PSS (40 nm), MoOs (10 nm) and Aluminium (100 nm) are consistent for all
devices. The thickness ranges covered by the two deposition techniques of TFB
overlap allowing for the direct comparison of injection efficiency and thus the

performance of spin and spray cast devices.

Looking first at the spin cast TFB devices (Figure 6.3a) it can be seen that the
injection efficiency increases with thickness (within this range). The injection
efficiency has been shown to vary due to the material used for injection,[22] the
thickness of that layer[41] and the applied electric field.[22] In this work the
injection material and thickness have been kept constant and the injection
efficiencies were all measured at the same electric field strength. The mobility of
materials with similar properties to TFB have been studied in literature; Ji et al.
measured the mobility of pi-conjugated polymer P3HT in organic thin film
transistors and demonstrated that mobility increases with thickness within the
device thickness region (0-200 nm),[42] Chu et al.[35,43] demonstrated the
mobility of hole-transporting small molecule NPB increases with thickness in an
similar range as did Xu et al. who also demonstrated the same trend for hole-
transporting small molecule TPD.[44] It can then be inferred that the increase in
injection efficiency is due to an increase in the effective mobility of the TFB film

toward the bulk mobility.[45]

To understand the microscopic structure and the effect on the charge injection and
transport within a film it is often assumed that a film is made up of the substrate
interface, the surface interface and the bulk of the film.[44,46-49] In this work two
regions are focussed upon; the interfacial region at the surface of the TFB where the
holes are injected from the MoO3s, and the bulk of the TFB. In a uniform thick film the
interfacial region will be small compared to the film thickness and the charge
dynamics of the film will be dominated by that of the bulk TFB, in thinner films the
interfacial region thickness will be a larger proportion of the thickness of the film as
a whole and such will play a larger part in charge dynamics of the film. This concept
is analogous to variation of glass transition temperature (Tg) in polymer films as the
thickness of the film is changed, Keddie et al. demonstrated as the thickness of a

polymer film is increased the Tg increases almost linearly for thin films then
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becomes constant above a certain thickness as the thermal properties of the bulk
dominate that of the film, as such we expect to see a similar trend in hole injection
efficiency at greater thicknesses than studied here.[50] The influence of the
interfacial regions on the charge dynamics of the film has been studied by Baldo et
al.[49] for electron transport in Alqs, by Chu et al[35,43] for hole transport in NPB,
Xu et al[44] for hole transport in TPD and by Harding et al. for interlayers of TFB.[51]
These works suggest that there are trap states in the injection interfacial region
which result from dipole interactions between MoOs and TFB, changes in the
polymer chain conformation or a combination of both. The disorder in the local
dipole fields in the interfacial region cause a broadening of the manifold of states
involved in hopping transport as such lowering the effective mobility. Changes in
the conformation of polymer chains can also increase the intersite hopping distance

for holes, reducing the hopping rate and thus lowering the effective mobility.

Figure 6.3b shows the injection efficiency of spray cast TFB devices increases with
thickness like that of spin cast devices. A linear regression fit was applied to the spin
cast and spray cast data, the gradients and intercepts of the spin cast and spray cast
models agree within errors (Table 6.1), thus suggesting that device performance of

spray cast devices is statistically equivalent to spin cast devices.
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Figure 6. 4: The injection efficiency residual, the calculated hole-injection efficiency
minus the hole-injection efficiency predicted by the initial spray cast linear regression
fit, at 1 MV cm1 against the roughness average (Ra) of the spray cast device pixels. The
linear regression fit has a P-value <0.0001 and R-squared adjusted 0.79, the shaded

region demonstrates the 95 % confidence interval.

Since the roughness of the surface of spin cast TFB is too low to be reliably measured
by the technique used in this experiment (< 2 nm) the spin cast pixels were assumed
to be uniform with no significant roughness. The process of forming a film via spray
coating can lead to non-uniform thickness, up to 52 nm from the mean (Figure 6.1b).
Using map scans the thickness variation between array elements across spray cast
devices were measured and taken into account in the initial spray cast linear
regression fit, but the roughness of these devices were not accounted for. Figure 6.4
shows the injection efficiency residuals from spray cast linear regression fit verses
thickness, plotted against the roughness average. The residual in this case is the
difference between the measured value of injection efficiency and the predicted
value of injection efficiency from the linear regression fit based on thickness
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variation. The injection efficiency residuals decrease with increasing roughness, and
above a Ra of around 10 nm the residuals become negative. The R-square adjusted
value for this fit is 0.79 thus roughness has a significant effect on the injection
efficiency. Rougher films, as-prepared by higher concentration formulations and
faster pass speeds, lead to lower overall charge-injection efficiency. These films dry
faster on the substrate, and within the film, the surface dries fastest of all. The
consequence is that the surfaces of these rough films have less time to equilibrate in
terms of molecular conformation and mixing. It is suggested that this leads to a lock-
in of a non-equilibrium conformation within the film surface with a higher
dispersion in the distribution of energy states that form the hole-transport manifold.
This in turn leads to lower effective mobility and a lower hole-injection efficiency

for the rougher films.
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Figure 6. 5: The calculated injection efficiency against the predicted injection efficiency

by the linear regression fit based on the variation due to thickness and the roughness
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of the spray-cast TFB layer (at 1 MV cm'1)(Spray cast two parameter fit). The shaded

region demonstrates the 95 % confidence interval from the fit.

Figure 6.5 shows the measured hole-injection efficiency of the spray cast devices
plotted against the injection efficiency predicted by the linear regression fit
incorporating thickness and roughness. The measured and predicted data are

strongly correlated and the confidence interval is very narrow.

Spin cast fit Spray cast single Spray cast two
parameter fit parameter fit
R-sq adjusted 0.66 0.59 0.91
Fit Gradient (9.4 + 0.8) x10° (9.9+2.1) x10°® (9.4 + 1.0) x10°
Fitintercept (- 1.2 +0.6)x10* (-2.4+1.9)x10* (-1.9 +0.8) x10*
Model P value <0.0001* 0.0003 <0.0001*

Table 6. 1: Comparing the key fit parameters; fit gradient, fit intercept, P value and R-
square adjusted for the spin cast and spray cast models dependent on thickness, and

the spray cast model dependent on thickness and roughness.

Table 6.1 compares the spin cast, single parameter spray cast and two parameter
spray cast linear regression fits for hole-injection efficiency plotted against
thickness. The errors in the gradient and intercept are reduced when going from the
single to the two parameter spray-cast models. The gradient and intercept values of
the two parameter spray cast model are closer to the values of the spin cast model
than those of the single parameter spray cast model and they agree within errors.
The p value of the two parameter spray-cast model compared to the single
parameter model has decreased from 0.0003 to <0.0001 as such the two parameter
spray-cast model p value is highly significant as is found in the spin cast model. This
suggests that if the ultrasonic spray coating process is optimised to minimize
roughness then overall device performance of OLEDs deposited via ultrasonic spray

coating can equal those fabricated by spin coating.
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6.5: Conclusions

The injection efficiency of holes into films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(4,4’(N-(4-sec-butylphenyl))) diphenylamine] cast by ultrasonic spray coating and
those cast by spin coating have been compared. It is shown that across a range of
thicknesses, typical of those used in OLEDs, that there is no intrinsic difference in
the injection efficiency between ultrasonic spray coating and spin coating. This
reinforces the importance of spray coating as a potential route to high volume
manufacturing of OLED based technology. The importance of controlling the
roughness of the films has been demonstrated and a threshold of 10 nm average
roughness below which injection efficiency is not controlled by roughness has been
determined. However, above 10 nm roughness there is a reduction in injection
efficiency up to an 86 % loss in performance for roughnesses of the order of 40 % of
the thickness of the film. However, the process window for achieving comparable
spin and spray cast hole-injection performance is wide with spray cast films, with
Ra < 10 nm being achieved by control of drying time through solvent choice,

substrate temperature, formulation concentration and pass speed.
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Chapter 7

Ultrasonic Spray Cast Polymer OLEDs

7.1: Introduction

Organic light-emitting diodes (OLEDs) have the potential to be the next generation
of solid-state lighting, screens and flexible displays.[1-3] OLEDs can be produced via
solution processing which holds great potential in terms of increasing fabrication
scale, speed and reducing cost. In order for solution processed OLEDs to realise their
potential in bringing cost savings to high output OLED fabrication it is necessary to
demonstrate their viability with scalable, industrially applicable deposition
techniques. Ultrasonic spray coating, a promising roll-to-roll compatible deposition
technique has previously been employed for the fabrication of polymer solar
cells,[4-8] small molecule OLEDs [9-11] and for the deposition of the emissive layer
of a polymer OLED.[12] In this chapter ultrasonic spray coating is used to deposit
thin polymer films for the hole-injection layer (HIL), emissive layer (EML) and
electron-injection layer (EIL) in separate polymer OLEDs. Furthermore white-light-
emitting polymer OLEDs are fabricated in which the HIL and EML are sequentially
spray cast, which to my knowledge of the literature is the first example of a
multilayer ultrasonic spray cast polymer OLED, which are comparable in
performance to spin cast references. In addition promising initial attempts are made

to fabricate a large-area multilayer ultrasonic spray cast polymer OLEDs.

7.2: Spray Cast Hole-Injection Layer
PEDOT:PSS is a highly versatile material which has been used for a wide range of
applications from work function modification to an anti-static coating.[13,14] The

good electrical conductivity, high optical transparency and low thermal conductivity
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of PEDOT:PSS has led to it becoming a commonly used material in optoelectronic
devices.[13-15] The material properties, comparative low cost and ability to
process from solution has led PEDOT:PSS to be used as a transparent electrode or
hole-transporting layer in OLEDs, photovoltaics and transistors.[13-15] In lab-scale
devices PEDOT:PSS is typically deposited via spin coating from an aqueous solution
to form a hole-injection or -transport layer. The high surface tension of the
PEDOT:PSS solution, which can be demonstrated by measuring the contact angle
Figure 7.1), is not an issue when depositing using spin coating as the large shear

forces acting on the wet film spread it uniformly across the substrate.

Figure 7. 1: a) A contact angle image of PEDOT:PSS on an ITO substrate taken 5
seconds after deposition at 20 °C. The droplet of PEDOT:PSS settled to have a contact
angle of 31°. b) An image from above of the same droplet of PEDOT:PSS, small black
droplet in the centre of the image, on an ITO substrate taken 5 seconds after deposition

(the large ring below the substrate is the linkam stage below the substrate).

However, the reliance of the spreading and merging of multiple droplets to form a
uniform wet film in the absence of such shear forces when spray coating presents
an issue with such a high surface tension solution. To counter this problem when
depositing PEDOT:PSS via spray coating researchers have investigated a range of
solvent blends and additives to fabricate uniform thin films. Initial attempts to
deposit PEDOT:PSS as a hole-transporting layer via airbrush and ultrasonic spray
coating were promising but there were still issues with non-uniformity.[5,16-18]
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Tait et al. built on the work in the field and used a blend of PEDOT:PSS, deionised
water (DI), Isopropyl Alcohol (IPA) and Ethylene Glycol (EG) to deposit high
conductivity PEDOT:PSS electrodes via ultrasonic spray coating for organic solar
cells.[19] The films were deposited using a multi-pass technique which can cause a
reduction uniformity and performance of polymer films, also the films were
submerged in EG for 30 minutes post-deposition to increase conductivity, a
potential issue for high throughput.[5,20] Scarratt et al. using a 1:8:1 blend of
(PEDOT:PSS) : IPA : EG sprayed single pass large-area uniform films for the hole-
transport layer in an organic solar cell. In this section I base my work on the ink
formulation introduced by Scarratt et al. to deposit a uniform spray cast PEDOT:PSS

film as the hole-injection layer in an OLED.[7]

As seen in Figure 7.1 the high surface tension of PEDOT:PSS is shown by a high
contact angle (31°) and the inability to spread over the entire ITO substrate. IPA is
known to have a low surface tension (23 mN m-1 at 20 °C in comparison water = 72.8
mN m1) as such the addition of IPA to the ink will decrease the surface tension,
helping the solution to spread across the ITO substrate. Figure 7.2 shows how with
the addition of [PA a single droplet spreads across the substrate (300 mm?) and the
tensiometer struggles to accurately measure the small contact angle less than 1 s

after initial deposition.
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Figure 7. 2: Contact angle measurement of a droplet of PEDOT:PSS ink with the ratio
2:7 (PEDOT:PSS to IPA) on an ITO substrate at 20 °C.

As discussed in by others in the field the addition of IPA to PEDOT:PSS whilst
improving the wetting of the ink after the low boiling point IPA evaporates there is
a thin film of water containing PEDOT:PSS, this solution can partially de-wet before

drying causing holes in the final film.[5]
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Figure 7. 3: a) An image through a 10 times objective lens of an area of a spray cast
PEDOT:PSS film demonstrating the reticulation of the film. b) A dektak line scan from
the centre of the reticulated area, in which the PEDOT:PSS has entirely dewetted,

across the thick outer ring.

In order to limit the reticulation and increase the processing window a small volume
of Ethylene Glycol is added to the mixture to form a tertiary blend of PEDOT:PSS,
IPA, EG in the ratio 2:7:1.

Solvent Boiling point Surface tension at 20 °C
(°Q) (mN m1)
Water 100 72.8
IPA 82.6 23
EG 197 47.7

Table 7. 1: The key parameters of the solvents used in the 2:7:1 PEDOT:PSS ink.

As shown in Table 7.1 EG has a significantly higher boiling point than water and IPA
as such once a droplet of the ink has spread the IPA rapidly evaporates leaving a thin
film of PEDOT:PSS in a mixture of water and EG. The lower surface tension of EG
compared to water stops the solution from dewetting as readily allowing a time
window in which the substrate can be transferred to a high temperature hotplate
(140 °C). Once transferred to a high temperature hotplate the remaining water then

EG quickly evaporates leaving a dry uniform film of PEDOT:PSS.
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Figure 7. 4: Images from a) through to f) showing the drying stages of the 2:7:1
PEDOT:PSS ink on and ITO substrate held at 20 °C. a) shows a droplet of solution which
has spread across the substrate and the IPA component of the ink has evaporated, b)
and c) show the drying front as the water component of the ink evaporates. Later the

high boiling point ethylene glycol evaporates in d) and e) leaving the dry PEDOT:PSS
film in f).

Figure 7.4 shows the drying process of the 2:7:1 PEDOT:PSS ink when held at a
constant temperature (20 °C). In the first image (a) the droplet has spread and the
IPA has evaporated. In the second and third images (b and c) a drying front
encroaches towards the centre of the substrate as the water evaporates. As further
time passes in the fourth and fifth images (d and e) you can see the EG drying front
and a dry PEDOT:PSS films in the final image (f).
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Figure 7. 5: A graph comparing the wetting of the different PEDOT:PSS inks
(PEDOT:PSS as purchased, 2:7 PEDOT:PSS to IPA and 2:7:1 PEDOT:PSS to IPA to EG)

to ITO by comparing the contact angle overtime.

Figure 7.5 demonstrates the contact angle of a drop of PEDOT:PSS on ITO, the drop
after settling on the substrate doesn’t spread, displaying poor wetting with a high
contactangle (31°). The addition of IPA to PEDOT:PSS causes the drop to spread well
as it settles on the surface due to the lower surface tension of the solution leading to
a much lower contact angle, so low the system struggles to measure it around a
second after the drop landed on the substrate. Although the addition of EG increases
the surface tension of the ink, as demonstrated by the higher contact angle when

compared to the PEDOT:PSS/IPA blend yet it still wets very well to the substrate.

7.2.1: Optimisation of Spray Coating Parameters
PEDOT:PSS films were deposited via spray coating from a 2:7:1 PEDOT:PSS, IPA, EG

ink. The spray coater base plate temperature (20 °C), fluid flow pressure (50 mbar)
|
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and shaping gas pressure (30 psi) were all kept constant whilst the head pass speed
and height were varied to produce a range of thickness and to optimise film
uniformity. The process of transferring the wet PEDOT:PSS film to a high
temperature hotplate (140 °C) prior to annealing the films at 120 °C for 10 minutes
is probed by varying the time the substrate is left on the initial hotplate. Figure 7.6

shows images of spray cast films deposited at a range of head pass speeds from 10

- 70 mm s whilst the height was kept constant at 30 mm.

Figure 7. 6: Images showing the varying film uniformity of PEDOT:PSS deposited via
spray coating at a fixed height 30 mm and at a head pass speeds a) 10, b) 20, c) 30, d)
40, e) 50, f) 60 and g) 70 mm s'1. The gap on the edge on most of the films is due to
material being removed by the tweezers when transferring the wet film to the high

temperature hotplate.
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The films deposited at spray speeds from 10 - 20 mm s'1 have large variations in
thickness across the substrate, varying from 83 - 154 nm for 10 mm s and 54 - 90
nm for the film sprayed at 20 mm s-1. The large volume of solution deposited under
these spray parameters leads to non-uniformity as when the IPA has evaporated and
as the substrate is transferred to the high temperature hotplate the wet film can
flow. Secondly, the drying time of the wet film is increased due to the large volume
of solution on the substrate as such effects like pooling or even dewetting can occur.
The film sprayed at 30 mm s-1 has large areas which are uniform but still has an area
in the central region in which slight pooling has occurred, the thickness of this film
varied from 38 - 50 nm. The pooling seen in this film could be reduced by decreasing
the transfer time to the high temperature hotplate or by a slight reduction in volume
deposited. The film sprayed at 40 mm s-1 is highly uniform across the surface of the
substrate which the thickness varying from 30 - 33 nm. Figure 7.7 shows a dektak
surface map scan of this film which has a low root-mean-square (rms) roughness of

2.14 nm.

0.13 ym

-0.01 ym

Figure 7. 7: A 0.97 by 1 mm dektak surface map scan of a PEDOT:PSS deposited with a
spray pass speed of 40 mm s-1 at a height 30 mm. The film has an rms roughness of 2.14
nm. The large spikes seen in the image are artefacts/noise recorded during the

measurement and are not real features of the film.
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The films sprayed from 50 - 70 mm s may look relatively uniform but they have
increasing amounts of mottling and coffee stains as deposition speed increases due
to the low volume of solution deposited not allowing the initial wet film to spread
and level prior to the evaporation of the IPA. This non-uniformity is reflected in the
variation in thickness of the film sprayed at 70 mm s, the thickness varies + 17 %
from the average thickness compared to * less than 5 % for the film sprayed at 40
mm s-1. Further to this point in the film sprayed at 60 mm s-1 there is a hole where

the film has not completely formed before the initial drying step.

160

0 ] v 1 v ] v I v 1 v ] v I

10 20 30 40 50 60 70
Spray Speed (mm s™)
Figure 7. 8: A graph of the thickness of PEDOT:PSS films as a function of the deposited

spray speed. The height was fixed at 30 mm, the base plate temperature was fixed at
20 °C.
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The thickness as a function of spray speed from 10 - 70 mm s is plotted in Figure
7.8, aline is fitted to the data and shows that the thickness of PEDOT:PSS is inversely

proportional to spray speed.

Figure 7.9 shows images of spray cast films deposited at a range of head pass heights

from 10 - 70 mm whilst the speed was kept constant at 40 mm s-1.

Figure 7. 9: Images showing the varying film uniformity of PEDOT:PSS deposited via
spray coating at a fixed pass speed 40 mm s-1 and at head pass heights of a) 10, b) 20,
c) 30,d) 40, e) 50, f) 60 and g) 70 mm. The gap on the edge on some of the films is due
to material being removed by the tweezers when transferring the wet film to the high

temperature hotplate.
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The films deposited at spray heights from 10 - 20 mm have large variations in
thickness across the substrate, varying from 50 - 123 nm for 10 mm and 33 - 71 nm
for the film sprayed at 20 mm. Similarly to the low pass speeds described above the
large volume of solution deposited under these spray parameters leads to non-
uniformity as when the IPA has evaporated and as the substrate is transferred to the
high temperature hotplate the wet film can flow. Secondly, the drying time of the
wet film is increased due to the large volume of solution on the substrate as such
effects like pooling or even dewetting can occur. The film sprayed at a pass height of

30 mm was discussed in the previous section and is highly uniform (30 - 33 nm).

The films sprayed at 40 - 70 mm pass height have mottling and coffee stains as due
to the low volume of solution deposited not allowing the initial wet film to spread
and level prior to the evaporation of the IPA. Figure 7.10 plots the thickness
variation of the PEDOT:PSS as the spray pass height increases from 10 - 70 mm.
There seems to be a narrow processing window for this PEDOT:PSS ink to form
uniform films when varying height compared to varying speed, with only films cast
at a height of 30 mm having a thickness variation less than * 20 % of the average

film thickness in this experiment.
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Figure 7. 10: A graph of the thickness of PEDOT:PSS films as a function of the deposited
spray pass height. The spray pass speed was fixed at 40 mm s, the base plate
temperature was fixed at 20 °C. A line is fitted showing that there is an inverse

relationship between thickness and spray height.

To further probe the sensitivity of the 2:7:1 PEDOT:PSS ink spray coating process
three films were sprayed with identical parameters (H =30 mm, S=40 mm s1, T =
20 °C, fluid flow pressure = 50 mbar) but left for different periods of time before

transferring from the low temperature hotplate to the high temperature hotplate.
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Figure 7. 11: Image of three films of spray-cast PEDOT:PSS with varying wait times

prior to transferring from the base plate hotplate to the high temperature hotplate.
LHS wait time = 0s, centre =3 s, RHS = 5 s.

The left-most film in Figure 7.11 was transferred from the low temperature hotplate
immediately after the spraying process finished, when the spray head had returned
to the parked position. The central film was left for 3 s and the right-most film was
left for 5's. The thickness across the left-most film varies from 30-33 nm, the central
film varies from 30 - 40 nm and the right-most film from 30 - 55 nm. The addition
of ethylene glycol to the PEDOT:PSS ink aids in the formation of uniform films but it
is highly time sensitive due to the high surface tension of the water content
remaining in the ink. Although the left-most film is removed from the spray coater
and placed on a high temperature hotplate as fast as possible there are still delays
in this manual process. The spray coater takes 1 - 2 s after passing over the substrate
to park the head and allow the doors to be unlocked and the transferring process
takes in the region of 3 s. In a fully industrial process the substrate would be on a
moving track or stage that would make the transferring process far quicker and
more controlled than in this work, improving the repeatability and control of surface

morphology.

7.2.2: Spray Cast PEDOT:PSS Devices

The device architecture and fabrication used in this chapter is described in Chapter

3. Based on the process and optimisation discussed in the prior section the
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PEDOT:PSS was deposited from a 2:7:1 ink of PEDOT:PSS to IPA to EG, at a pass
speed of 32 mm s'1 and height of 30 mm. These parameters were chosen to in order
to match the thickness of the spray cast films with the reference spin cast films of
40 + 3 nm. The active layer was spin cast from a 12 mg ml! p-Xylene solution to
achieve an active layer thickness of 65 + 3 nm. The devices were completed by
evaporating a 3 nm lithium fluoride (LiF) electron-injection layer and a 100 nm
Aluminium electrode via thermal evaporation under high vacuum prior to

encapsulation using a glass slide and UV curable epoxy.
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Figure 7. 12: Box charts comparing the key device testing metrics; a) peak current
efficiency, b) peak power efficiency, c) Peak luminance for devices with spin cast and

spray cast PEDOT:PSS.

Figure 7.12 compares the performance of devices with spray cast and spin cast
PEDOT:PSS. The mean current and power efficiencies of the spray cast devices, 3.63
cd A1 and 1.39 Lm W1, are lower than the metrics for spin cast devices 4.47 cd A1
and 2.74 Lm W-1, Whereas the mean peak luminance of the devices deposited by the
two techniques are similar with 6325 cd m2 for spray cast devices slightly higher
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than 5766 cd m2 for spin cast devices. The decrease in efficiency metrics can be
explained by the addition of EG in the spray cast PEDOT:PSS ink. Studies have shown
that the addition of EG to PEDOT:PSS causes a change of conformation of the
PEDOT:PSS chains this increases the charge carrier mobility and thus conductivity
of the film.[21,22] Typically an increase in conductivity would be beneficial for
device performance but the increase in lateral conductivity combined with the
device architecture causes a negative contribution to the current from outside of the
defined pixel area. Figure 7.13 shows a cross section of the device stack, the pixel
area is defined by the region in which there is a full device stack, where the
evaporated to electrode overlaps the central ITO pad on the substrate (between red

lines).
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Figure 7. 13: a) A schematic cross section of the device stack. The device area is defined
by the overlap of all layers (between the red lines). Between the left-most line and the
purple line shows the area in which all layers are present except for the ITO bottom
contact. b) A top down view of a pixel with spray-cast PEDOT:PSS showing the defined
pixel area (red lines) and the contribution from outside the typical pixel area (purple

lines).

The increased lateral conductivity of the spray cast PEDOT:PSS leads to the pixel
area extending beyond the ITO pad to anywhere the PEDOT:PSS hasn’t been fully
removed in the swabbing process (red line to purple line). The effect of this lateral
current leakage in the spray-cast devices is most obvious in the low voltage regime,

just as the device is turning on, this contributes to the large difference in peak power
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efficiency. Increasing the applied voltage increases the electric field between the
electrodes within the device and the vertical current in the defined pixel area begins
to dominate as such the luminance and efficiencies of the spin and spray-cast devices
are very similar at high voltages. Figure 7.14 shows the data from a spray cast pixel
in which the swab was close to the edge of the ITO compared to a typical spin cast

pixel, all the metrics are very similar above 7 V.
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Figure 7. 14: a) The current against voltage for a spray cast pixel with very closely
swabbed PEDOT:PSS layer compared to a spin cast reference. b) The power efficiency
againstvoltage for a spray cast pixel with closely swabbed PEDOT:PSS layer compared

to a spin cast reference.

Figure 7. 14 demonstrates that if the devices with spray cast PEDOT:PSS could be
patterned with greater precision, so that only the area where the complete stack
remains is the pixel, then the spray cast and spin cast device performance would be
equivalent. Laser ablation of layers is a potential high-speed scalable route to

increased patterning precision.

7.3: Spray Cast Emissive Layer

In this section the ultrasonic spray coating technique is used as an alternate solution

deposition technique for the light-emitting layer of a polymer light-emitting diode
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(PLED). Devices are processed in ambient conditions and a comparison is made
between spin and spray cast devices. Uniform films are achieved by probing
different solvents, concentrations and spray coating parameters. White-light-
emitting PLEDs are fabricated with an average peak current efficiency of 4.93 cd A-

1,90% of the value of the spin cast reference devices.

Devices in this section were fabricated using pre-patterned 8 pixel ITO substrates
with a sheet resistance of 20 () square! and an rms roughness of 1.8 nm (determined
by AFM) purchased from Ossila Ltd. The ITO substrates were cleaned following the
protocol laid out in Chapter 3. Al 4083 grade PEDOT:PSS was purchased from Ossila
Ltd and was filtered using a 0.45 um PVDF mircodisc filter prior to spin coating at
5000 rpm to yield a 40 £+ 3 nm film. The PEDOT:PSS films were annealed on a
hotplate, in air at 120 °C for 15 mins and then cooled to room temperature prior to
deposition of further layers. The white-light-emitting polymer (LEP) was spray cast
from a number of solvents under different spray parameters which will be discussed
in detail later in this section. The spin coated reference devices were cast in ambient
conditions from a 12 mg ml-1 p-Xylene solution at a number of different spin speeds

to obtain a range of thicknesses.

The layers over the ITO contacts were swabbed using p-Xylene to pattern the device
and the films were annealed at 100 °C for 10 minutes to remove any residual solvent.
A bilayer top electrode of 3 nm Lithium fluoride (LiF) and 100 nm Aluminium was
thermally evaporated at a vacuum pressure of 4x10-¢ mbar through a mask to define
a pixel area of 4 mm?2. After the deposition of the top electrode the devices were
encapsulated in an inert atmosphere (<1 ppm H20 and <1 ppm 02) using UV-
curable epoxy and a glass slide. External electrical connection to the devices were
gained via push-fit Ossila testing board, spring loaded gold pins make contact to the

ITO pad and ITO fingers.

Initial attempts were made to spray coat the emissive polymer from commonly used
solvent p-Xylene. Although individual pixels could have good efficiency and
brightness there were large variations in these metrics from pixel-to-pixel across a

device. The device performance is very sensitive to the thickness of the emissive
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layer as such non-uniformity in the films cast from p-Xylene caused poor pixel-to-

pixel repeatability.

The development of the multi-component PEDOT:PSS spray coating ink in Section
7.1 demonstrated the importance of the solvent properties as well as spray
parameters when depositing films via spray coating. The addition of low boiling I[PA
to aid wetting of the suspension of PEDOT:PSS in water, the high boiling point EG to
slow down the reticulation of the solution after the IPA evaporates. Based on this
knowledge and after probing the solubility of the LEP in a range of potential solvents
chloroform and mesitylene were found to have promising properties to use as a
blend for depositing the LEP. Table 7.2 shows some of the solvent properties of

chloroform, mesitylene and water for reference.

Solvent Surface Tension Viscosity (mPa s) Boiling Point
(mN m1) Q)
Water 72.8 1.002 100
Chloroform 27.1 0.563 61
Mesitylene 28.84 0.727 164.7

Table 7. 2: Compares the solvent parameters of chloroform, mesitylene and water. The

surface tension and viscosity are measured at 20 °C.

The low surface tension and low viscosity suggests chloroform is an ideal solvent
for wetting and spreading across a substrate when deposited via spray coating.
However, with such a low boiling point if used as a single solvent for spray coating
the chloroform may evaporate before the droplets merge and form a wet film as such

the processing window for chloroform is too narrow to use on its own.

Mesitylene has a similar surface tension to chloroform but a significantly higher
viscosity and boiling point. This suggests if sprayed as a single solvent at a similar
temperature in which chloroform could spread before evaporating then the vastly
longer drying time of mesitylene would likely lead to pooling and non-uniform dry

films.
If used in a blend where the majority of the volume is Chloroform with the very low
viscosity and low surface tension will allow the solution to wet well and spread
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across the substrate prior to the rapid evaporation of chloroform. This will leave a
concentrated “gel” of the LEP in mesitylene, the low surface tension will limit any
reticulation issues seen after the IPA evaporates when spraying a two part
PEDOT:PSS blend. The high concentration of the remaining solution will limit its
flow but with the high boiling point the solution will have a long drying time if the
base plate temperature is kept low which could allow some levelling prior to

evaporation leaving a uniform dry film.

The LEP was dissolved in solvent blends of chloroform and mesitylene at volume
ratios from 60:40 to 90:10 (chloroform: mesitylene). Initially the solutions were
spray cast at the same base plate temperature (25 °C), concentration (4 mg ml-1) and
same range of pass heights and speeds to probe film quality. On a macroscopic scale
the films formed from and 80:20 volume blend ratio appeared to be highly uniform,
films sprayed from blends with 90 % Chloroform formed coffee rings due to the
rapid evaporation of the chloroform not allowing the induvial droplets to form a wet
film. Films sprayed from blends with 40 % Mesitylene formed uniform wet films but
the low base plate temperature the drying time was too long and the wet film pooled.
Figure 7. 15 shows films of the WEP spray cast from 4, 5 and 6 mg ml-! solutions
with the solvent blend 80:20 (Chloroform : Mesitylene) to vary the thickness of the

dry films.
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Figure 7. 15: Picture of films of spray cast LEP from 80:20 solvent blend Chloroform to
Mesitylene. The films were deposited at a base plate temperature of 25 °C, pass speed
50 mm s1, pass height 40 mm, fluid pressure 40 mbar and solution concentration of 4,
5 and 6 mg ml! from left to right. The central film was scratched in order to measure

the thickness.

Although the films sprayed from a solvent blend appeared uniform macroscopically
when viewed under 10 times magnification it could be seen the films were made up

of many small regions with thicknesses varying by up to 45 nm.

Scan Height (nm)

0.0 05 10 15 20
Scan Length (mm)

Figure 7. 16:a) The mottled spray cast blend film pictured through the 10 times optical

zoom camera on the dektak XT. b) A 2 mm line scan of the surface pictured.
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Devices were fabricated to observe the effect of the non-uniformity on the device

metrics and compared with spin cast reference devices.
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Figure 7. 17: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of devices sprayed from 4 mg ml1 80:20
solvent blend chloroform to mesitylene (60-78 nm) compared with spin cast devices
with similar emissive layer thickness (63 + 3 nm). d) A picture of the emission from a

pixel of the spray cast device.

The mean peak current efficiency of the spray cast blend was 2.14 cd A1 less than
half the mean of the spin cast reference 5.45 cd A-l Similarly the mean power
efficiency and mean peak luminance of the spray cast blend were less than a third of
the spin cast references, 0.80 Lm W-1 compared to 2.97 Lm W-! and 2139 cd m?
compared to 10189 cd m2. The image of the emission of a spray cast blend pixel is
shown in Figure 7. 17, the non-uniformity of the thickness of the emissive layer is

reflected in the thicker regions being much dimmer than the thinner areas.

The non-uniform electroluminescence (EL) from the spray cast blends, despite

appearing to be macroscopically uniform, led to a return to spraying from a single
-~ - |
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solvent. As discussed earlier the low boiling point of chloroform made it unsuitable
for use as a lone solvent for spray coating however the low surface tension of
mesitylene suggests it would make a good solvent if the drying time could be
controlled. After probing different concentrations, base plate temperatures and
spray parameters uniform films of the LEP were spray cast from a 6 mg ml-! solution
in mesitylene when cast onto substrates held at 45 °C. Figure 7. 18 shows films cast
at under these conditions with spray height 40 mm, fluid pressure 40 mbar and
spray speeds 140 mm s (films labelled H) and 130 mm st (film labelled G).
Macroscopically these films appear to be highly uniform but there is still a slight
thickness gradient at the edge of the substrate, this could be improved by shortening
the drying time fractionally by increasing the base plate temperature by a small
amount. The slight pooling is restricted to the right hand side and bottom right
corner of the films this suggests there may have been a small tilt to the spray coater

base plate causing a flow of the wet film, by correcting this tilt the thicker edges

could be removed.

Figure 7. 18: Films of the LEP deposited via ultrasonic spray coating from 6 mg ml!
mesitylene solution. The films labelled H were spray cast at 140 mm s1 and are
measured to be 52 + 3 nm. The film labelled G was spray cast at 130 mm s and is

measured to be 65 + 3 nm.

The thicknesses of the layers cast at pass speed 130 mm s-1 were measured across

the substrate to be within a few nm, 65 * 3 nm, of the optimal spin cast references,
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63 nm, as such these films and subsequently the devices fabricated using these films
are used to compare between spin coating and ultrasonic spray coating. 1 mm?
surface maps scans of films deposited by spin coating and ultrasonic spray coating
were taken using a Bruker DektakXT surface profilometer as shown in Figure 7.19.
The root-mean-square (rms) roughness of the spray cast film was calculated from
the map scan using Gwydion to be 1.33 nm almost identical to the rms roughness of
the spin cast map scan 1.39 nm, demonstrating the high uniformity of the spray cast

device.

12 nm

=11 nm

30 nm

-6 nm

Figure 7. 19:a) A 1 mm? dektak map scan of spin cast LEP on PEDOT:PSS. b) A 1 mm?
dektak map scan of spray cast LEP on PEDOT:PSS.
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Figure 7. 20: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of devices sprayed from 6 mg ml-1 Mesitylene
(65 + 3 nm) compared with spin cast devices with 63 + 3 nm emissive layer thickness.

d) A picture of the emission from a pixel of the spray cast device.

The mean peak current efficiency for the spray cast devices was 4.93 c¢d AL, 90 % of
the value of the spin cast references 5.45 cd A-l. The mean peak power efficiency of
the spray cast devices was 2.42 Lm W-1, 82 % of the spin cast references 2.97 Lm W-
1. The mean peak luminance of the spray cast devices was 8149 cd m2, 80 % of the
reference spin cast value 10189 cd m=2. In comparison Gilissen et al. fabricated
devices with the emissive layer polymer (Merck Super Yellow) spray cast and
achieved, with a champion device, a value for power efficiency 81 % of the spin cast
reference (9.71 Lm W-1 to 12 Lm W-1).[12] Although the mean value of power
efficiency for a spray cast device presented in this section is lower than that of the
champion device fabricated by Gilissen et al. (2.42 Lm W-1 to 9.71 Lm W-1), by
comparing the device performance of the two bodies of work with respect to their
spin cast references any difference in the inherent performance of the materials

used can be removed and it can be seen that the mean spray cast device in this
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section performed equivalently to the champion spray cast device of Gilissen et al.
(both 82 % of the performance of the spin cast reference). It can be seen from the
boxplots in Figure 7.20 that the spread of values for the spray cast metrics is slightly
larger than the spread in the spin cast data, the spread can be quantified by
comparing the standard deviation (SD) of the spin cast and spray cast data. The SD
of the mean peak current efficiency for spray cast devices is 0.66 cd A1 and 0.26 cd
A-1for spin cast devices. The SD of the mean peak power efficiency for spray cast
devices is 0.4 Lm W-1and 0.17 Lm W-1 for spin cast devices. The SD of the mean peak
luminance for spray cast devices is 968 cd m? and 557 cd mZ for spin cast devices.
The small difference in device performance and increase in SD between spin and
spray cast devices is due to the small thickness variations measured across the

active area of the spray cast devices and slight device to device variation.

7.4: Spray Cast Electron-Injection Layer

In this section the ultrasonic spray coating technique is used as an alternate solution
deposition technique for the electron-injection layer of a polymer light-emitting
diode (PLED). Typically electron-injection layers are deposited via high vacuum
thermal evaporation but as shown in Chapter 4 polyethylenimine-ethoxylated
(PEIE) is a potential solution-processed alternative. Devices are processed in
ambient conditions and a comparison is made between spin and spray cast devices.
The very thin, ~ 3 nm, and uniform films of PEIE required for optimal device

performance prove to be very challenging to deposit via ultrasonic spray coating.

Devices in this section were fabricated using pre-patterned 8 pixel ITO substrates
with a sheet resistance of 20 (1 square-! and an rms roughness of 1.8 nm (determined
by AFM) purchased from Ossila Ltd. The ITO substrates were cleaned following the
protocol laid out in Chapter 3. Al 4083 grade PEDOT:PSS was purchased from Ossila
Ltd and was filtered using a 0.45 pym PVDF mircodisc filter prior to spin coating at
5000 rpm to yield a 40 * 3 nm film. The PEDOT:PSS films were annealed on a
hotplate, in air at 120 °C for 15 mins and then cooled to room temperature prior to
deposition of further layers. The white-light-emitting polymer (LEP) was spin

coated in ambient conditions from a 12 mg ml-1 p-Xylene solution at 2400 rpm. The
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reference electron injection layers were spin cast from 0.04 wt.% PEIE solution in

IPA at 5000 rpm to form films 2.7 + 0.1 nm.

The layers over the ITO contacts were swabbed using [PA, p-Xylene and deionised
water to pattern the device and the films were annealed at 100 °C for 10 minutes to
remove any residual solvent. A top electrode of 100 nm Aluminium was thermally
evaporated at a vacuum pressure of 4x10-¢ mbar through a mask to define a pixel
area of 4 mm?2 After the deposition of the top electrode the devices were
encapsulated in an inert atmosphere (<1 ppm H20 and <1 ppm 02) using UV-curable
epoxy and a glass slide. External electrical connection to the devices were gained
via push-fit Ossila testing board, spring loaded gold pins make contact to the ITO
pad and ITO fingers.

PEIE was sprayed from a range of concentrations with the best device results
obtained with a solution diluted in a volume ratio 1:2, spin cast solution (0.04 wt.%)
to IPA. Due to the low boiling point and volatility of the IPA the base plate
temperature was chosen to be 20 °C, Figure 7.21 shows the key metrics from devices
with PEIE spray cast with spray height 40 mm, fluid pressure 50 mbar and spray
speeds 50-150 mm s
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Figure 7. 21: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of devices with spray cast EIL PEIE deposited
at a range of spray speeds from 50-150 mm s1 compared with spin cast reference

devices.

The devices with PEIE sprayed at 50 and 80 mm s have the highest spray cast
metrics 2.27 cd A-1to0 2.21 cd A1, 0.95 Lm W-1t0 0.87 Lm W-tand 1561 cd m2to 2065
cd m-2respectively. The SD of the mean peak current efficiency for spray speed 80
mm s1is 0.20 cd A-1and 0.42 cd A1 for devices cast at 50 mm s-1. The SD of the mean
peak power efficiency for spray speed 80 mm s 0.08 Lm W-1 and 0.13 Lm W-1 for
devices cast at 50 mm s'1. The SD of the mean peak luminance for spray speed 80
mm s-1is 548 cd m?2and 811 cd m2for devices cast at 50 mm s-1. As shown the devices
sprayed at 80 mm s1 have a lower standard deviation than those sprayed at 50 mm

s'1 as such these devices were chosen for comparison with spin cast devices.
Although having similar power efficiency to the mean spin cast references, 0.87 Lm

W-1to 0.92 Lm W-1, the mean peak current efficiency, 2.21 cd A1to 2.95 cd A1, and
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mean peak luminance, 2065 cd mZ to 4508 cd m-2, of the spray cast films are

significantly lower than the spin cast references.

The difference in metrics between spin and spray cast PEIE devices can begin to be

understood when observing images of the electroluminescence from the spray cast

pixels as shown in Figure 7.22.

Figure 7. 22: Image of the electroluminescence just above the turn-on voltage from two

pixels of devices in which the EIL is spray cast.

The emission from the devices with spray cast EIL is highly non-uniform across
devices as well as within pixels. As discussed in Chapter 4 the device performance
metrics are very sensitive to PEIE thickness, with only a very narrow thickness
window for high device performance and with the optimum thickness being 2.7 *
0.1 nm, even a variation of a few nanometres can drastically effect the device
metrics. As all the other layers in the device are identical to the spin cast reference,
of uniform thickness and the emission from the spin cast EIL is uniform then the

variation in emission is due to thickness variations in the spray cast PEIE layer.

Attempts to characterise films of PEIE deposited via spray coating proved to be
challenging. The PEIE solution and subsequent dry film are clear and colourless as
such when spraying onto a substrate it can be seen that the solution wets to the

substrate but little else can be observed as such no optimisation of the spray
-
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parameters can be based on the drying of the wet film or the uniformity of the dry
film. Thickness measurements of spray cast PEIE layers were immeasurable using
the dektak as the layers were too thin and, unlike the spin cast PEIE layers,
ellipsometry was unable to accurately measure the thickness of the layers likely due

to the variation in thickness of the very thin layers.

Devices with spray cast PEIE have been fabricated with reasonable performance
metrics compared to spin cast references but with non-uniform
electroluminescence due to thickness variation across the devices. Improving the
uniformity of spray cast PEIE films and thus fabricating devices of comparable
performance to spin cast references proved to be exceptionally challenging due to
the inability to characterise the transparent, colourless PEIE layers and optimise the

spraying parameters accordingly during the fabrication process.

7.5: Multilayer Spray Cast OLED

In the previous sections of this chapter devices have been fabricated in which a
single layer, either the hole-injection or emissive layer, has been deposited via
ultrasonic spray coating whilst the other layer has been deposited via spin coating.
To truly demonstrate the R2R potential for fabricating polymer OLEDs via ultrasonic
spray coating both layers must be spray cast sequentially. PEDOT:PSS and the LEP
are deposited as described in Sections 7.2 and 7.3 respectively, PEIE is spin cast as
the electron-injection layer as described in Chapter 4. Devices with two layers spray-
cast have a mean power efficiency of 71 % of the fully spin cast references, as shown
below in Figure 7.23. Based on literature searches this is the first multilayer

ultrasonic spray cast polymer OLED.
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Figure 7. 23: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of devices with spray cast PEDOT:PSS, LEP and
spin cast PEIE (UUS) compared with fully spin cast reference devices (SSS).

The mean peak current efficiency for the spray cast devices was 2.43 cd A1, 72 % of
the value of the spin cast references 3.39 cd A-l. The mean peak power efficiency of
the spray cast devices was 0.83 Lm W-1, 71 % of the spin cast references 1.17 Lm W-
1, The mean peak luminance of the spray cast devices was 7409 cd m2, 70% of the

reference spin cast value 10626 cd m=2.

The SD of the mean peak current efficiency for spray cast devices is 0.37 cd A1 and
0.25 cd A-1for spin cast devices. The SD of the mean peak power efficiency for spin
and spray cast devices is 0.11 Lm W-1. The SD of the mean peak luminance for spray

cast devices is 824 cd m2and 1106 cd m-2for spin cast devices.

The similar SD between spin and spray cast devices across the performance metrics
suggests good uniformity across the multilayer spray cast devices and good device
to device repeatability. The decrease in performance metrics from spin cast to

multilayer spray cast devices is attributed to slight thickness differences of the spray
-]
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cast layers and the negative affect of the off pixel contribution due to the increase in

conductivity of the spray cast PEDOT:PSS, as discussed in Section 7.2.2.

Figure 7. 24: Images of electroluminescence from two multilayer spray cast polymer

OLED:s.

To characterise the difference between spin cast and spray cast devices further,
laser-beam-induced current (LBIC) mapping has been used to probe the uniformity
of layers of the full device stack via measuring the spatial homogeneity of the
photocurrent. A 405 nm focussed laser spot was raster scanned across the surface
of devices with a step size of 50 um with the photocurrent recorded using a lock-in
amplifier, the LBIC set up is described in more detail in Chapter 3. This is shown
initially in Figure 7.25 where LBIC images across an entire fully spin cast and

multilayer spray cast device are compared.
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Figure 7. 25: Comparing the uniformity of spin cast and multilayer spray cast polymer

OLEDs by LBIC: Large-area images across the full array of pixels on a device of a

multilayer spray cast device (a) and fully spin cast device (b). The dashed white line on

(a) indicates the edge of the ITO pad which the overlap with the evaporated top contact

typically defines the pixel area as seen in (b). Line profiles from (a) and (b) are shown

in (c) and the position from which they are taken is demonstrated with solid white lines

on (a) and (b). A histogram of the photocurrent data from a typical multilayer spray
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cast pixel and a fully spin cast pixel, shown by the white boxes on (a) and (b), is shown

in (d).

Part (a) shows a LBIC image taken across an entire multilayer spray cast device, part
(b) shows a LBIC image taken across an entire spin cast device. The dashed white
line on part (a) marks the edge of the ITO pad on the substrate, areas to the left of
this contributing to the photocurrent show the large parasitic off pixel contribution
caused by the increased conductivity of the spray cast PEDOT:PSS, in contrast no
such contribution can be seen in part (b) due to the lower conductivity spin cast
PEDOT:PSS. It is apparent that the photocurrent generated across both spin and
spray cast devices is relatively uniform except for one spray cast pixel with a large
defect. The line profiles extracted from parts (a) and (b) (solid white lines) are
plotted in part (c) and show comparable fluctuations from the maximum normalised
photocurrent of 5 % for the spin cast and 11 % for the spray cast device over
centimetre length scales. Part (d) shows a histogram illustrating the spread in
photocurrent from within a typical multiplayer spray cast pixel and a typical fully
spin cast pixel, as defined by the white boxes on (a) and (b). The edges of the pixels
are omitted from the histogram as there are thickness variations in the evaporated
top electrode at the edges from the evaporation mask which can be seen in the LBIC
but are not being investigated here. The normalised photocurrents from the spin
and spray cast pixels are further normalised to the mean of each data set so the
different distributions peak at the same point, 1, to more obviously demonstrate the
spread in photocurrents for the all spin cast and multilayer spray cast pixels. (d)
Shows there is a greater spread of photocurrents generated from within a spray cast
pixel than a spin cast pixel, this can be quantified by the standard deviation of 0.012
for the spin cast pixel and 0.05 for the spray cast pixel. This increase in spread of

photocurrent is due to slight thickness variations of the PEDOT:PSS and LEP layers.

The spray cast pixel in which there is an area of lower photocurrent generation (2nd
pixel down from the top right of Figure 7.25a), this area is a region of thicker LEP
likely caused by a thinner area of PEDOT:PSS in the layer below leading to a slight
pooling effect when the LEP was spray cast onto this area of PEDOT:PSS. This area

is quite distinct on the LBIC suggesting a large thickness variation and a significant
|
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effect will be had on the spatial uniformity of the electroluminescence of that pixel.

Figure 7.26 compares the LBIC image of the spray cast pixel with an area of pooling

with a greyscale image of the electroluminescence from the same pixel.

Figure 7. 26: A greyscale image of the electroluminescence from a multilayer spray

cast device (left). On the right is the LBIC image of the same pixel.

The greyscale image of the electroluminescence was converted into a matrix of
intensities allowing for a quantitative comparison between the brightest point and
darkest point, a point within the pooling defect. The minimum intensity value from
within the pixel from the electroluminescence image is 75 % of the intensity of the
maximum intensity recorded. Whereas the minimum photocurrent value from the
LBIC of the same pixel was 59 % of the maximum. As such what appears to be a large
thickness difference in an LBIC image actually has a significantly lesser effect on the

electroluminescence.

7.5.1: Large-Area Devices
In the previous section of this chapter the sequential deposition of PEDOT:PSS and
the LEP via ultrasonic spray coating on standard 8 pixel substrates was achieved
with comparable performance to fully spin cast devices. To demonstrate the
scalability of the spray coating process an initial attempt was made to fabricate
large-area devices with PEDOT:PSS and the LEP deposited via ultrasonic spray

coating. Although initial device performance metrics were disappointing the high
e e e e S e e e e
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yield is promising and if more time was available with slight optimisation of the

spray parameters the metrics could be vastly improved.

Spray pass direction

Figure 7. 27: An image of the standard 8 pixel substrate next to the 24 pixel large area
substrate. The direction in which the substrates were coated via ultrasonic spray

coating is shown.

Figure 7.27 shows the standard 8 pixel ITO substrate used throughout this chapter
next to the large-area substrate used in this section. The standard 8 pixel substrate
is 15 mm wide and 20 mm long whereas the large-area substrate is 25 mm wide and
75 mm long leading to an increase in the area that will be coated during the spraying
process. The pixel area of the large-area substrate (9 mm?) although over twice the
size of the standard pixel (4 mm?2) it is not particularly large but the fact there are 4
times the number of pixels per substrate, 24, will give a large population for analysis

of the spread of results and the yield.
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Architecture Substrate Substrate Pixel area Number of

dimensions area (mm?2) Pixels
(mm x mm) (mm?2)
Standard 15x 20 300 4 8
substrate
Large area 25x75 1875 9 24
substrate

Table 7. 3: Descriptions of the architectures of the two substrate designs used in this

subsection.

The large-area substrates were prepared following the cleaning protocol as
described in Chapter 3. The PEDOT:PSS was spray cast, as in Section 7.2.2, from a
2:7:1 ink of PEDOT:PSS to IPA to EG, at a pass speed of 32 mm s-1, a pass height of
30 mm and a fluid pressure of 50 mbar but with an increase in spray path length to
ensure coating of the longer substrate. The substrate was held at 20 °C during the
spray deposition then rapidly transferred to a high temperature hotplate (140 °C)
as described in Section 7.2.1. The emissive layer was spray cast from a 6 mg ml-!
mesitylene solution onto substrates held at 45 °C, with a spray height of 40 mm, pass
speed of 130 mm s-1 and a fluid pressure of 40 mbar. After swabbing with p-Xylene
and DI water to pattern the layers the devices were completed by evaporating a 3
nm LiF electron-injection layer and a 100 nm Aluminium electrode via thermal
evaporation under high vacuum prior to encapsulation using a glass slide and UV-

curable epoxy.
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Figure 7. 28: The key device performance metrics a) peak current efficiency, b) peak
power efficiency and c) peak luminance of two large are devices with spray cast

PEDOT:PSS, LEP and evaporated LiF as the electron-injection layer.

It can be seen when comparing the results in Figure 7.28 and 7.23 that the key
performance metrics were much lower than the results for two layers spray cast on
the standard 8 pixel substrate. The mean peak current efficiency was 0.55 cd A1 for
device 1 and 0.82 cd A-1for device 2, the mean peak power efficiency was 0.20 Lm
W-1for device 1 and 0.28 Lm W-1for device 2 and the mean peak luminance was 962
cd m2 for device 1 and 967 cd m-2. It has been shown in literature that as device area
is scaled up the layout of the substrate becomes more important as increasing the
length charges have to travel through ITO increases the series resistance of the
device.[23-25] The 24 pixel large area substrate is designed to minimise this affect
with the testing board connected to the ITO pad either side of each pixel, as such an
increase in series resistance does not account for the large decrease in performance
from standard to large-area devices. Figure 7.29 shows an image of spray cast

PEDOT:PSS on a large-area substrate, sequentially spray cast PEDOT:PSSS and LEP
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on a large-area substrate and electroluminescence from a large-area pixel with both

layers spray cast.

Figure 7. 29: (Top) Image of spray cast PEDOT:PSS on the large-area substrate.
(Middle) Image of large-area substrate coated with spray cast PEDOT:PSS and spray
cast LEP. (Bottom) Image of the electroluminescence from a large-area pixel with two

layers spray cast.

It can be seen there are thickness variations and many areas in which the spray cast
PEDOT:PSS has reticulated on deposition on the large-area substrate resulting in
holes in the film, the spray cast LEP conforms to the non-uniform PEDOT:PSS surface
leading to variations in thickness in the emissive layer. The emission from the pixel
shows many small areas in which the PEDOT:PSS has reticulated as well as emission
from outside of the defined pixel area (narrow brighter region) due to the high
conductivity of the spray cast PEDOT:PSS ink as discussed in Section 7.2. Further to
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this, the areas in which the PEDOT:PSS has entirely dewet from the substrate will be
filled with pools of the polymer spray cast on top, thinning the LEP layer across the

rest of the substrate contributing to the decrease in device performance.

It was discovered post-fabrication that an old batch of ethylene glycol (EG) had been
used in the PEDOT:PSS ink preparation, this batch of EG was well past its shelf life
and as such was likely to have degraded significantly changing the material
properties thus not preventing the PEDOT:PSS wet film from dewetting the large-
area substrate. The poor quality and non-uniformity of the PEDOT:PSS and as such
the subsequently deposited emissive layer led to the poor device metrics. If more
time was available the fabrication of these devices could have been repeated with
new EG, with slight tuning of the spray parameters to ensure optimal emissive layer
thickness across the larger substrate then device performance could have been

largely improved.

Figure 7. 30: Image of the electroluminescence from a 24 pixel large area device

(Device 2 from Fig 7.28) with PEDOT:PSS and the emissive layer polymer deposited via
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ultrasonic spray coating, top a close up and bottom the device in the testing setup

showing the luminance meter.

In spite of the issues with the initial attempt to fabricate large-area devices via
ultrasonic spray coating there are some positive results. The two devices fabricated
had 48 potential pixels in total, 46 of these pixels worked, 1 pixel failed whilst being
swept to 10 V and 1 pixel failed to turn on as such the yield was exceptionally high
at 95.8 % even with the poor quality PEDOT:PSS layer. The high yield is promising

for demonstrating the robust nature of spray coating as a scalable technology.

If this experiment could have been repeated with fresh EG in the PEDOT:PSS ink
then [ believe the high performance and small spread of the standard 8 pixel devices
could have been replicated, this along with the very high yield already shown in
large-area devices could have been a proof of concept for the use of ultrasonic spray

coating as a scalable technique for the deposition of polymer OLEDs.

7.6: Conclusions

In Section 7.2 uniform PEDOT:PSS films, with an rms roughness of 2.14 nm, have
been successfully deposited via ultrasonic spray coating. Films were spray cast from
a solution of 2 parts PEDOT:PSS, 7 parts IPA and 1 part Ethylene glycol by volume,
onto substrates held at 20 °C in a single pass then transferred to a high temperature
hotplate (140 °C) to control the film morphology. OLEDs with spray cast PEDOT:PSS
as the hole-injection layer have been demonstrated and have comparable luminance
to spin cast references but the efficiency metrics are lower than the spin cast
references. The addition of EG to the PEDOT:PSS ink increases the conductivity of
the layer which leads to an extra current contribution from areas off the defined
pixel area which aren’t fully patterned, it has been demonstrated that if the devices
are patterned more precisely the efficiency metrics of the spray cast PEDOT:PSS

devices are comparable to the spin cast references.

In Section 7.3 highly uniform white-light-emitting polymer (LEP) films are
successfully deposited using ultrasonic spray coating with an rms roughness of 1.33

nm, an equivalent roughness to spin cast films. After probing a variety of deposition
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solvents and solvent blends, films were spray cast in a single pass from a 6 mg ml-!
mesitylene solution onto substrates held at 45 °C, these films were incorporated into
devices and compared with spin cast references. OLEDs with a spray cast emissive
layer have a mean peak current efficiency, power efficiency and luminance of 90 %,
82 % and 80 % of the spin cast references respectively. Slight thickness variations
are deemed to be the main difference between spin and spray cast devices. In
comparison Gilissen et al. fabricated devices with the emissive layer polymer (Merck
Super Yellow) spray cast and achieved, with a champion device, a value for power
efficiency 81% of the spin cast reference.[12] The comparable device performance
between spin and spray cast devices, narrow spread of metrics and high yield
demonstrate the potential for the use of the roll-to-roll compatible technique of

ultrasonic spray coating for the deposition of the emissive layer in a polymer OLED.

In Section 7.4 thin films of Ethoxylated Polyethylenimine (PEIE) were spray cast
from a solution of 0.013 wt. % PEIE in IPA onto substrates held at 20 °C in a single
pass at a range of speeds from 50 - 150 mm s-1. Devices were fabricated with spray
cast PEIE films as the electron-injection layer, these devices had comparable
efficiency metrics to the spin cast references but the mean peak luminance was less
than 50 % of the reference. Device performance has been shown to be highly
sensitive to PEIE thickness with the optimum thickness of 2.7 + 0.1 nm and a very
narrow thickness window for good device performance. Improving the uniformity
of spray cast PEIE films and thus fabricating devices of comparable performance to
spin cast references proved to be exceptionally challenging due to the inability to
characterise the thin, transparent, colourless PEIE layers and optimise the spraying
parameters accordingly during the fabrication process, this was reflected in the non-
uniform electroluminescence of these devices. Further work needs to be done on
optimising this material for spray coating as such it was not carried forward to the

next section.

In Section 7.5 the work in Sections 7.2 and 7.3 was built upon and OLEDs were
fabricated in which PEDOT:PSS and the white-light-emitting polymer were
deposited sequentially via ultrasonic spray coating, after studying the literature as

far as I am aware this is the first multilayer ultrasonic spray cast polymer OLED.
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These multilayer spray cast OLEDs have a mean peak current efficiency, power
efficiency and luminance of 72 %, 71 % and 70 % of the spin cast references
respectively. The high performance and comparable spread to spin cast references
demonstrates the potential for the use of the roll-to-roll compatible technique of

ultrasonic spray coating for the deposition of multilayer polymer OLEDs.

Finally in Section 7.6 the techniques used in Section 7.5 were scaled up to fabricate
large-area (1875 mm?) 24 pixel multilayer spray cast polymer OLEDs. A degraded
batch of ethylene glycol in the PEDOT:PSS blend ink led to non-uniformity and holes
in the spray cast PEDOT:PSS films which resulted in poor device metrics. Despite the
issues with the PEDOT:PSS layer remarkably the yield was 95.8 % of 48 pixels across
two devices this demonstrates the feasibility and robustness of using ultrasonic
spray coating to process over large areas. If time had allowed for this experiment to
have been repeated with fresh ethylene glycol I believe films of a similar uniformity
to those cast on the standard 8 pixel substrate could have been replicated and
similar device metrics achieved. As such if the narrow spread and high performance
metrics of the standard 8 pixel devices could be scaled to the large-area substrate
coupled with the high yield already demonstrated would present a strong argument
for the feasibility of the roll-to-roll compatible technique of ultrasonic spray coating

to be used for the large-area fabrication of multilayer polymer OLEDs.
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Chapter 8

Conclusions and Future Work

Whilst many advances have been made in the field of organic light-emitting diodes
(OLEDs) with efficient, white-emitting, solution-processed devices achieved there is
still a great deal of progress required towards the commercialisation of OLEDs for
lighting and displays. A major barrier for the commercial use of OLEDs is the cost, as
the current fabrication techniques typically used on a lab scale are slow, expensive
and can only coat small-areas. In order to reduce the cost of fabricating OLEDs a
large-area, roll-to-roll compatible deposition technique is required that can
sequentially deposit the uniform thin films of an OLED structure. This thesis
investigates the use of the large-area, roll-to-roll compatible deposition technique
of ultrasonic spray coating for the fabrication of polymeric organic light-emitting

diodes.

In Chapter 4, caesium carbonate, 8-hydroxy-quinolinato lithium and
polyethylenimine-ethoxylated (PEIE) were investigated as solution-processed
electron-injection layers (EILs) for white-emissive polymer LEDs. The EILs were
deposited via spin coating at a range of different thicknesses to optimise device
performance, the effect of ambient processing on device performance was also
investigated to probe the compatibility of these materials with a large-area ambient
coating technique such as ultrasonic spray coating. It is found that under ambient
processing conditions PEIE performed best with mean peak metrics of 3.18 cd A1,

1.14 Lm W-1, and 10690 cd m2.

Chapter 5 described the physics behind the key stages of depositing a thin film via
ultrasonic spray coating; the formation of droplets of a solution, transferring the

droplets onto the substrate, the spreading and merging of droplets to form a
- e e e e e e e
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continuous wet film and the evaporation of the solvent to form a dry thin film. Thin
films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-sec-butylphenyl))) (TFB)
were cast via ultrasonic spray coating using a range of different deposition
parameters and the morphology is characterised in order to demonstrate the
parameter space and the optimisation process required to deposit uniform thin
films. Issues with the USI Prism Ultra-coat 300 system were raised and how they are
managed was discussed in order to maintain a good level of repeatability from

device-to-device and run-to-run.

In Chapter 6, the influence of thin film processing technique and surface roughness
on the electrical performance of unipolar polymer devices was studied. The injection
efficiency of holes into films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’(N-(4-
sec-butylphenyl))) diphenylamine], cast by ultrasonic spray coating was compared
with those cast by spin coating. It was shown via statistical analysis, across a range
of thicknesses typical of those used in OLEDs, that there is no intrinsic difference in
the injection efficiency between ultrasonic spray coating and spin coating. This
reinforces the applicability of spray coating as a potential route to high volume
manufacturing of OLED based technology. The importance of controlling the
roughness of films was also demonstrated and a threshold of 10 nm average
roughness was determined, below which the effect of roughness on injection
efficiency is negligible. As such a process window for achieving comparable spin and
spray cast hole injection performance is wide with spray cast films with Ra < 10 nm
being easily achieved by control of drying time through solvent choice, substrate

temperature, formulation concentration and pass speed.

In Chapter 7, uniform PEDOT:PSS films, with a root-mean-square (rms) roughness
of 2.14 nm, were successfully deposited via ultrasonic spray coating. OLEDs with
spray cast PEDOT:PSS as the hole-injection layer were demonstrated and have
comparable luminance to spin cast references but the efficiency metrics were lower
than the spin cast references. The lower efficiencies were due to additives to the
spray cast ink increasing the conductivity of the layer leading to off pixel current

contributions, it is demonstrated that if the devices are patterned more precisely the
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efficiency metrics of the spray cast PEDOT:PSS devices were comparable to the spin

cast references.

Highly uniform white-light-emitting polymer (LEP) films are successfully deposited
via ultrasonic spray coating with a rms roughness of 1.33 nm, an equivalent
roughness to spin cast films. These films were incorporated into devices and
compared with spin cast references. OLEDs with a spray cast emissive layer have a
mean peak current efficiency, power efficiency and luminance of 90 %, 82 % and 80
% of the spin cast references respectively. In comparison Gilissen et al. fabricated
devices with the emissive layer polymer (Merck Super Yellow) spray cast and
achieved, with a champion device, a value for power efficiency 81% of the spin cast
reference.[1] The comparable device performance between spin and spray cast
devices, narrow spread of metrics and high yield demonstrate the potential for the
use of the roll-to-roll compatible technique of ultrasonic spray coating for the

deposition of the emissive layer in a polymer OLED.

Devices were fabricated with spray cast polyethylenimine-ethoxylated (PEIE) films
as the electron-injection layer, these devices had comparable efficiency metrics to
the spin cast references but the mean peak luminance was less than 50 % of the
reference. Device performance was shown in Chapter 4 to be highly sensitive to PEIE
thickness with the optimum thickness 2.7 £ 0.1 nm and a very narrow thickness
window for good device performance. Improving the uniformity of spray cast PEIE
films and thus fabricating devices of comparable performance to spin cast
references proved to be exceptionally challenging due to the inability to characterise
the thin, transparent, colourless PEIE layers and optimise the spraying parameters
accordingly during the fabrication process, this was reflected in the non-uniform

electroluminescence of these devices.

OLEDs were then fabricated in which PEDOT:PSS and the white-light-emitting
polymer were deposited sequentially via ultrasonic spray coating, after studying the
literature as far as I am aware this is the first multilayer ultrasonic spray cast
polymer OLED. The multilayer spray cast OLEDs had a mean peak current efficiency,
power efficiency and luminance of 72 %, 71 % and 70 % of the spin cast references

respectively. The high performance and comparable spread to spin cast references
|
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demonstrates the potential for the use of the roll-to-roll compatible technique of

ultrasonic spray-coating for the deposition of multilayer polymer OLEDs.

Attempts were then made to scale up to fabricate large-area (1875 mm?) 24 pixel
multilayer spray cast polymer OLEDs. A degraded batch of ethylene glycol used in
the PEDOT:PSS blend ink caused non-uniformity and holes in the spray-cast
PEDOT:PSS films which resulted in poor devices metrics. Despite the issues with the
PEDOT:PSS layer remarkably the yield was 95.8 % of 48 pixels across two devices
this demonstrates the feasibility and robustness of using ultrasonic spray coating to

process over large areas.

8.1: Future Work

To further build on the work in Chapter 4 either phase diagrams produced by atomic
force microscopy in tapping mode or kelvin probe force microscopy could be used
to confirm if the EIL films cast from dilute solutions form incomplete films. An
extension of the work in Chapter 4 would be to further investigate solution-
processed 8-hydroxy-quinolinato lithium (Liq) as other have successfully achieved
high performance devices using Liq and it is more stable in ambient than caesium
carbonate (Cs2C03).[2] This would involve purchasing higher purity source of

material and investigating a wider range of deposition parameters.

Chapter 5 could be developed further by demonstrating the effect of depositing the
same polymer in a range of different solvents. It would be of interest to broaden the
optimisation guide and processing window to other polymers, soluble small
molecules and solution-processable inorganic materials such nanoparticle

suspensions.

The work in Chapter 6 could be replicated with an electron-transporting polymer in
an electron-only device structure to investigate if the conclusions match those of
spray cast hole-transporting polymers and confirm the processing window

demonstrated.

In Chapter 7 uniform thin layers of PEIE proved challenging to deposit and
characterise, it could be possible to use kelvin probe force microscopy coupled with
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spin cast reference films to optimise thickness and uniformity of such films. An
alternate route would be to investigate other solution-processed electron-injection
layers which have a larger optimum thickness and greater thickness tolerance. If
this involved moving away from organic materials it has been shown that combining
zinc oxide nanoparticles and Liq in solution can be spin cast to form an effective
electron-injection layer with a thickness ~10 nm.[2] Also it has been shown that by
combining Liq with pyridine- containing polymers that the solution-processed
electron-injection layer can be increased to a thickness of 16 nm whilst limiting the
increase in driving voltages and decrease in EQE typically associated with a thicker

Liq layer.[3]

To progress with the work spraying the emissive layer in Chapter 7, higher
performing emissive polymers could be used to replicate this work in order to

increase the device metrics and thus the impact.

In the unlikely case the issues with spraying PEDOT:PSS ink over large areas, as seen
towards the end of Chapter 7, continued with fresh ethylene glycol then the
PEDOT:PSS the ink could be adapted to include a very small proportion of high
molecular weight polyethylene glycol, as introduced by Griffin et al., which has been
shown to further limit reticulation when spray coating PEDOT:PSS.[4] I have
successfully replicated this work during my PhD on 8 pixel substrates but batch-to-
batch repeatability was an issue due to the small volumes of solution fabricated and
the very small volume of PEG added, but for larger scale processing or for high-
throughput larger volumes of ink would be required and as such this issue would be

resolved.

The next step beyond large-area devices fabricated by ultrasonic spray coating
would be to fabricate devices of a similar scale on flexible substrates as progress is

made towards a roll-to-roll process.
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