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ABSTRACT

Fluorescent and phosphorescent Organic Light Emitting Diode (OLED) devices were
fabricated by solution process and optimized. From their basic characterization (J-V-L
curves, electroluminescence spectra) external quantum efficiency (EQE) was calculated.
Two small molecule, carbazole derivatives (CZ-1 and CZ-2), previously reported and used
for OLEDs showed very good luminances (~ 4000 cd/m?) and current densities (< 200
mA/cm?) resulting in a high EQE (9.5 %). Likewise, fluorescent OLEDs based in the new
polymer PF-2F presented an acceptable performance even on a simple architecture with a
good EQE (2.6 %), photoluminescence quantum yield (PLQY) about 1 and excellent
properties of processability. The influence of its CFs group in the optical, chemical, electronic

and mechanical properties in OLEDs was determined.

Also, a new family of three fluorescent oligomers (BT-F32, BT-F4, and BT-F5,) with
excellent properties in solution, high PLQY (~1) and highly luminescent, were used in simple
and multilayer OLEDs achieving a very high luminance (29 499 cd/m?). These oligomers
have different chain lengths, which influence the device luminance, efficiency and their
lifetime. Lifetime was monitored and the stretched exponential decay (SED) model was used
in order to obtain the device half-life (LT50). Also, phosphorescent devices, based on a
host/guest system (PVK:Ir(ppy)s), were prepared, the influence of the electron transport layer

(ETL) into the electron/hole ratio was analyzed.

By using a new proposed method, a PEDOT:PSS anode was developed and applied in rigid
and flexible substrates, with low sheet resistance (40 Q/o) and acceptable transmittance (>
85%). This new proposed method consists in volume evaporation, in which basically the loss
of water induces closeness among the conductive fractions of PEDOT. This PEDOT:PSS
anode easy of fabricating following an economical procedure could be applied not just in
OLEDs but in other optoelectronic devices such as organic photovoltaic cells (OPVs),

perovskite solar cells (PeSCs), etc.
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1 INTRODUCTION

1.1 State of the Art

The first organic light emitting diode was manufactured by Tang et. al[1] and its evolution
and improvement induced an intensified research on the organic materials area. This first
OLED was a very simple device with a double-layer structure of organic thin films, now the
devices could vary from the simplest structure up to a multilayer configuration of 10 or even
more layers[2,3]. A wide variety of new materials, small molecules and polymers have been
developed since the invention of the OLED. Small molecules and polymers, have advantages
between them, for example, polymers can be deposited by solution processes due their good
solubility and film forming capacity, this is helpful to reduce the costs of this kind of OLED
devices (sometimes named polymer OLEDs or PLEDSs). On the other hand, small molecules

in general present higher efficiencies and their synthesis are quite replicable[4,5].

In order to improve the performance of OLED devices two principal areas are being studied,
the first of them is the design of new materials that enhance the spectral emission, current-
voltage characteristics and therefore the overall device efficiency. Secondly in order to

enhance OLED devices, deposition/fabrication methods are being widely studied[6,7].

The performance of OLED devices is obtained by measuring luminance, current and voltage
of operation, electroluminescence spectrum. With these basic characteristics, some others as
color coordinates, efficiency (external quantum efficiency, current efficiency and luminous

efficiency), lifetimes, can be obtained.

The research in the field of new materials for OLED devices, has resulted in new kind of
devices or generations, as fluorescent OLEDs, phosphorescent OLEDs (PHOLEDSs) and
Thermally Activated Delayed Fluorescence (TADF) OLEDs. The main difference between
them is the limit of their efficiency. Fluorescent OLEDs can reach a maximum internal
quantum efficiency (IQE) of 25 % while PHOLEDs and TADF OLEDs can reach 100 %.



For example, Naresh et. al.[8] have reported a high efficient and stable single-layer OLED
based on a new TADF material (CzDBA) with a exceptionally low operating voltage of only
2.9 V at a luminance of 10 000 cd/m?, and an impressive EQE of 19 % (@ 500 cd/m?) by
using an architecture ITO/PEDOT:PSS/MoO3/Ceo/CzDBA/TPBI/AL. Also, they are reporting

a half life time of 1880 h with an initial luminance of 1000 cd/m?.

The maximum efficiencies reported for phosphorescent and TADF materials are quite similar
(and higher than fluorescent materials), but no the stability. It is worth of mention that
nowadays phosphorescent OLED devices present a higher lifetime compared with
fluorescent and TADF based OLEDs, allowing them to be used in industry applications. Even
in the last year, the data of the lifetime and stability for TADF OLEDs was still limited. In
2020, the number of reported TADF materials with good stability and lifetime have
increased. For instance, Kamata et. al.[9] reported record-breaking performances among the
existing reported TADF OLED devices, the first one an stable green TADF OLED with an
excellent EQE of 19.2 % and a lifetime (LT50) of 24 000 h for an initial luminance of 1000
cd/m? (@ 4 V). On the other hand, they also reported a blue OLED with a similar EQE (21.5
%) but a significantly lower lifetime of 1700 h at an initial luminance of only 500 cd/m?.
TADF materials can theoretically capture 100 % excitons without incorporating noble metals
(as phosphorescent materials) making them effective emitters for OLEDs and even can be
used as host materials simultaneously[10] reasons why TADF is referred to as the 3"

generation OLED emitter technology.

Another really important parameter is the color or bandwidth of emission (for commercial
applications white, blue, green and red colors) because the performance change with the

bandwidth, for example, the blue bandwidth has the lower performance in general.

The different colors or wavelength of emission is a very important factor in OLEDs research,
because most of the current industrial applications uses three or even four primary colors:
red, blue, green and sometimes white. It is worth of mention that white OLEDs can be
obtained by using the simultaneous emission of the three primary colors (RGB) or by using

two complementary blue-orange emissive materials[11].

Performance of OLEDs used on commercial displays is shown in Table 1. As can be seen,

red and green OLEDs present a significant higher performance compared with the blue one.
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The low lifetime of the blue OLED devices in general is one of the most important subjects

of research currently.

Table 1. Device performance of OLEDs used on commercial displays.

EQEmax (%)  mmax (Cd/A) LT50 (h) Type Ref.

Red > 20 30 900 000*  Phosphorescent [12]

Green > 20 85 400 000*  Phosphorescent [12]
Blue 24.8 47 20 000*  Phosphorescent [12]

EQEmax = maximum external quantum efficiency, nmax = current efficiency, *measured at

1000 cd/m?, LT50 = time for the luminance to decay to 50 % of the initial luminance.

For white OLEDs, Reineke S. et. al.[13] have reported an efficiency of 90 Im/W (@ 1000
cd/m?) for a real lighting device, with potential 124 Im/W if the light coupling can be further
improved. In comparison, technologies as fluorescent tubes produce around 70 Im/W. Also,
in the industry, LG chemical has developed OLED panels with 135 Im/W and 40 000 h
lifetime at a brightness of 3000 cd/m?[14].

Also in the area of new materials for OLED devices, new types of flexible substrates to use
them instead of rigid ones are being developed, then they need to have similar properties not
only flexibility. They must have a high transparence (to allow the extraction of light), low
coefficient of thermal expansion (CTE)(how material change with the variation of
temperature) and low optical birefringence (refractive index independent of the light

polarization)[15].

The ITO conductor is the most commonly used transparent conductive electrode (TCE)
material for OLEDs and OPVs devices but is not enough for flexible devices[16], because
suffers from the intrinsic brittleness, the high material costs, and the need for the high
processing temperature (300 °C)[17]. Then the alternative is the development of new flexible
TCEs. There are a wide variety of new TCEs like graphene based[18], polymer based[19],
metallic nanowires (NW)[20], hybrids as graphene-metallic NW[21], etc.

And finally, as was mentioned before the second area of great research is the design of new

architectures for optimizing the performance of OLED devices. The first of them focus on
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adding more and new materials to improve the injection and transport of electrons and holes.
The second based on light extraction through different mechanisms as modification of

specific surfaces to improve the outcoupling of light[22].

OLEDs are now being commercialized mostly in smartphones and large-screen TVs (55” or
bigger). Due to their great advantages as color purity, perfect black (turn each pixel on or off)
and low power consumption, its commercialization is every day larger in a market in which
LED technology is the most used technology yet. As happened with the LED technology,
when the OLED technology matures, the price will fall substantially[23].

As can be seen in Fig. 1, most of the OLED market came from the displays of the
smartphones. OLED televisions are the second best market, but because their high cost is
really low compared with the market of smartphones. The best OLED devices at lab scale
are performing at over 100 Im/W efficiency and at least 30 Im/W at industrial

applications[24].
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Fig. 1. OLED display panel market, by product, 2015-2024[23].

Another important parameter in OLED devices besides the lifetime is the brightness or
luminance. Luminance has a great importance in all kind of OLED devices, because
depending on the application the value of this luminance changes. For example, for one

OLED TV (LG B9 model 2020) the maximum luminance displayed is around 767 cd/m?[25]



for the smartphone Samsung Galaxy S20 ultra is 1342 cd/m? (Fig. 2)[26]. On the other hand,
the lifetime promised by LG for its OLED TV is 100 000 hours[27].

Fig. 2. LG OLED TV (B9 model 2020) with a maximum luminance of 767 cd/m? and the

Samsung galaxy s20 ultra with a maximum luminance of 1342 cd/m?.

OLEDs have been applied in other not very well-known areas, some of them creatives as the
7-inch OLED virtual mirror system incorporated in the electric cars Audi e-tron[28], which
consisting of small exterior side cameras and a door-mounted interior OLED display (Fig. 3
(@)). Also, LG (LG Chem) has been producing light panels for exterior and interior
illumination, for example, in Fig. 3 (b) an OLED light panel for desk is shown[29]. Finally,
as an example of a really simple application, Coca Cola embedded flexible OLED lighting
panels (with battery enough for 4000 s of light) in limited edition bottles as a part of a new

Star Wars film promotion[30].




(b) (©)

Fig. 3. (a) 7-inch OLED virtual mirror system incorporated in the electric cars Audi e-
tron[28], (b) Lg Chem OLED light panel for desk[29] and (c) Coca Cola limited edition
bottle with an embedded flexible OLED lighting panels of a new Star Wars film
promotion[30].

On the other hand, in the past years, the area of flexible optoelectronics have been of great
interest, because of its potential to be applied in flexible displays, flexible OPVs, smart and
wearable devices, and others[31-33]. This kind of devices can be flexible and even
stretchable, and that properties are really attractive for research and the industry. In this area
of flexible optoelectronics, the research is focused in the development of new types of
flexible substrates, new transparent conductive electrodes (TCEs) and the design of new
architectures for optimizing the device performance[22]. The area of TCEs is maybe the most
attractive in this kind of devices, because it can be applied in other devices as organic
photovoltaic cells (OPVs) for example. The big challenge is to match the performance of the
ITO (sheet resistance/conductivity and transmittance) but with a better mechanic properties
since ITO crack in flexible substrates[34]. This is being developed by the use of alternative
materials such as conductive polymers (as PEDOT:PSS conductive), carbon based materials
(graphene, carbon nanotubes, etc), metal nanowires (MNWSs), metal mesh and even hybrid
materials based on the combination (of two or more) of the mentioned before. In general,
conductive polymer based anode (as conductive PEDOT:PSS) present a lower cost that the
others, but a lower conductivity (high sheet resistance) too. On the other hand, metal based

anodes (MNWs, metal mesh) present a higher conductivity, comparable with the ITO (10



Q/o) but with a higher manufacturing cost. Finally, hybrid anodes present a very good sheet
resistance (even lower than ITO) a similar transmittance but most expensive and difficult

fabrication.

Currently, new flexible OLED devices have been releasing in the industry, but they are few
and even have some early troubles[35]. For example, Huawei has presented the new
smartphone Huawei Mate X with a foldable OLED display[36] and LG a new rollable OLED
smart TV 8K[37], both of them at a high cost because this kind of technology is new and
difficult to produce in massive quantities (Fig. 4).

Fig. 4. Foldable OLED device Huawei Mate X and rollable OLED LG smart TV 8K.

1.2 Thesis work

e While there is acommon belief that efficient OLED devices must have a complicated
and multilayer structure, a closer examination proves that not necessarily this is the
only way to reach good efficiencies. In this thesis is shown that the design of materials
and the adequate optimization of the OLED devices (based on their energy levels)
can lead to efficient OLED devices by using simple architectures.

e Insimilar way, reported free ITO anodes for optoelectronic devices have been using
even 3 or more different material in order to reach values of sheet resistance and
transmittance similar to ITO. In this work by the use of only conductive PEDOT:PSS

(PH1000), is proposing a new simple, cheap, easy-fabrication method with sheet



resistance and transmittance quite similar to ITO that can be applied not only in rigid

substrates but also in plastic ones.
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Fig. 5. Materials used as EMLs in the OLED devices fabricated in this thesis work.

Efficient OLED devices based on fluorescent and phosphorescent materials were fabricated.
Fluorescent devices were based on new polymer and small molecule materials. The first of
them, a group of four previously reported small molecules[38] synthesized in the research
Group of Optical Properties of Materials at the Optical Research Center (GPOM-CIO) group,
Cz-1, CZ-2, MOC-1 and MOC-16, which were deposited by spin coating technique, were
fully optimized and characterized. EQE for these OLED devices was calculated, by using the

basic characterization: J-V-L curves and the electroluminescence spectra.

Also, OLED devices based on a new fluorescent material (PF-2F) synthesized in the
Materials Research Institute (UNAM)[39] based on a reported polymer (PF-1)[6] but with a
CFs group added were made and optimized, in order to see the influence of this

trifluoromethyl group in the electroluminescence and the efficiency of the devices.

The other three are a family of three oligomers (BT-F32, BT-F4, and BT-F5>) synthesized
in the Peter Skabara research group (University of Glasgow) which are highly luminescent,
present a PLQY about 1 and can be deposited by spin coating technique. For this family of
molecules, simple and multilayer architectures were used. In order to analyze the influence
of their structures (specifically their length) in the performance and stability, EQE
calculations and their lifetime measurements were made. Also, phosphorescent OLED
devices were made, by using Ir(ppy)s as guest material and PVK as host, in order to optimize

the ETL (TPBi specifically) which is really crucial in this kind of devices.
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Finally, an anode was developed by using a cheap and simplified method based on conductive
PEDOT:PSS (PH1000) only. The principle is based on that the conductivity of this
PEDOT:PSS can be enhanced if the conductive fractions (PEDQOT) is separated from the
non-conductive fractions (PSS). This anode reach excellent values of transmittance (85 %)
and sheet resistance (40 /o). Furthermore, a difference of most of the reported anodes in
literature, we are only using one deposit of PEDOT:PSS (by spin coating) and one post-
treatment which make it a fast, easy and cheap way to obtain a functional anode. Furthermore,

this anode can be deposited on glass or even plastic substrates as common as acetate.



2 ORGANIC LIGHT EMMITING
DIODES (OLEDs)

2.1 OLED

An Organic light emitting diode (OLED) is composed by one or more layers of organic
material that are between an anode and a cathode, all of them stacked on a glass or plastic
substrate (Fig. 6). In the simplest case only one layer of organic material working as emissive
layer (EML) between one anode with a high transmittance, to allow the emission of the

device, and one cathode with a high reflectivity to favor the emission by the side of the anode.

Energy

Emissave Layer

o

Fig. 6. Simplest OLED device with a single organic layer as EML between two electrodes:
anode and cathode.

Normally the number of layers improve the efficiency of the devices, by using specific
materials making specific functions. In OLED devices, electrons are injected from the

cathode to the EML and holes are injected from the anode to the EML. For example:

Electrode: anode and cathode. In the most basic OLED device, one layer of emissive material
is sandwiched between two electrodes. Indium Tin Oxide (ITO) is the most used material
because its high work function, good conductivity (10-12 Ohms/square), high transmittance

in the visible region (>90 %), among others. There are various treatments to improve both
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the work function and surface conditions in the ITO, as the UV and Oz plasma treatment[40].
In the UV treatment, the ITO is treated in a N2-O, ambient environment which improve the
driving voltage and prevent the formation of dark spots in the devices, improving in this way
the lifetime. The O, plasma treatment has the capability of remove organic contaminations
from surfaces. Also, O> plasma works creating chemical functional groups (as amine,
carboxyl, carbonyl and hydroxyl) and remove hydrocarbon contaminants in the surface
which leads to an hydrophilic surface, this helps to enhance the bonding or adhesion of the
layers that will be deposited. On the other hand, decrease the energy barrier of the cathode
improves the efficiency of the device. Aluminum (Al) is the most used cathode because of
its low work function, which is in general the most reactive layer in presence of oxygen or
water. To protect the EML, in OLED devices, two-layer cathode materials are usually used.
Low work function materials as Ca, Mg, CsF and LiF are deposited before the deposition of
the “top cathode”, this layer is known sometimes as cathode EIL. Compounds as the LiF, are
insulators, and for this reason they must be deposited to a thickness of a few nanometers
which allows an appropiate small electron injection layer. The use of this bilayer cathode
leads to the Vacuum Level Shift, this is the formation of electric double layer where the
injection barrier height is lowered and then the injection from cathode to organic layer is

improved[41].

Hole injection layer (HIL). This layer has the function of improve the injection of holes (or
electrones extraction) from the anode to the EML or the HTL. The potential barrier for hole
injection from anode to organic layer is reduced by introducing this layer. The HOMO level
of the HIL should be between the HOMO layer of Hole Transport Layer (HTL) (or EML in
its absence) and the work function of the anode. The most used material for this HIL is the
polymer polyethylenedioxythiophene poly-styrene sulfonate (PEDOT:PSS) due its relatively
high conductivity and its good transmittance in the visible region[42]. This polymer is a water
dispersed polyelectrolyte emulsion with good film-forming properties for it deposition by
wet methods. The ratio of PEDOT and PSS control the conductivity of the material, even in
the right ratio PEDOT:PSS can be used directly as anode. Also, is worth of mention that
PEDOT:PSS has a few disadvantages as a high acidity that corrodes the ITO electrode and

absorbs moisture, both sources of degradation[43].
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EML. The most important layer in the OLED device is the EML. The conjugated = electron
system provides the electronic conduction in organic materials, this is, the alternate single
and double bonds between carbon atoms. The electrical properties of the conjugated materials
is related to the degree of m-conjugation. In a polymer with high grade of conjugation, the

electron delocalization increases and also the mobility of electrons through the system[14].

Electron injection layer (EIL). This layer has the function of improve the injection of
electrons from the cathode to the EML or to the ETL. This layer also presents a relatively
high mobility of holes compared with the mobility of electrons in organic materials. Some
materials commonly used for this kind of layer are: LiF, Mg, MgOx, etc and they used to

have optimized thickness of 0.3-10 nm[14].

Electron transport layer (ETL). Located between cathode and the EML, has the function of
improve the transport of electrons from the cathode to the emissive layer. The ETL used
depends on the OLED design, mostly of the adjacent energy levels but also mobility must be
of the same order of the HTL for the recombination occur at the emissive layer. Some
commonly used ETLs are Algs (Tris-(8-hydroxyquinoline) aluminum), TPBi (22°,2”-(1,3,5-
benzenetriyl)-tris-[1-phenyl-1-H-benzimidazole]), BCP (2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline), etc. TPBi for example, a typical ETL, poses a high HOMO level of 6.2 eV
and then TPBI is also working as Hole Block Layer (HBL) too[44].

¢
Energy

EIL Cathode ‘

Fig. 7. Multilayer OLED device.
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Stbsiy ate Subst ate

Fig. 8. Structure of OLEDs from single layer to multilayered.

Exist different methods, techniques and architectures to make an OLED, with various and

new materials, and not only with one or two layer, even with 10 layers or more[2,3].

2.2 HOMO, LUMO and work function

HOMO (highest occupied molecule orbital) is for the organic semiconductor which is the
valence band for the inorganic semiconductors. Inthe same way LUMO (lowest un-occupied
molecule orbital) is for the organic semiconductor which is the conduction band for inorganic
semiconductors. The difference of energy between this HOMO-LUMO levels is known as
the band gap. The band gap (Eg) has a great importance in OLED devices, because it is
responsible of the emission color. The energy of one photon in the visible (350-750 nm) is

around 3.1 — 1.8 eV, then the band gap for the EMLs must be in this range.

On the other hand, the electrodes have the work function which is defined the minimum
energy that must be given to one electron to release it from the surface of one specific
material. All, work function, HOMO and LUMO levels, have a great importance in the

OLED devices because the energy levels of the layers must be coupled. This is, choose an
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HOMO level between the HOMO level of the HTL and the anode’s work function in order
to the optimum injection of holes from the anode to the HTL. Similar for the injection of
electrons, the LUMO level of the EIL must be between the cathode’s work function and the
LUMO level of the ETL for the adequate injection of electrons from the cathode to the ETL.
Finally, the difference between HOMO level between EML and the HTL must be low (the
same for the LUMO levels between EML and ETL).

2.3 PLEDs and SMOLEDs

OLEDs might be mentioned as small molecule organic light emitting diode (SMOLED) or
polymer organic light emitting diode (PLED). Unlike polymers that form films with low
roughness (RMS) by using spin-coating technique (or another wet technique), organic
molecules of low molecular weight, usually form films with many defects and high roughness
(RMS), further, in several cases they do not have good solubility to be used under wet
methods. SMOLEDs fabricated by wet techniques are being investigated widely due that a
high processability (as polymers) by wet methods are attractive to make OLEDs in large area,
may be light, flexible, self-emitters, have low power consumption, high speed video rate,
intense colors, high contrast and possess a potential low cost compared with evaporation
methods[45]. On the other hand, small molecules having a well-defined molecular structure
that provides greater reproducibility in their synthesis, besides in general posses a higher
purity than polymers[46]. The use of a large number of layers to increase the device
performance usually increase the manufacture time and the costs, that is why OLED devices
with the minimum number of layers are of great importance i.e. the research of new and

efficient materials have a big rol in the actual research field[3].

Polymers may be classified as non-conjugated or conjugated, this last characterized by a
backbone chain of alternating double and single bonds. Conjugated polymers (such as MEH
PPV, Super Yellow, PVK, etc), formed by carbons with hybridization sp?, possess high
mobility of electrons and holes because their delocalized m-electrons system which benefits
its use as EML in OLED devices. On the other hand, some non-conjugated polymers have

been designed to maximize device performance in host-guest blend type used as EML. This
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is, functional units are bound to the non-conjugated polymer and then used as a host material.
Finally, guest materials are doped in low quantities into the host material. One example of
this non-conjugated polymers is poly-vinylcarbazole (PVCz). Otherwise, some typical
examples of conjugated polymers are poly-phenylenvinylene (PPV), poly-p-phenylene (PPP)
and polyfluorene (PF)[47].

On the other hand, for SMOLEDs (such as Algs, MADN, DBP, etc.) the introduction of
soluble groups to existing structures is one of the most significant technologies for OLED
devices. The introduction of this kind of groups offers advantages as lower fabrication costs
due it can be used another methods different of evaporation. This versatility is of great
importance because these technologies move towards industry production and the scalability

IS necessary[48].
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Fig. 9. Typical commercial materials used for OLED devices.
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2.4 Fluorescence, phosphorescence and TADF

The photoluminescence (PL) is the emission of light due to transitions of electrons from
molecular orbitals of higher energy to those of lower energy known as ground energetic state.
Such transitions are referred to as relaxations. The electrons that are in the closer layers at
the core are less energetic than those that are not so close. When some atoms are exposed to
light of some specific wavelength, a photon will make that an electron in a ground energetic
state becomes in an electron with high energy, also named excited electron. For each kind of
electron the difference between orbitals is quantized and the electrons only can move in
trough them by winning or losing an specific quantity of energy, which is known as electronic
transition. When the electron decays at its ground state (or a lower energy level) release the
extra energy via radiative route (photon) or as heat via non-radiative. This photon is the light
that can be seen by our eyes, which wavelength is dependent of the type of atom that was
excited[7].

In the case of the OLED devices, the excitation of the molecules used as EML occur through
injection of holes and electrons from the electrodes, which are excited from a ground state to
one excited state .Of course, the correct injection is dependent of the optimum alignment of
the HOMO-LUMO levels of their layers and the work function of the electrodes.

The total energy emitted as photons (called electroluminescence in OLEDS) is always lower
than the total energy injected and the difference between them is dissipated in form of heat
by vibrations. Most of the cases, the wavelength of this light is higher than the wavelength

of the absorbed (or injected), and then, has a lower energy.

The PL has 3 fundamental steps: absorption (injection for OLEDs), non-radiative decay and
radiative decay. Furthermore, electronic excitation can occur to two electronic states known

as electronic state singlet S1 and electronic state triplet Ti.

Now, depending of the mechanisms of decay and the emission of light on EML, OLED

devices can be categorized by 3 types or generations: fluorescence (1% generation),
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phosphorescence (2" generation) and thermally activated delayed fluorescence (TADF) (3™

generation).

PL occurs when a molecule or atom returns to it ground state (So) after being electronically

excited (singlet state S1), which can be expressed as

SO + hVext — S1 (1)

On the other hand, we can express the fluorescence as

hv is the one photon energy, % is the Planck’s constant and v is the frecuency of the light. A
luminescent molecule in the excited state Si1, can return to its ground state by different paths,
the first of them is the non-radiative decay in which the energy is dissipated in heat form and
the second one is the emission of one photon. Also, in the specific case of fluorescent
materials can be excited to a triplet state (T1), but its only path to return at a ground state is
dissipating heat. Fluorescent materials can not have radiative decay from a triplet state. As is
shown in Fig. 10, from the spin statistic it is known that only 25 % of the excitons (or excited
states) formed are of the singlet type, while triplet type excitons represents the 75 %. So, a
fluorescent type OLED can have a maximum internal efficiency of only 25 % [7]. On the
other hand phosphorescent materials with a heavy metal center ( such as ruthenium, rhodium,
osmium, iridium, platinum and gold) can have radiative decay from both, singlet and triplet
states, enabled by the strong spin-orbital coupling (SOC) effect or heavy metal effect, which

allow them reach a theoretical maximum internal efficiency of 100 %.
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TADF is the name given to materials (such as Cz2BP, DCBPy, 4CzIPN, etc.) that have a
mechanism of fluorescence relying on a specific molecular design where the first excited
singlet state (S1) can be thermally repopulated by RISC (reverse intersystem crossing) from
the first excited triplet state (T1). Only when the energy difference between the triplet and the
singlet-excited states (AEst) is small enough, this process is possible (Fig. 10 (b)). In most
fluorescent molecules the AEsr is in the range of 0.5-1.0 eV, because of this, TADF can not
be possible[49]. Then, by this mechanism, the non-radiative triplet states can repopulate the
singlet state and participate to light emission, enabling OLEDSs reach an internal quantum

efficiency of 100 %[50].

In Fig. 11 devices structure of a phosphorescent OLED is shown. The lifetime of the emissive
excited state in a phosphorescent complex, as iridium for example, is quite long compared
with fluorescent materials (microseconds and nanoseconds, respectively). In the case of
phosphorescent materials, iridium (I11) complexes are the most promising due its facile
chemical modifications, tunable photophysical properties and good stability. In general for
the EML deposition, phosphorescent complex are doped in host materials at low

concentrations, aiming to avoid efficiency loss caused by triplet-triplet annihilation (TTA).
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TTA is the process of energy transfer from one triplet excited state to another, after which

the excitons decays non-radiatively to the ground state.

HIL

Fig. 11. Device structure of an OLED with two different excitation mechanisms in the
EML.

2.5 Emissive layers type Host/Guest

Host/guest systems are an alternative for molecules which have properties of emission but
can not be deposited as films by itself. In general, a low quantity of the guest material (6-10
%)[51], also named dye, is dispersed on a host material to obtain an EML with mechanical

properties of the host but with the emission properties of the dye.

Host molecules (such as PVK, CBP, m-CBP, mCP, etc.) have important functions in the
performance of the EML, depending of the material used as host and the quantity used of dye
the performance could be or not better. The parameters that are tuned by this relationship is
PLQY, suppression of concentration of quenching, PL spectra and basically the performance

of the OLED devices (voltage, current, luminance, efficiency, EL spectra)[52].

As was mentioned before, in the Jablonski diagram, there are different paths of energy
transfer. In order to achieve efficient OLEDSs, by host/guest system, the singlet formed on the
host must transfer to the guest by Forster energy transfer (FRET) and the triplets must transfer

its energy by Dexter energy transfer (electron exchange)[3] as is shown in Fig. 12.
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Fig. 12. Host/guest energy transfer system.

FRET is the energy transfer from one excited chromophore to another nearby, by dipole-
dipole interactions. On the other hand, Dexter energy transfer sometimes known as short-
range transfer is quite similar to FRET but differs in distance range (FRET is 10-100 A and
Dexter is < 10 A) and mechanism. Dexter energy transfer is basically an exchange of energy

but with electron exchange between two molecules or two parts of a molecule.

Furthermore, in host/guest system excitons can also be directly formed on the guest
molecules if appropriate dopant is chosen according to the energy levels i.e. the efficiencies

can be significantly increased.

Anyway, efficiency in this kind of systems do not depend only on the energy level
distribution between the host and the guest materials but also on the energy transferring
capability. For example, in Fig. 13 the CF3BNO material favors the electron injection into
the host rather than in the guest, resulting on the formation of excitons on the host and hence
favoring energy transfer from the host to guest leading to a higher efficiency and performance

compared with the cases when BNO and Ir(ppy)s are used as guest[3].
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Fig. 13. Energy level diagram of 3 different guests: (a) CFzBNO, (b) BNO and (c) Ir(ppy)s
used on a CBP host[3].
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3 FABRICATION AND CHARACTERIZATION OF OLED DEVICES

3.1 Fabrication techniques

As was mentioned before, there are two ways to make OLED devices: solution process (also
called wet methods) and evaporation. Wet methods have advantages as scalability, easy

manufacture and there are cheaper and easier than evaporation.

One of the most used techniques for thin films deposition is spin coating technique. By this
technique thin films of micrometer and nanometer can be prepared. A substrate is mounted
on a chuck, the solution of organic material is deposited on the substrate and then rotates.
Centrifugal force drives the liquid radically outward. The main causes for the film deposition
on the substrate are the viscous force, surface tension and finally evaporation of residual
solvent as can be seen in Fig. 14(a). By spin coating technique a fine, thin and uniform layer
can be produced. The disadvantage of this technique is that is too difficult produce a layer of
high quality and large area. The thickness by spin coating technique is defined by different
parameters such as the viscosity of solution, the angular speed and the rate of
evaporation[53].

Coating
blade

Substrate

[ |
(@) (b)

Fig. 14. Schematic illustration of the (a) spin coating and (b) Doctor blade techniques[54].

Another technique for thin films deposit by solution is Doctor blade, in this technigue,
basically a coating knife is used to apply a solution over the surface of one substrate. A
defined quantity of solution is applied directly on the surface, or when the viscosity is too
low, in the gap between the surface and the blade. In the next step, the knife is moved along
the substrate with a defined velocity, while a defined value of temperature (depending of the
solvent used) is applied in the substrate. A wet thin film is left behind the knife, which dries

due to the evaporation of the solvent Fig. 14 (b).
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Also, a modified and more precise technique based on Doctor blade was developed: slot die
coating. This technique is the promising fabrication scheme for large-area OLED panels
because it provides scalability and uniform films. It is capable of deposit a wide range of
materials, with low and high viscosity, and a wide range of thickness, from 20 nm to 150
um[55] [56].
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Fig. 15. Schematic illustration of (a) the slot die technique and (b) Inkjet printing (1JP).

More expensive and top quality techniques were developed too, Inkjet printing (1JP) is one
of these. The integration of multiple organic layers to fabricate red, green and blue emitters
for color displays is possible by this technique. 1JP is able to carry out material deposition
and pattering at the same time, and require really small amounts of functional materials. This
materials are deposited in solution in little drops on defined surface areas, in the desire shape.
One of the major advantages of this process is that the waste of materials is minimum and
that decreases the production costs. Other advantage of IJP technology is there does not need
contact, so the substrate defects does not exists. OLED devices need accuracy of organic

layer thicknesses since it directly affects color uniformity and brightness.

Physical vapor deposition (PVD) is a technique based on the heating the material until
evaporation (thermal evaporation). This thermal evaporation has place when an electric
resistance is heater to melt the material and raise its vapor. This is done by using a high
vacuum. PVD can generate smoother surfaces, compared with wet methods as spin coating,

slot die, etc. In Fig. 16 physical vapor deposition mechanism is showed. A controlled current
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is applied trough the crucible, heating the material to its evaporation point and then the
material is deposited on the substrate. Depending on the current applied, deposition rate i.e.
thickness can be controlled. Deposition by evaporation is widely used in the deposit of small
molecules and in the deposit of cathodes as Al, Ag, etc. The process of evaporation has the
advantage that multilayer OLED can be made easily, but with a big consume of energy and
resources. Besides of this significant advantages in the control of thickness and the speed of
deposition, also the films deposited are horizontally oriented at intramolecular level. This
horizontal molecular orientation has significant effects on the electrical and optical properties
of OLED devices, at the point that in general the devices fabricated by vapor deposition
present a better performance that its analogue ones fabricated by solution process[57]. This
is because by vapor deposition the m-orbital overlap is favored which is beneficial for charge
and energy transfer. Also, molecular orientation enhance the radiation direction and then the
extraction of light from the OLED device[58]. On the other hand, the cost of this method is

high compared with any other based on solution deposition and scalability is a big problem.
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Fig. 16. Schematic illustration of one vacuum chamber. A current is applied trough the
crucible, heating the material to its evaporation point and then the material is deposited on
the substrate.
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3.2 OLED devices characterization

3.2.1 J-V-L curve

Current density vs voltage (J-V) curve is one of the most important characteristics, easier and
used techniques in OLED devices. This curve, obtained by using a power supply, represents
the relationship between the current per unit area through the circuit, device or material and

the correspondent voltage.

The fundamental characterization of OLED devices includes not only the measurement of
the J-V curve, also the intensity of the emitted light. This measurement of emitted light, better
known as luminance, can be performed by using a calibrated photodiode and will complete
the characterization for the J-V-L curve.

Emitted light by OLED devices is quantified in terms of photometric measurements as is the
luminance. For this, we will define the photopic vision as the visual perception produced
with daylight levels, this is because the correct interpretation of color is based on the eye
cones which are sensitives to the light. The spectral sensitivity of the human eye is described
by the photopic efficiency function K(X) shown in the Fig. 18 (with values between 380 and
780 nm, this is the visible range) and standardized by the CIE (Commission Internationale
de I’Eclairage) which is the international authority in light, illumination, color and space of
color[59].

An OLED device has a luminance L (cd/m?) coming from its EML. If the device is considered
as a lambertian source (radiance uniform in all its surface), the power Pi, detected by the

photodiode located at a distance Ssq is given by (Fig. 17)

p =L ﬂ‘ cos Bsgt;os 0,4 dA.dA, (3)
Cv is the photopic response, 84 and 05 are the angles between the beam of light and the normal
line to the surfaces Aq¢ and As respectively. Furthermore, as the OLED emission is not
monochromatic, the photopic response is given by
770 (4)

C,=K,| ¢AKQ)dA
380
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Where ¢(1) is the OLED normalized emission spectra, Km (683 Im/W) is the conversion

factor from watts to lumens.

. e e————— »

Fig. 17. Schematic illustration of the emission area (As) of an OLED and the photodiode
detection area (Aq). Also geometrical parameters for luminance calculation are included.

Finally, in order to obtain the luminance, cosfsq~ 1 is assumed due to the fact that S2, >
dA,,dA,. Then

Cvsgd _ Voutcvsgd (5)
™ AA;  RA,A,
Where Vot and R are the photodiode output voltage and the responsivity (V/W)

L=P

respectively[60].

3.2.2 Current and Luminous efficiency

Current efficiency is another important and usually reported performance value for OLED
devices, and is defined as the intensity of light emitted per current consumed, and can be

expressed as
Lycd (6)
m=5|7]

Where L is the luminance of the device and J is the current density applied.

Also, luminous efficiency is sometimes reported, and is defined as the ratio of luminous flux
and the electric power consumed P, this is[61]
F ILrn (7)
‘r’p = —_— = —
P v
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3.2.3 External Quantum Efficiency (EQE)

External quantum efficiency is the most important factor in the performance of OLED
devices. But, the measurement of EQE is not easy to measure precisely because is difficult
detect all of the photons emitted from the devices. An integrated sphere is necessary to detect
the number of emitted photons and it is not cheap. On the other hand, it is possible calculate
the EQE assuming a perfectly diffusive electroluminescent emission surface. Under this
assumption, the EQE can be calculated from the classical measured parameters as luminance,

electroluminescence spectra and current.

The internal quantum efficiency (IQE) of an OLED device is defined as the number of

photons produced by the device per the number of injected electrons in the device, this is

IQE =y x g X ¢ (8)
where v is a fraction of the injected charges that produces excitons and is known as charge
balance factor, ns is the fraction of singlet excitons called excitons singlet efficiency and ¢+
is the fraction of energy produced by the material and is called fluorescence quantum yield
(FLQY). The external quantum efficiency (EQE) is related with the IQE in the next way:

EQE = R, x IQE 9)
where Reis the efficiency of extraction (number of extracted photons from the device on the
number of generated photons in itself). In other words, EQE is the number of emitted photons

outside of the device (Np) between the number of injected electrons (Ne)

_Np (10)
EQE = 2

Np can be obtained from the measured luminance and EL spectrum. The energy of one photon

at a defined wavelength A (nm) is

h
E,(2) == -

where h is Planck’s constant and c is the velocity of light. Now, the power of a luminous flux

of 1 lumen at a wavelength A (nm) in the visible range is

27



1
683 x K(2)

where K(M) is the CIE standard photopic efficiency function (Fig. 18).
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Fig. 18. Commission Internationale de I'Eclairage standard photopic efficiency

function.

(12)

The number of photons with a luminous flux of 1 lumen at a wavelength A (nm) is defined

as

P(2) A

E,D 683K ke I°

Ny(2) =

(13)

If we assume a perfectly diffusive EL spectra emission surface with a luminance of L ()

(cd/m?) at A, the luminous flux is

$(A) = 7+ L(4) [Im]
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Therefore, the number of photons with luminance L (A) (cd/m?) is

L(A)*A B
683 « K(A4) * hc [s7]

The total number of emitted photons in the visible wavelength range is

N,(A) = * (19)

780 (16)
N, = f N,(A)dA
380

and, L (A) is related to the total luminance L (cd/m?) by

780 780
L= f L(A)dA =4 f 1) « K(1)dA (17)
380 380

where I (1) is the relative EL intensity at each wavelength and is obtained by measuring the

EL spectra. A is a constant, which can be obtained by

L (18)

Joso 1) * K(1)d2

and by using the last equation for luminance, we obtain that

L(A) =AxI(A)«K(4) (19)
From this equation the number of emitted photons in the visible wavelength can now be

written as

N 2 f78° I1(2) * A i (20)
= IT * PR
p= A ) ., 683 hc

By using the experimentally obtained luminance and the values of the normalized EL

spectrum, the values of the constant A and Np can be obtained.

Ne is related to current le (A) flowing into the OLED device.

I
N, = Ze [S_l]

(21)

e being the charge of an electron. With the values N, and Ne, the EQE can be obtained from
its equation. When an integrated sphere is not used, the photons of the back and the sides of
the device are not detected, this yields an error from the true value of the EQE. Then, the
estimated value by using this method is approximate, because the value of EQE is lower than

the real.
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3.2.4 Degradation and lifetime

The degradation in OLED devices is one of the most important issues in the research
community and the industry. There exist different factors of degradation in OLED devices
grouped in two major mechanisms: external and internal. The first of them, while an electric
field is applied organic semiconductors are unstable in ambient conditions. Water vapor and
oxygen are the responsible of degradation in ambient conditions. Dark spots have their origin
in particles defects that preexist on the substrate and after the deposit of the organic layers
and the cathode, derives in a pin-hole formation in the cathode providing a chance to oxygen
and moisture to infiltrate through[62]. Dark sports appear and grow at specific sites in the
surface as well as at the edges of the cathode and they can be seen as non-emissive areas in
the OLED as is shown in Fig. 19 (a). Cathodes with low work function, as the majority used
for OLEDs, make possible the electrochemical reduction of water leading to the formation
of hydrogen gas around the dark spots. Because this gas, bubbles are created raising up the
cathode giving also new spaces for the entry of additional water vapor. In the specific case
of the oxygen, the dark spot is due the oxidation of the electrode at the cathode/organic
interface. Oxygen also act on the organic layer which under applied bias results in a decreased
efficiency around the dark spots and the cathode edges. This oxidation has a direct effect in

the luminescence efficiency and in the morphology of the organic material[63].

Un-encapsulated
OLED

Encapsulated
OLED

24 hours 72 hours 120 hours

(a) (b)
Fig. 19. (a)Optical images of un-encapsulated and encapsulated OLED at different

times(under a current density of 10 mA/cm?)[24] (b) un-encapsulated phosphorescent
OLED with degradation due Ca/Al cathode.
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(a) (b)

Fig. 20. Dark spot expansion (a) after 24 h and (b) after 72 h[24].

The other external mechanism of degradation is because the operation of the device. This is,
the luminance decreases in the time while a current is applied and accelerates the expansion
of the dark spots. Also, the additional entrance of water vapor will accelerate the growth rate
of dark spots. It is worth of mention that when the current stops applying then also the
expansion in the dark sports. The first reason of this is the thermal stability of organic layers
determined by its glass transition temperature (T4). When the device temperature increases
while the operation over the transition temperature, the material crystallizes and degrades the
device. This is the reason why, materials with high T4 are preferred. Another reason of the
degradation while the device is in operation is the bulk trap states which are formed in the
form of non-luminescent centers inside the EML. When this trap states are formed, the
voltage operation increase. Interface deterioration is other mechanism of degradation while
the device is in operation, any deterioration of any interface will lead to an interface
degradation. In general, OLEDs based on small molecules are more sensitive to this kind of
degradation because their bigger number of layers compared with POLEDs (polymer
OLEDs). The anode degradation is another important mechanism. For example, ITO the most
used anode has the problem of diffusion of indium and also diffusion of oxygen that form
non-radiative centers in the organic layers and increases the operation voltage respectively.
Finally, the operation of any OLED device generates a significant amount of heat due the
resistance of organic layers and the non-radiative decay of excited states that becomes a

source of degradation. It is worth of mention that the heat has influence and increases the
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number of excitons dissociated. All this external and internal mechanism of degradation
affect and limit the lifetime of the OLED devices.

In general, to obtain the lifetime of the OLED devices, a number of measurements are taken
with which the lifetime is calculated. This lifetime calculation can be made by different
methods, as stretched exponential decay (SED)[64,65]. This model, works well to find the
lifetime and its behavior, but it does not have a real physical explanation. The SED model

describes a decaying behavior,

T

oo f

The measurements can be defined by two ways, by defining the initial luminance (Lo) or the
current density applied. If Lo is defined, a current density must be applied to produce the
emission. On the other hand, if the current density is defined (constant), this will produce a
defined luminance. This is, a constant current density is applied to the OLED device along a
defined period of time (t), in which luminance (L) measurements will be made. With this
luminance, a fit based on the SED model will be made in order to obtain the expected

behavior in the time of our OLED device, without run the device overall its lifetime.
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Fig. 21. (a) Typical L-t curve, showing the experimental data, with the fit and (b)
estimated LTs for different luminances by using the SED model[64]

Depending on the number of measurements and the interval of time, the model will be more

or less accurate. For example, in Fig. 21 (a) the fitted model with all the experimental data
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obtained and when only the half of it is shown. As expected, when all the experimental data

is used, the fit is more accurate.

Now, from the SED model the lifetimes (LTs) for different luminances (at least 3) also can

be obtained by using the equation

L3ty , = const (23)
Where n is the acceleration coefficient, ty is LT50 or half-life. Also, a fit that describes the
half-life dependence on the luminance can be obtained as is shown in Fig. 21 (b). As can be

expected, this model shows how at a higher luminance emitted by the OLED device its

lifetime is proportionally reduced.

33



4 FLEXIBLE DEVICES

4.1 PEDOT:PSS anodes

The development of organic conducting materials has been in continuous advance in organic
solar cells, organic light emitting devices, stretchable electronics, and bioelectronics, for that
reason it is often desirable in these applications that the electrodes be flexible, highly

conductive, stable, and solution processable[16].

Transparent conductive electrodes (TCESs) can be characterized and compared by measuring
their sheet resistance (Rsheet) and optical transmittance in the visual range (typically at 550

nm, the maximum human sensitivity).

With a low sheet resistance (10 Q/o) and a transmittance of 93 % in the visible range, indium
tin oxide (ITO) is the conductive metal most used in transparent conductive films (TCFs).
But, ITO has some disadvantages as the high cost due to scarcity of indium, the poor chemical
stability under basic or acid conditions, its relatively high refractive index (which produce
power lost to the total internal reflection at the interface with the glass and the organic films),
its restricted deposition condition and its poor mechanical robustness (unsuitable for
applications in flexible devices). Also, has a highly brittle nature that leading cracking easily
if is exposed at moderate mechanical stress, which difficult its use in flexible, stretchable and
bendable devices[18,66].

There are a wide variety of emerging materials that could be a replacement of ITO anodes,
for example, conductive PEDOT:PSS, carbon nanotube, metal grid, graphene and metal
nanowire. Among them, conductive PEDOT:PSS (PH1000) is one of the most studied
materials as replacement for ITO because it enables cost-effective flexible devices as well as

roll-to-roll mass production[67].

Along with the conductive PEDOT:PSS, another kind of materials are being used and tested
as an option for ITO-free anodes. Classically, ITO free anodes are categorized into three

groups: carbon based, metal based and hybrid structured.
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Fig. 22. Comparison of performance-fabrication cost between ITO and ITO free anodes
based on metal mesh, metal nanowires (MNWSs), conductive polymers, graphene and

carbon nanotubes.

Conductive polymers, as PEDOT:PSS, are used in their doped state to take advantage of their
conductivities and the flexibility present in their films. From its general chemical structure
(Fig. 23), it can be seen that conducting PEDOT can be electrostatically bound to the PSS
polyanion[68]. PEDOT itself is an insoluble material but when is synthesized in the presence
of PSS becomes a water-soluble dispersion and the most commonly polymer used for this
kind of application[69]. PEDOT:PSS typically has a conductivity of 0.1-1 S/cm, but by
applying a treatment with certain additives such as dimethyl sulfoxide (DMSO), sorbitol and
ethylene glycol (EG) shows a conductivity increase to nearly 1000 S/cm (or improves the
sheet resistance from 10*to 102 Q/o)[70]. It is worth to mention that there exists different
grades of PEDOT:PSS i.e. commercial names. For example, the PEDOT:PSS used as HIL,
known as Al 4083, has a PEDOT:PSS ratio of 1:6, a solid content of 1.3-1.7 %. On the other
hand there exists PEDOT:PSS for conductive electrodes as PH500, PH510, PH1000, with
PEDOT:PSS ratios of 1:2.5, 1:25, 1:2.5 and solid content of 1.0-1.4, 1.5-1.9, 1.0-1.3 %

respectively.
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Fig. 24. (a) Chemical structure of PEDOT:PSS[71] and (b) Phase separation in a slow-
drying PEDOT:PSS droplet. i) Droplet of PEDOT:PSS with DMSO is cast on substrate ii)
water is evaporating and PSS is dissolved in DMSO iii) Completely dried, PEDOT and PSS
occupy different regions on the substrate[70].

The origin of this conductivity enhancement is sometimes under debate, because, it is
commonly proposed that the increase in conductivity is associated with the phase separation
between the insulating PSS and the conducting PEDOT. Treatment of PEDOT:PSS films
with sulfuric acids or co-solvents can remarkably improves the conductivity by separating
PEDOT from PSS and inducing morphological changes of films. In the case of treatment
with sulfuric acid, the conductivity of PEDOT:PSS is significantly improved but strong-acids
may pose safety issues and potential health risk. Then, a treatment free of strong-acid will be
always preferable to obtain PEDOT:PSS anodes[72]. For instance, Bjorn et. al.[73]
fabricated a PEDOT:PSS anode by depositing four layers of PEDOT:PSS using an oxygen
plasma treatment and finally applying some post treatment to the film, the resulting anode

reach a sheet resistance of 36 Q/o and a transmittance of 73 %.
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4.2 Carbon based anodes

In this group conducting polymers (as conductive PEDOT:PSS), graphene and carbon
nanotubes are included. Graphene is known for its great mechanical strength, very high

carrier mobility, excellent optical transparency and very low thickness.

Carbon nanotubes have been used not only as electrode for OLED devices, also as HTL and
even have been added to the active layers of organic photovoltaic cells (OPVs) to enhance
its efficiency. Carbon nanotubes have good properties as good chemical stability, mechanical
flexibility, relatively high conductivity and high transmittance. Furthermore, the fabrication

method of carbon nanotubes can be done even by a simple brush-painting method[74].

Graphene first report was by Novoselov et. al.[75] in 2004, and since then the research of
this material has been intense. Graphene films can be deposited by several methods as
mechanical exfoliation, reduction of graphene oxide (rGO), CVD, and more. For instance,
Jiaet. al.[76] developed an graphene oxide/graphene anode and it was used in highly efficient
and flexible OLEDs that reached a current efficiency of 82 cd/A.

(a) (b)

Fig. 25. (a) Graphene oxide/Graphene anode and (b) flexible OLED by using this
anode[76].

Graphene has a wide versatility, even has been used as both anode and cathode in polymer
solar cells[77], and can be combined with other materials in order to obtain a better

performance (hybrid anodes). For instance, Liu et. al.[78] reported a composite anode based
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on conductive PEDOT:PSS and graphene oxide (GO) obtaining a sheet resistance of 73 Q/o
and a transmittance of 85 % by optimizing the PEDOT:PSS and GO ratio (Fig. 25).

4.3 Metal based anodes

This group is made up for nanostructured films, metal nanowires (MNWSs) and metal mesh
(also known as metal nanogrids). Metal mesh can be applied with a very interconnected metal
network as is shown in the Fig. 26 but also, can be used as a part in a hybrid structure in order
to improve its properties. By the variation of line width, depth and spacement, metal mesh

can control its properties of transmittance and conductivity.

(a) (b)
Fig. 26. (a) SEM and (b) AFM images of metal mesh[79].

In Fig. 27 (a) a 3D-arrayed Ni nanostructure reported by Kim et. al.[80] is shown. It was

fabricated by lithography in which they also had control of its height.

(b)

Fig. 27. SEM images of (a) surface of 3Lyr inverse-opal Ni nanostructure[80] and (b)

commercial silver nanowires (AgNWs)[81].
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Metal nanowires have excellent properties as good conductivity, high transmittance and
mechanical flexibility. Its deposit to form films can be by brush painting, spin coating, drop
casting, spray coating, slot die, etc. On the other hand, NWs films in general have issues with
its surface roughness, tends to have a rough surface[82]. In Fig. 27 (b) commercial silver
nanowires are shown. The NWs presented in the image have a diameter of 70 nm and a length

of about 50 pm.
4.4 Hybrid structure anodes

Finally, this group is a combination of conducting polymer, carbon and metal based anodes.
Organic semiconductors are inherently complementary to graphene, because these -
conjugated materials can be synthesized with specific properties at the molecular level.
However, offer only moderate carrier mobility and are susceptible to degradation. On the
other hand, materials as graphene (carbon based) have limited processability, low structural
tenability and absence of bandgap. Combining these two materials, conducting polymer and
graphene, in a single device the resultant one will generate a bigger effect than the sum of
their individual strengths. For example, in this specific case of one conducting polymer with
graphene, the chemical similarity (carbon sp? networks) and the dimensional redistribution
are improved by the presence of both materials in bulk. In the same way, hybrid anodes with
even 3 or more different materials have been reported, for instance, Yun et. al.[83] made an
anode (applied on OLED devices) based on a multilayer structure AQNWs/1ZO/PEDOT:PSS
with a sheet resistances even lower than ITO of only 5.9 /o and a transmittance of 86 %.
Conductivity, transmittance and mechanical properties of hybrid anodes can be controlled
with the variation of thickness for each layer to modulate different requirements for different

applications.
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5> EXPERIMENTAL

BT-F3,;, BT-F4;, BT-F5; oligomers and TPBi derivatives (3-COOK and OAG67) were
synthesized by the group of professor Peter Skabara in the University of Glasgow. Also, the
OLED devices in which these compounds were used also were fabricated in Skabara’s labs

and may present slight experimental variations specified in this section.
5.1 Anode

OLED devices were fabricated on glass substrates coated with indium-tin oxide (ITO). The
glass substrates were cleaned with soap, acetone and ethanol in a sonicator, and after a

plasma-oxygen treatment was applied for 10 min.

In the specific case of phosphorescent OLEDs and OLEDs based on the 3 new small
molecules BT-F32, BT-F42 and BT-F52, we used pre-patterned 1TO substrates cleaned in
an ultrasonic bath 5 min on deionized water, 5 min in ethanol and 5 min in acetone. After the

ultrasonic baths, oxygen plasma was applied by 5 min.
5.2 Hole Transport Layer

30-40 nm of Poly(2,3-dihydrothieno-1, 4-dioxin)-poly(styrenesulfonate), known as
PEDOT:PSS (CLEVIOS P VP AL 4083), was deposited as hole transport layer by spin-
coating. 120 °C for 20 min was applied as annealing treatment to remove the residual solvent,
which in the case of PEDOT:PSS is water.

On phosphorescent OLED devices and OLEDs based on BT-F3;, BT-F4, and BT-F5,
PEDOT:PSS (Heraeus AL 4083) was spin-coated, followed by an annealing treatment at 120
°C for 20 min.

5.3 Emissive Layers (EMLS)

All the EMLSs here presented were deposited also by spin-coating technique, inside of a glove
box with a controlled nitrogen atmosphere. CZ-2, MOC-1 and MOC-16 were dissolved in
chlorobenzene at a concentration of 36 mg/mL, while CZ-1, at the same concentration, in a

mixture of chlorobenzene and chloroform (20 wt %) in order to change the polarity of the
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used solution, this is because CZ-1 is not easily dissolved in pure chlorobenzene in
comparison to CZ-2[45]. These EMLs received thermal annealing at 80 °C for 20 min. A
concentration of 6 mg/mL for PF-2F on chlorobenzene was used because is easily dissolve
it in. After the PF-2F deposition, a thermal annealing was applied at 80°C for 30 min to
evaporate the residual chlorobenzene of the film.

A concentration of 6.6 mg/mL of PVK + 10 % of Ir(ppy)s (0.6 mg) in THF was used for
phosphorescent EMLs (PVK:Ir(ppy)s). After the deposition by spin coating technique, a

thermal annealing of 150 °C (30 minutes) was applied.

In the case of OLEDs based on the 3 new oligomers BT-F32, BT-F4, and BT-F5; the
optimum concentration used for the three materials was 20 mg/mL in toluene. Annealing at

different temperatures were applied by 20 minutes, being 40 °C the optimum one.
5.4 Electron transport layer

TPBi was used as ETL. Solutions were prepared by using methanol with a concentration of
3-5 mg/mL. This layer was deposited by spin coating technique and the optimum thickness

depends directly of each OLED device.
5.5 Electron injection layer

PFN polymer and LiF were used as EIL. PFN was deposited by spin coating technique, with
a thickness less than 10 nm. On the other hand, LiF was deposited by vacuum evaporation at

a rate of 0.01 nm/s with a final thickness of only 1 nm.
5.6 Cathodes

Aluminum and the bilayer calcium/aluminum were deposited by vacuum evaporation and
used as cathodes, the second one was used only for the devices with BT-F3;, BT-F4, and
BT-F52 as EMLs. Typically thickness of 100 or 150 nm were used for Al, and 40 nm were
deposited for Ca. Rate of 1 A/s was used for deposit. Devices with calcium were always

tested inside glovebox to protect them of a fast degradation.

5.7 OLEDs Characterization

41



Current density versus voltage (J-V) plots and luminance efficiency versus voltage (L-V
curves) were measured simultaneously by using a power supply (Keithley 2400, Cleveland,
Ohio) with an in-house-designed and calibrated detection system[45]. J-V plots were
recorded by direct processing of data acquired from the used Keithley 2400 power supply.
Luminous density was estimated through the voltage delivered by a photodiode located at a
fixed distance from the OLED (emission area = 0.25 x 0.25 cm?). Photodiode (GaAsP:
G1117) calibration was performed by measuring the luminance of commercial LEDs at
different wavelengths and considering the geometrical parameters involved in the detection
system. Signal was quantified by a highly sensitive lux meter and correlated with the
photodiode voltage response. Data acquisition routines were automated by using LabVIEW
software specially designed for this purpose[6]. EL spectra were measured by using an Ocean
optics USB2000 + spectrometer. Morphological and film thickness measurements were

obtained by atomic force microscopy (AFM) (Nanosurf, easyscan2: Liestal, Switzerland).

In the specific case of phosphorescent OLEDs and OLEDs based on the 3 new oligomers
BT-F32, BT-F4; and BT-F5;, J-V-L curves and lifetimes were measured inside the glovebox
with a light-tight box attached. A Keithley Semiconductor Characterization (SCS) 4200 was
used to bias the OLEDs. Luminances were obtained by using a Macom L203 photometer
with a calibrated silicon photodetector and a photopic filter[48]. For lifetimes, luminance was
measured each minute trough an interval of time, applying in all moment a current density
of 20 mA/cm?. EL spectra were measured by using an Ocean optics USB2000 + spectrometer

within an integrating sphere.
5.8 Anode based on conductive PEDOT:PSS polymer

For PEDOT:PSS anodes fabrication, specific quantities of the PEDOT:PSS dispersion
(Clevios PH1000) were evaporated on a hot plate to have 70 and 80 % volume solutions,
with continuous heating (160 °C) and stirring by marking the initial volume in a vial and the
specific final value required. After each specific volume (solvent) evaporation, the solution
stayed at continuous stirring to assure a correct quality. Oxygen-plasma treatment was
applied in glass and plastic substrates (acetate) by 10 min. Then, the dispersion of conductive
PEDOT:PSS concentrated at 70 and 80 % were deposited at different rpm. Annealing
treatment was applied by 30 min, at 120 °C and 100 °C for rigid and flexible substrates
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respectively. After the annealing treatment, DMSO was deposited by drop casting on
PEDOT:PSS film, and immediately a temperature of 80 °C was applied for 2 h. In both cases,
after the cleaning of glass and acetate, a plasma oxygen treatment was applied for 10 minutes.
The thickness and roughness of these anodes were measured by AFM (Nanosurf, easyscan2:
Liestal, Switzerland). Sheet resistances were measured by 4 points technique (Keithley 2400)

and transmittances were measured on a spectrophotometer.
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6 RESULTS

6.1 Efficient small molecule OLEDs based on carbazole and

Thienopyrrolediones derivatives

Four previously reported small molecules (Fig. 28)[38] used as EML and the OLED devices
were optimized by using a simple architecture (ITO/PEDOT:PSS/small molecule/LiF/Al)

and their EQE calculated.
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Fig. 28. Molecular structure of the small molecules CZ-2, CZ-1, MOC-1 and MOC-16.

Two of this small molecules are carbazole derivatives: (E)-3-(4-(9H-carbazol-9-yl)phenyl)-
2-(thiophen-2-yl)acrylonitrile  (CZ-2) and (2Z)-3-(4-(9H-carbazol-9-yl)phenyl)-2-(4-
bromophenyl)acrylonitrile (CZ-1). The other two materials are thienopyrroledine (TPD)
derivatives: 1,3-bis(4 (diphenylamino)phenyl-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6
(5H)-dione (MOC-1) and 1,3 bis(benzo[b]thiophen-2-yl)-5-(2-ethylhexyl)-4H-thieno[3,4-
c]pyrrole-4,6(5H)-dione  (MOC-16). Such compounds have good solubility in
chlorobenzene, good film formation by solution process, as well as they are of an easy,

economical and fast synthesis[45].
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Fig. 29. Electroluminiscence spectra of OLEDs based on (a) carbazole compounds (CZ-1
and CZ-2) and (b) TPD derivatives (MOC-1 and MOC-16) as emissive layers.

Electroluminescence peaks for CZ-1 and CZ-2 are located at 488 and 492 nm, while for
MOC-1 and MOC-16 were located at 564 and 567 nm, respectively. CZ-2 and CZ-1 OLED
based devices, shown in both cases luminances higher than 4000 cd/m? and maximum current
efficiencies around 20 cd/A. On the other hand, MOC-1 and MOC-16 reached a maximum
luminance of 651 and 1729 cd/m?, and a maximum current effiency of 4.5 and 0.6 cd/A
respectively. From the J-V-L characteristics and the emission spectrum, EQE efficiencies
were estimated. For CZ-1 and CZ-2 the estimated EQEs were 8.6 and 9.5 % respectively.
On the other hand, MOC-1 and MOC-16 shown a low EQEs of 1.5 and 0.1 % respectively
(Fig. 30). From the energy levels shown in Fig. 30, it is observed that electrons are injected
tunneling because LiF creates a potential barrier between the cathode and the EMLSs, leading

to an increased population of electrons and then an increased luminous density.
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Fig. 30. Schematic energy diagram and external quantum efficiencies (vs current density)
for OLEDs based on carbazole derivatives CZ-1, CZ-2 and based on TPD derivatives
MOC-1, MOC-16.

From the analysis of the energy diagram showed in Fig. 30, there exist a better energy level
alignment of CZ-2 and CZ-1 with the HOMO-LUMO levels of the other compounds than
for the case of MOC-1 and MOC-16.

The optimized configuration used for both molecules, CZ-1 and CZ-2, based OLEDs was
ITO/PEDOT:PSS(40nm)/CZ-1 or CZ-2(70 nm)/LiF(1 nm)/AlI(150 nm) and their principal

characteristics are shown in Table 2.
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Table 2. Device performance of the four kinds of OLEDs based on carbazole and TPD
derivatives as EML. Several other devices from the literature are also mentioned.

EML Von (V) Lo ( ;_dz ) Vies m - (%) - (%) Ly ( ;—Cl ) E((gzx;\ Ag(nm)  Ref.
CZ-2 52 4104 72 26 202 3062 95 488 ™
work

Cz-1 6.5 4130 8.7 2.1 19.3 3476 8.6 492

MOC-1 62 651 106 0.07 4.5 467 15 564

MOC-16 77 1729 79 034 061 1388 0.1 547
cp3ac 3 8235 88 2.53 - 474 [84]
Cp3*ac 2.7 24442 9 6.9 - 501 [84]
TCBzC? 25 9226  --- 31.6 --- 534 [85]
Blue— 1P 3.6 19283  --- 10.8 - ~460 [86]
G3MP(A3)» 53 9823  --- 28.2 -- 128 ~480 [87]
G3MP(B3)® 45 2227 18.2 10.3 ~480 [87]
M22 34 4543  --- 1.53 3.0 428 [89]
B2 38 2267  --- 1.8 36 436 [89]
Dev.lll no.22¢ 4.6 4390  --- 1.0 0.4 492 [89]
TPE-DFCz*¢ 54 3200  --- 1.16 0.4 500 [90]
DCZ-TTR® 32 -~5000 --- 59.6 --- 201 512 [91]
CZ-TTR’® 31 ~1000 --- 32.5 - 144 492 [91]

EML=Emissive Layer, a) carbazole emitter (EML),b) carbazole host/guest, c) wavelength similar
to our devices, *devices fabricated by evaporation . Vo= turn on voltage, Lmax= maximum
luminance, Vimax= voltage for Lmax, nimax= current efficiency at Lmax, nmax= maximum current
efficiency, Lijmax= luminance at nmax, EQEma= maximum external quantum efficiency, Ae = peak
of electroluminescence.

When comparing results reached for our OLEDs devices based on CZ-2 and CZ-1 as EML
with those reported in the literature, it can be observed that these measured current
efficiencies (around 20 cd/A) as well as their EQE values (8.6 - 9.5 %) are in general larger
than those for other OLEDs using also compounds derived from carbazole as emitter material
(Table 2). For instance: M2[88], B[86] and CP3[84] (by spin coating as well as by
evaporation), have current efficiencies of 1.53 cd/A at 4543 cd/m?, 1.8 cd/A (and maximum
luminance up to 2267 cd/m?) and 2.53 cd/A (with maximum luminance up to 8235 cd/m?),
respectively. This could be because these OLEDs had larger current densities compared to
those for our devices. Also, these previous reported OLEDs showed similar turn on voltages;
furthermore, under more robust architectures than those for our devices, larger luminescent
values are reached, such is the case of the OLEDs based on Blue-1[86] (host approach) that
has two layer buffer and excellent coupling of energy levels, what favors their emission and
thus reaching 19 283 cd/m?2. However, the most efficient devices are those based on
TCBzC[85] (as EML), DCz-TTR (as host)[91] and CZ-TTR (as host)[91], which presents a
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very high current efficiencies (31.6, 59.6 and 32.5 cd/A, respectively), low turn on voltages
(2.5, 3.2and 3.1 V, respectively) very acceptable luminance values (9226, ~5000 and ~1000
cd/m?, respectively) and high EQE values up to 20.1 % and 14.4 % for DCZ-TTR and CZ-
TTR respectively. Recently, carbazole derivatives based OLED devices “Dev. I1I no. 2”[89]
and TPE-DFCz[90] were reported with emission wavelengths (492 and 500 nm, respectively)
similar to those for our OLEDs based on CZ-2 and CZ-1. These devices shown maximum
luminance within the range 4390-3200 cd/m? and current efficiencies of 1 and 1.16 cd/A
versus 20.2 and 19.3 cd/A for CZ-2 and CZ-1, respectively. It should be noticed that devices
with the highest efficiency are usually those that use carbazole derivatives in their active
films under the host/guest approach. For example, OLEDs based on Blue-1[86] and G3MP
(A3 and B3 devices)[87] whose luminances are 19 283 cd/m? and 9 823 cd/m?,
respectively; with current efficiencies from 10.8 cd/A until 28.2 cd/A, i.e., similar to those
values for our OLEDs. Also, devices based on G3MP(A3)[87] and G3MP(B3)[87] as
emissive layer, presented similar EQE values (12.8 % and 10.3 %, respectively) to ours (9.5
% and 8.6 %, for CZ-2 and CZ-1), however, we are using a simple EML (deposited by spin

coating) not a host/guest type emission layer.

6.1.1 Conclusions

From the chemical structure point of view, for these studied small molecules, some factors
that may influence the described behavior (better electroluminescence properties and EQE
for CZ-2 and CZ-1 compounds than for MOC-1 and MOC-16) could be: electronic dipolar
structure for the case of CZ-2 and CZ-1 (carbazole derivatives) and quadrupolar for MOC-
1 and MOC-16. Furthermore, as the carbazole fragment could impact the molecular packing,
thus, enhancing better crystallinity (and probably the charge carrier transport) than with the

diphenyl part of the quadrupolar compounds.

In comparison with previous similar OLED devices (either under the EML or the host/guest
approach), our results for OLEDs based on carbazole derivatives had very acceptable current
efficiencies (19.3 - 20.2 cd/A) and very high and competitive external quantum efficiencies
(8.6 - 9.5 %) due to a low generated current density value (<200 mA/cm?). On the other hand,

devices manufactured with TPD derivatives (with quadrupolar structure) showed luminances
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up to 1729 cd/m? in the case of MOC-16. Nevertheless, current efficiencies are just 4.5 cd/A
for the case of MOC-1.
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6.2 Efficient OLED devices with polymer PF-2F as EML

Fluorescent OLED  devices based on the new polymer (Fig. 31);
Poly[(Benzo]c][1,2,5]thiadiazole-4,7-diylbis(9,9-dimethyl-9H-fluorene-7,2-diyl))-3,3-
diyl(1-(3-(trifluoromethyl)phenyl)-2-oxindole)] (PF-2F), were fabricated. PF-2F was used
as EML in a structurally simple architecture ITO/PEDOT:PSS/polymer/(LiF or PEN)/AL

Z~N  H€ CHy Hi¢” CHs
|

[ R=H, PE-1
R R = CF;, PF-2F

Fig. 31. Molecular structure of the PF-2F and PF-1 polymers.

It is worth to mention that this PF-2F polymer was chosen among another polymers because
their excellent properties as high PLQY, great processability by wet techniques, good EL
properties, etc. Other results with molecules synthesized in the research Group of Optical
Properties of Materials at the Optical Research Center (GPOM-CIO) group are shown briefly
in the Apendix.

PF-2F is a molecular modified version of the previously reported PF-1:
Poly[(Benzo][c][1,2,5]thiadiazole-4,7-diylbis(9,9-dimethyl-9H-fluorene-7,2-diyl(1-phenyl-

2-oxindole)], which was applied in OLED and lasing devices[6]. PF-2F has as addition the
trifluoromethyl (CFs) group. This kind of m-conjugated polymers known as fluorinated
aromatic have been widely studied because of their excellent properties as improved stability,
enhanced intermolecular interactions to improve the supramolecular structure and their
performance at high temperatures[92]. Some of the most used are the groups trifluoromethyl
(-CF3) (3F) and hexafluoroisopropylidene [-C(CF3)2] (6F), which besides the mentioned
before, leads to improve the resistance to oxidation, glass transition temperature,
environmental stability and optical transparency[93]. Also, this groups can reduce

crystallinity, dielectric constant and water absorption[94,95]

The inclusion of this CFz group for the PF-2F polymer lead to an improved
electroluminescence and higher EQE in OLED devices because this CFz group in the polymer

improves mechanical properties, the solubility and the FLQY. PF-2F is highly soluble in
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organic solvents as chlorobenzene, chloroform, methylene chloride, tetrahydrofuran, etc. The
films formed by spin coating technique for this new polymer are transparent, strong and

flexible.

As can be seen in the Fig. 32 the maximum absorption wavelength 1925, | for PF-2F in solid
state film, is located at 318 nm with a secondary peak at 400-420 nm. The principal peak
located at 318 nm is due to the =—>=* transition of the conjugated system. On the other hand,
the shoulder at 400-420 nm is associated with the 7>7* transition of the benzothiadiazole,
and the CFs group and corresponds to a low-lying energy band which is the probably the
mainly excited region in the EL. Then, the fact that the principal peak and the shoulder are
generated by different electronic transitions, even when they are emitting at similar

wavelengths, implies that they have different decay processes.

Normalized Absorbance

.‘3:-0 ) 400 500 600 ' 700
Wavelegth (nm)
Fig. 32. Absorption and photoluminescence spectra of a solid state film, of PF-2F polymer.

Normalized Photoluminescence Intensity

Also, in Fig. 32 the photoluminescence spectrum in solid state film is shown, with its
maximum peak at 546 nm. It is worth to mention, that the PF-2F polymer in solid state film

has an excellent fluorescence quantum yield (FLQY) of almost 1 (0.9)[39].

The photoluminescence spectra for PF-1 and PF-2F polymers in solid state film (both made
and measured at the same experimental conditions) are shown in Fig. 33. The excitation

source was at 365 nm(UV lamp), and at 533 nm the maximum peak of photoluminescence
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for both, PF-1 and PF-2F. The spectra for both polymers is basically the same, then, the

inclusion of the CF3 group does not influence the photoluminescence property.
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Fig. 33. (a) Relative comparison of photoluminescence spectra for PF-1 and PF-2F films

being excited by an UV lamp (peak around 365 nm) and (b) electroluminescence spectra

emission with photograph (under room light on) of one OLED based on PF-2F and other
based on PF-1.

In Table 3 the principal electrochemical, thermal and photophysical properties are shown.
The HOMO/LUMO levels, obtained from cyclic voltammetry(CV), were -5.8 and -4.0 eV
respectively, which gives a band gap of 1.8 eV.

Table 3. Electrochemical, Thermal and Photophysical data for PF-2F and PF-1 polymers

and OLEDs based.
Enomo/ELumo? Band T4PC ADbs. Amax® PL Aem® EL Aem @Y
(eV) gap® (eV)  (°C) (nm) (nm) (nm) (%)
PF-2F -5.8/-4.0 1.8 502, 485 318 546 533 91
PF-1 -5.7/-4.0 1.7 -- 323 544 551 91
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The influence of their energy levels were of great importance, because the cathode LiF/Al
was choose because its work function is too close of the LUMO level of the PF-2F, with a
difference of just 0.2 eV. The difference of only 0.2 eV between the work function of the
cathode and the LUMO level of the EML is of big importance because the injection of
electrons to the EML is efficient and that benefits the performance of the device.
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Fig. 34. Schematic energy diagram of the HOMO and LUMO levels for OLEDs based on
PF-2F by using (a) LiF and (b) the polymer PFN as EIL.

For these devices, two kind of electron injection layers were used: LiF and PFN. For the first
kind, with architecture ITO/PEDOT:PSS/PF-2F/LiF/Al the current-luminance-voltage (J-L-
V) curves are shown in Fig. 35 (a) while current efficiencies are shown in Fig. 35 (b). The
devices with EML thickness of 60-70 nm present a turn on voltage of 3.6 V, a maximum
luminance of 1924 cd/m? at a current efficiency of 2 cd/A (@6 V). The maximum current
efficiency for this device is 14.8 cd/A (@4V) at 1688 cd/m?. When the thickness of the EML
was increased to 80-90 nm, the devices shown a turn on voltage of 3.8 V, this is slightly
higher than the previous one, a maximum luminance of 1881 cd/m? at a current efficiency of
6.6 cd/A (@6 V) and a maximum current efficiency of 35.3 cd/A (@6 V) at 1638 cd/m?. The
current efficiency is significantly higher (i.e. the current density is lower) in these latter
devices due to an equilibrated injection/recombination of electrons and holes with reached
through EML thickness optimization[96].
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Fig. 35. (a) J-V plots, luminances, (b) current and luminous efficiency of OLEDs based on

PF-2F polymer with the simple architecture ITO/PEDOT:PSS/PF-2F/LiF/Al.

In Fig. 36 J-L-V curves and current efficiencies for devices with architecture
ITO/PEDOT:PSS/PF-2F/PFN/AI are shown. Devices with an EML thickness of 60-70 nm
present a turn on voltage of 3.8 V and a maximum luminance of 2842 cd/m? at a current
efficiency of 0.7 cd/A (@5.8 V), with a maximum current efficiency of 10.1 cd/A at 2038
cd/m?. Also, OLED devices with a thickness of 80-90 nm for the EML had a turn on voltage
of 4 V, a maximum luminance of 2451 cd/m? at 4.4 cd/A (@5.9 V) and a maximum current
efficiency of 17.9 cd/A at 1706 cd/m? (@4.7 V).
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Fig. 36. (a) J-V curves, luminances, (b) current efficiency and luminous efficiency of
OLEDs based on PF-2F polymer with the simple architecture ITO/PEDOT:PSS/PF-

2F/PEN/AL.

In the Fig. 37, external quantum efficiency for the best OLED devices is shown. The devices
that used a thickness of 80-90 nm in the EML had the better performance. The one that used
LiF as ETL reached an EQEmax 0f 2.6 % and in the other hand, the one with PFN as ETL was
just 1.3 %. This remarkable difference between these devices may be a consequence, in
addition to the difference of energy levels, of the rinse effect[97], this is when the layer is
very sensitive to specific solvents, in this case the EML is too sensitive to solvents where

PFN polymer is solubilized (methanol + acetic acid).
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Fig. 37. (a) EQE and (b) photographs of OLEDs based on PF-2F polymer, under room light
conditions, using LiF (upper photograph) and PFN (lower photograph).

In Fig. 38 the topography of the interface between the EML and the PFN changed after the
deposition of the second one, this is the rinse effect. This change in the morphology
(roughness changed from 1-2 nm to 6 nm) can alter the injection/recombination balance of

electrons and holes. Anyway, the performance of the devices that used PFN might be
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improved by changing the concentration of the PFN polymer solution reducing the amount

by volume of methanol or using a water/alcohol solution for PEN[97].

As can be observed in Fig. 38, after the methanol + acetic acid solution was deposited on PF-
2F film, bigger grains are observed and the film has a lack of planarity because the mentioned
rinse effect. The film of PF-2F has some grade of solubility in methanol, which induce this
kind of changes in the film that can directly influence the overall performance of these OLED

devices.

10pm

Line fit 15,7nm
Line fit 35,2nm

Z-Axis range
Z-Axis range

Fig. 38. AFM images of deposited layers by spin coating of (a) PF-2F film (EML) with a
roughness of 1-2 nm and (b) PF-2F/PFN bilayer (PFN was dissolved in a mixture of

methanol + acetic acid); film roughness increased up to 6 nm.

In the Table 4 our OLED devices with better performance, by using PF-2F, are compared
with other OLEDs with layers based on non-doped emitters. Polymers P1 and P2, reported
by Santos et. al. [98], shown turn on voltages of 3.7 and 4.2 V, respectively. Even when P1
and P2 had luminances of only 167 and 274 cd/m?, both of them had an excellent EQEmax of
3.3 and 3.9 %, respectively, by using a multilayer architecture ITO/PEDOT:PSS/(P1 or
P2)/TPBI/LiF/Al. Also, the well-known Algz is reported, in a multilayer architecture
ITO/PTC-U-1hr/NPB/AIqgs/LiF/Al, with an EQEmax of 2.6 % and a turn on voltage of 3.6 V,
quite similar to our OLEDSs with the LiF/Al cathode (EQEmax of 2.6 % and turn on voltage of
3.8 V). Also, a series of fluorescent materials reported in 2014[99] showed a turn on voltage

of 3.4 V, luminances of 2500 cd/m? and an EQEmax of 3.2 %, by using a multilayer

56



architecture ITO/PEDOT:PSS/P5/TPBI/LiF/Al. Aturn on voltage of 2.6 V, an EQEmax 0f 3.1
% and a maximum current efficiency of 10.3 cd/A were reported in 2016[100] for OLED
devices based on F8BT as EML, with LiF as EIL in a multilayer architecture
(ITO/PEDOT:PSS/TFB/F8BT/LIF/AI), and when they used PEI instead of LiF devices
reached a turn on voltage of 2.5 V, an EQEmax of 3.7 % and a maximum current efficiency
of 12.1 cd/A. Also, the well known and reported commercial copolymer “Super Yellow” was
used by Yu et. al.[101] in almost the same configuration of our PF-2F based devices:
ITO/PEDOT:PSS:GO/Super Yellow/LiF/Al (GO = graphene oxide). They reached an
excellent EQEmax of 3.5 % and a big luminance of 77100 cd/m?.

Table 4. Performance of OLED devices based on PF-2F polymer as EML, with LiF or PFN
as EIL. Several other device performances form literature are also included.

EML Von  Lmsx  Vies Nmex  EQEma(%) Reference
(V) (cd/m?) V) (cd/A)

PFE-2F2 3.8 1937 7.8 35.3 2.6 This work
PF-2F? 4.0 2452 6.1 17.9 1.3 This work
PF-1b4 45 878 - 40.0 2.1 [6]
Ple 3.7 167 -- -- 3.3 [98]
P2¢ 4.2 274 -- -- 3.9 [98]
Algse 36 ~ ~ 8.9 26 [102]
2-DIPQOac 1.5 2636 7.5 1.5 - [103]
3-DIPOac 2.5 2228 8.0 0.2 - [103]
P5e 3.4 2500 - 4.4 3.2 [99]
F8BTor 2.6 - - 10.3 3.1 [100]
F8BT« 2.5 - - 12.1 3.7 [100]
BPad 4.5 7544 - 4.2 - [104]
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Compound 5.2 849 -- 0.08 -- [105]

4e
Device Bb 3.5 5500 8.7 4.0 - [106]
Super 2.0 77100 11.0 10.0 3.5 [101]
Yellowe

EML= Emissive Layer, (a) LiF/Al cathode, (b) PEN/AI cathode, (c) multilayered
device, (d) similar architecture than in this work. Vor=turn on voltage, Lmax=
maximum luminance, Vima= voltage for Lma, max= maximum current efficiency,
EQEma= maximum external quantum efficiency.
The last year, 2019, Kaafarani et. al.[105] reported OLED devices with an architecture
ITO/PEDOT:PSS/Compound 4/Ca/Al with a maximum luminance of 849 cd/m? and a
maximum current efficiency of 0.08 cd/A. Finally, comparing the devices based on PF-2F
polymer and the “original” PF-1[6], its maximum current efficiencies are too similar (35.3
an 40 cd/A respectively) but the luminances of the new polymer are higher (2452 and 878
cd/m? respectively). Also, a significant improvement on its EQEmax from 2.1 % for PF-1 to
2.5 % for PF-2F is reached. These improvements could be consequence of the CFs group
inclusion in the PF-2F polymer. This CF3 group is in the “meta-“ position and is an electro-
attractor which induce a modified electron density throughout the molecule due to the
electronegativity characteristic of the group (F is the most electronegative element). Because
of this, it was possible to see a little change from the characterization, the HOMO value was
5.7 eV for PF-1 and 5.8 for PF-2F (the LUMO levels have the same value, 4.0 eV). Also, the
presence of 3 fluorine atoms, benefits the interaction with the solvent i.e. improves the
solubility. So, the deposition of PF-2F by spin coating or any other wet method may result

in a better packaging of the EML due to this improved processability[107].

6.2.1 Conclusions

OLEDs devices based on the new PF-2F polymer showed an acceptable external quantum
efficiency (for fluorescent materials) up to 2.6 % and an excellent current efficiency of 35.3
cd/A, even under the simple used architecture: Anode/HIL/EML/EIL/Cathode, which

represents an important improvement when is compared with the 2.1 % efficiency reached
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with PF-1. By the simple inclusion of the trifluoromethyl group into PF-2F polymer, it led
to improved processability and an enhancement in the electro-luminescence of the OLED
devices, which is a positive influence on the overall device performance. With this PF-2F
polymer, the solid state thin films with a very good quality (film roughness of only 1-2 nm)
were achieved through spin coating and OLEDs luminance value was enhanced. Also, due
to its LUMO level, which is at only 0.2 eV from LiF/Al work function level, the efficiency

of these simple devices is high.
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6.3 Highly luminescent OLED devices based on 3 novel fluorescent

oligomers

wheren=3,40r5

Fig. 39. The structures of BT-F32, BT-F42 and BT-F52.

Three new oligomer compounds were used as emissive layer in OLED devices, deposited by
spin coating technique. The three materials BT-F32, BT-F42 and BT-F52 contains a
benzothiadiazole core, capped with bifluorene arms attached at the 4- and 7- positions. From
the results, it can be seen the number of arms attached (i.e. the length of the molecule) had

influence in the luminance, efficiency and lifetime of the OLED devices.

Absorbance for the new three compounds is shown in the Fig. 40, with a difference of only
5 nm for the maximum peak of absorption for each material: 360nm, 365nm and 370nm for
BT-F3,, BT-F4; y BT-F5; respectively. The three compounds had a good solubility in
Toluene, with which was worked to deposit the materials as emissive layers (EMLS) by spin
coating technique. Also, the three material present an excellent PLQY of 1 in solid state

(also deposited by spin coating).
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Fig. 40. Absorbance for BT-F3, BT-F4; and BT-F5, molecules in
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solid state film.

OLED devices with an architecture ITO/PEDOT:PSS/Molecule/TPBi/Ca (or LiF)/Al were
fabricated and optimized to examine the performance of BT-F3;, BT-F4, and BT-F5;
molecules. The maximum peak of electroluminescence is basically the same, 543 nm for BT-
F32 and 541 nm for BT-F4, and BT-F5; (Fig. 41). Also, the chromaticity coordinates (x,y)
in the Commission Internationale d’Eclairage (CIE) 1931 colour space chromaticity diagram
were calculated as (0.39,0.60) for the three compounds. This is, because the design of these
new materials is based on add additional charge transport units to improve the charge

transport characteristics not to change electroluminescent properties[108].

The first architecture used, was ITO/PEDOT:PSS/EML/Ca/Al, this because the LUMO and
HOMO levels of the 3 compounds are in 2.8-3.0 and 5.4-5.6 eV approximately. The Ca/Al
has a work function of 2.9 eV, a difference of only 0-0.1 eV with the EML. Then, the electron
injection from Ca/Al to each compound is efficient. The annealing temperature for the three
materials as EMLs was optimized to improve the performance. Devices without annealing
treatment and with 40, 60 and 80 °C were fabricated and characterized. In all the cases,

annealing treatment at 40 °C shows the better performance.
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Fig. 41. Electroluminescence (EL) spectra of BT-F32, BT-F4, and BT-F5;, photograph of one OLED
device based on BT-F4; and the chromaticity coordinates (0.39,0.60).

From the luminance and current efficiency curves for BT-F32 devices unannealed and
annealed at 40, 60 and 80 °C, it can be seen that by using 80 °C the turn on voltage was
increased (from 3.4 to 4 V), the luminance and the current efficiency are remarkable lower
than the other 3 cases (Lmax= 8 156 cd/m? and nmax= 1.25 cd/A). Since the best efficiency was
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Fig. 42. Luminance and current efficiency of unannealed and annealed OLEDs with
architectures of ITO/PEDOT:PSS/BT-F32/Ca/Al.

obtained after annealing the EML at 40 °C, and compared with the device performance
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unannealed, this heat treatment may have created a more favourable morphology that benefits
the device performance. The devices unannealed and annealed at 40 and 60 °C shown similar
values of luminance (higher than 10 000 cd/m?) and the same turn on voltage. But, devices

annealed at 40 °C reached the better and more stable current efficiency (2.6 cd/A).

For annealed devices at 60 and 80 °C based on BT-F4,, an increase in the turn on voltage
occurred (3.6 and 3.7 V against 3.3 for unannealed and 40°C devices), also the current
efficiency (1.7 and 1.5 cd/A respectively) and the luminance (maximum values of 9357 and
3934 cd/m? respectively) were lower. The better devices were those unannealed and annealed
at 40 °C, with a better luminance (7843 and 8511 cd/m?) and current efficiency (2.1 in both
cases) for the last one.
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Fig. 43. Luminance and current efficiencies of unannealed and annealed OLEDs with
architectures of ITO/PEDOT:PSS/ BT-F4,/Ca/Al.

Finally, in the case of the unannealed and annealed devices based on BT-F5;, again the
devices with 60 and 80 °C presented a lower performance: lower luminances (2116 and 1672
cd/m?), higher turn on voltage (3.3 and 4.3 V against 3.1 V) and lower current efficiencies.
The devices annealed at 40 °C presented better luminances (4918 vs 3287 cd/m?) and

basically the same current efficiency (2.4 cd/A) that the devices unannealed.
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Fig. 44. Luminance and current efficiencies of unannealed and annealed OLEDs with
architectures of ITO/PEDOT:PSS/ BT-F5,/Ca/Al.

We used the LiF/Al (workfunction~ 4.1 eV) cathode, to see the performance due to the
energy difference with the work function and the devices reached luminances lower than
1000 cd/m?.

The performance of the devices was enhanced, adding an electron transport layer (ETL).
TPBi was used as ETL and deposited by spin coating technique, optmizing the thickness for
each material and using an architecture multilayer: ITO/PEDOT:PSS/EML/TPBI/Ca/Al.
Also, LiF/Al cathode was used in this case, because now we have an specific layer for the
transport of electrons. In both kind of devices their luminances, current efficiencies and also
the external quantum efficiency (EQE) were improved. In the Table 5 are shown the best
OLED devices for both cathodes, LiF/Al and Ca/Al.

Table 5. Performance of the best OLED devices by using the new molecules BT-F3;, BT-
F4, and BT-F52as EML, commercial TPBi as ETL, Ca/Al and LiF/Al as cathodes.

Molecule ETL/cathode Von Linax Neomax Nmax Monax EQEmax
(EML) _
interface W (cd/m?) (cd/A) (cd/A) (cd/m?) (%)
TPBIi(50 nm)/Ca(40nm)/Al(100nm) 2.8 27266 2.6 4.9 364 1.3
BT-F33
TPBI(55nm)/LiF(1nm)/Al(100nm) 3.1 29499 3.8 71 190 1.9
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TPBi(55nm)/Ca(40nm)/Al(100nm) 3 26701 23 44 912 11

BT-F4,
TPBi(55nm)/LiF(Lnm)/Al(100nm) 3.1 27274 34 83 265 22
TPBi(55nm)/Ca(40nm)/Al(100nm) 3 20756 2 6.2 488 16
BT-F5,
TPBi(55nm)/LiF(Lnm)/Al(100nm) 3 20496 27 74 364 2.0

Von= turn on voltage, Lmax= maximum luminance, ntmax= current efficiency at maximum luminance, Nmax= maximum current

efficiency, Lymax= Luminance at maximum current efficiency.

The devices with the interface TPBI/LiF/Al had a better performance than the devices with
the TPBI/Ca/Al interface. For BT-F32, the use of LiF instead Ca, increase the luminance
from 27266 cd/m? to 29499 cd/m?, current efficiency from 4.9 cd/A to 7.1 cd/A and EQE max
from 1.3 % to 1.9 %. Also, the on voltage was improved from 3.1 VV to 2.8 V.

For BT-F4,, a really good improvement of the EQEmax can be seen when LiF is used instead
Ca, increasing the double, from 1.1 % to 2.2 %. Also, a decent improvement of the luminance
(26701 cd/m? to 27274 cd/m?) and very good increment of the current efficiency (4.4 cd/A

to 8.3 cd/A) occurred because the enhanced current density.

Finally for BT-F5;, the luminance remains similar (20756 cd/m? to 20496 cd/m?), but the
current efficiency (6.2 cd/A to 7.4 cd/A) and the EQEmax (1.6 % to 2 %) increase. The curves
of luminances and current efficiencies for the best OLED device of each molecule are shown
in the Fig. 45. In all cases the efficiency of the devices was improved when LiF/Al cathode

was used.
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Fig. 45. a) J-V-L curves, b) current efficiency for the OLED devices with architecture
ITO/PEDOT:PSS/Molecule/TPBI/LiF/Al for BT-F3,, BT-F4, and BT-F5..
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Fig. 46. Schematic energy levels diagram of BT-F3;, BT-F4, and BT-F5; device
architectures, using (a) Ca/Al and (b) LiF/Al cathodes.

Also, lifetime of the devices was measured and calculated by using the stretched exponential
decay (SED) model which describe the decay of the luminous flux over the lifetime[64,109].
LT50 (half-life) was calculated fitting the data obtained by applying a constant current of 20
mA/cm? and measuring the luminance each minute for a few hours. Devices with Ca/Al

cathode shown a significant stability of its luminance compared with those that used LiF/Al.
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In all cases the same parameter T was used (120 000 s) and the parameter B for OLEDs
based on BT-F32, BT-F4, and BT-F5, were 0.37682, 0.33769 and 0.26058 respectively.

For the devices with Ca/Al cathode, it was found that the luminance of the devices decay
50% (LT50) after 29398 min (490 h) for BT-F52, 40533 min (675 h) for BT-F4, and 45368
min (756 h) for BT-F3.. The initial luminance Lo (@ 20 mA/cm?) values for the three devices
were 982, 869 and 913 cd/m? for BT-F3,, BT-F4, and BT-F5; respectively. As we have the
same interfaces (ITO/PEDOT:PSS and TPBi/Ca/Al) in the three devices, it can be seen from
the LT50 that the length of the molecule has a remarkable influence in the lifetime of the
devices, at a major length a lower lifetime is reached. LT50 for BT-F3; was 12 % higher
than BT-F4, and 54 % higher than BT-F5,. This could be because at a bigger length of the
molecule, exist a higher probability that their energy is spent by de-excitation through
vibrational relaxation [110] and then the polymer is heated. This temperature could be
inducing a faster degradation of the material that could be one reason that explains why the

lifetime is lower for the largest molecule.
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Fig. 47. Relative luminance (L/Lo) decayment over time for OLED devices based on BT-
F32, BT-F4, and BT-F52. Experimental data and fit by using SED model are shown.
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For the efficiency reached with our fluorescent OLED devices, the LT50 obtained is quite
acceptable, for example Fu Q. et. al.[111] reported for a phosphorescent OLED device an
LT50 of 120 h by using Ir(ppy)s with an architecture ITO/MoOs/TCTA:Ir(ppy)s/TPBI/LiF/Al
(current efficiency of 58.6 cd/A). On the other hand, phosphorescent OLED devices (EQE >
20 %) which are the most used technology in industrial applications (TV, smartphones,
displays, etc.) can reach an LT50 (@ 1000 cd/m?) of about 900 000, 400 000 and 20 000 h
for red, green and blue devices respectively[12]. For instance, the best fluorescent OLED
devices applied in displays have an LT50 (@ 1000 cd/m?) of around 10 000 h[12].

For another kind of devices, such as TADF based OLEDs, Adachi C. et. al.[112] reported an
OLED, with the now commercial, 4CzIPN as EML an LT50 of 184 h by using a bigger
architecture than ours: ITO/PEDOT:PSS/CPCB:4CzIPN/T2T/Bpy-TP2/LiF/Al (EQEmax =
9%). Also, they were using a similar initial luminance than ours, about 1000 cd/m?. In 2018,
a TADF based OLED with an EQE of 37.8 % and an LT50 (@ 500 cd/m?) of only 315 h was
reported. More recently, Kamata T. et. al.[113] reported a TADF based OLED device with
a high EQE of 21.6 % and an excellent LT50 of 10 000 h, which is a huge progress compared
with the first attempts for this kind of devices. As can be seen, currently TADF based OLEDs

have a lower lifetimes than the phosphorescent OLED devices[12].

As can be seen from the literature and from our own results, a bigger efficiency in the devices
will not assure a longer lifetime. This lifetime depends of course on the efficiency of the
device (at lower current through the device, degradation by this mechanism is lower too), but

also from the resistance of the materials to the degradation.

6.3.1 Conclusions

OLED devices based on the family of three new oligomers had a very good luminance values
when were fabricated by using a simple architecture, but when the used architecture was
multilayer, their performance were significantly improved. The luminance of the better one
was almost three times higher (29 499 cd/m?) and the current efficiency was even 3 times
higher (8.3 cd/A and EQEmax = 2.2 %). The design of these materials, with more or less
“length” (or units), has direct influence on its luminance, efficiency and lifetime. It was
shown that when the molecule is longer, the lifetime of the OLED devices is shorter. The

shorter material had a lifetime 54 % higher that the longer one, this is 756 h against 490 h,
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which is a significant difference. It is worth of mention that from the data obtained and the
lifetime model for this family of molecules, for the device in which the bigger luminance was
obtained the lifetime was higher too. Because at a bigger length of the molecule, exist a
higher probability that their energy is released by de-excitation through vibrational relaxation
which is inducing heat i.e. a faster degradation of the material.
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6.4 Efficient Phosphorescent OLED devices by optimizing their ETL

Optimized OLED devices with the architecture
ITO/PEDOT:PSS/PVK:Ir(ppy)s/TPBI/LiF/Al were made to compare with devices based in
the same structure but using new 2,2'2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBI) derivatives: TPBi 3COOK and TPBi OA67 (Fig. 48).
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Fig. 48. (a) Commercial TPBI, and derivatives of TPBi (b) 3-COOK and (c) OA67
synthesized in the Skabara group.

First, the relationship between the Ir(ppy)s and PVK and the thickness of this EML were
optimized. Relations of PVK + 5, 10, 15, 20 % Ir(ppy)s were used to made OLED devices.
The best performance was for devices with PVK + 10 % of Ir(ppy)s in THF. For 5 % of
Ir(ppy)s the devices shown a poor luminance (about 10 cd/m?), for 20 % of Ir(ppy)s shown a
luminance of 3000 cd/m? and a maximum current efficiency of 3 cd/A. For 15 % of Ir(ppy)s
a luminance of 5000 cd/m? and a current efficiency of almost 6 cd/A were reached. Finally,
for 10 % of Ir(ppy)s a maximum luminance of almost 10000 cd/m? and a current efficiency

of 8 cd/A were reached.

Based in these results, we proceed to optimize the thickness of the EML. The deposit at 5000
RPM (i.e. 30 nm of thickness) had the better performance, more than 10000 cd/m? and a
current efficiency of 10 cd/A. TPBi commercial and TPBi 3COOK (4 mg/mL) were used as
ETL. Also, commercial TPBi and TPBi 3COOK were deposited as ETL by spin coating
techinique at different RPM to find the best performance. Annealing was applied to both
material at 150 °C 30 min.
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Is worth of mention that TPBi OA67 does not made good films by spin coating technique,
then its use in OLED devices was discarded.

As can be seen in Fig. 49, the performance for the optimized OLED devices that are using
TPBi 3COOK as ETL is low, with luminances of the order of 10 cd/m? and maximum current
efficiencies lower than 0.2 cd/A. In the other hand, devices that are using commercial TPBi
as ETL, shown a very high luminance, up to 18584 cd/m?, and a very good maximum current
efficiency of 10-11 cd/A. In Table 6, the best results for the optimized OLEDs are shown.
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Fig. 49. OLEDs performance for different ETL thickness based on TPBi and TPBi 3COOK (5 mg/mL in

both cases).

Due to the lower luminances and current efficiencies we discard the use of TPBi 3COOK as
ETL. On the other hand, the use of commercial TPBi and its optimization is of great

importance because the change in the performance of the devices is significant.

Table 6. Performance of the best OLED devices using PVK:Ir(ppy)3(+10%) as EML (30

nm), and commercial TPBi as ETL.

Architecture Von Lmax Mipmaxy  Mmax N max

V) (cdm?®)  (cdiA)  (CdA)  (cdim?)

ITO/PEDOT:PSS(35nm)/PVK:Ir(ppy)s 4.6 13870 5.2 103 3706
ITPBI(50nm)/LiF/Al
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ITO/PEDOT:PSS(40nm)/PVK:Ir(ppy)s 4.2 17145 6.3 115 7316
ITPBi(55nm)/LiF/Al

ITO/PEDOT:PSS(40nm)/PVK:Ir(ppy)s 4 18584 65 103 7831
ITPBI(50nm)/LiF/Al

ITO/PEDOT:PSS(40nm)/PVK:Ir(ppy)s 4.2 15076 4.8 7.1 6834
ITPBi(45nm)/LiF/Al

Von= turn on voltage, Lmax= maximum luminance, nLmax= current efficiency at
maximum luminance, nmax= Maximum current efficiency, Lymax= Luminance at

maximum current efficiency.
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Fig. 50. EL spectrum for OLED based on Ir(ppy)s and photograph.
As can be seen in Fig. 49 the deposit of commercial TPBi have been varied to 3000, 4000

and 5000 rpm. Recombination zone and charge balance are very sensitive and the most
important factors for the improvement and optimization of phosphorescent OLED devices.
It is demostrated that the thickness of the ETL,TPBi in our case, has control in the electron

transport on the emission layer and in the recombination zone[114]. Then, based in our results
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and the current efficiencies of the Fig. 49, TPBi deposited at 3000 rpm optimize the
electron/hole ratio at EML.

6.4.1 Conclusions

In the case of these phosphorescent OLEDs the optimization of one simple layer as ETL,
TPBI in this case, has a considerable influence in the efficiency and luminance of the devices.
This is due the manipulation of the recombination zone i.e. the electron/hole ratio that is
injected into the EML.
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6.5 Flexible anodes based on conductive PEDOT:PSS and their
application in OLED devices

Conductive PEDOT:PSS based anodes were fabricated by spin coating technique on rigid
and flexible substrates. Reported anodes based on this polymer[17,82,115] were studied and
reproduced to develop a new one alternative. In general, conductive PEDOT:PSS is treated
to separate the conductive PEDOT from the non-conductive PSS[116]. The most used
treatments to do this are based on addition of one additive (as DMSO, EG, 2-propanol, etc.)
in the solution of this conductive PEDOT:PSS or also in post-treatments after the
PEDOT:PSS deposition. In the first case, depending of the additive used in the solution, it
could help to separate PEDOT from PSS or improve the adhesion (i.e. the static contact
angle) of the solution in the substrate. In the second case, generally the post-treatment is used
to separate PEDOT from PSS too, and to improve the morphology of the films. In the post-
treatment a low amount of solution (DMSO, sulfuric acid, 2-propanol, etc.) is dropped on the

film and in general a temperature is applied to evaporate the solution added.

The static contact angle is the characteristic angle made by one liquid droplet on the solid
surface. This contact angle depends upon the wettability and tension of the surface [117].
This static angle was corrected for the conductive PEDOT:PSS in order to reach an optimum
deposit by spin coating technique. The correction was made applying a plasma treatment in

both type of substrates, glass and acetate, by 10 min.

In the Fig. 51 the sheet resistances for PEDOT:PSS anodes fabricated in rigid substrates are
shown. All the values of sheet resistance obtained and presented in this work, are average

values while transmittance values were obtained at 550 nm.
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Fig. 51. Anodes fabricated, some of them based on reported ones[71,118,119] and the
others based on the new “volume evaporation” procedure.

When no treatment or post-treatment was applied in the PEDOT:PSS polymer, the sheet
resistance is of the order of even 10* Q/o, and then the conductivity is too low. For example,
for ITO which is the most used anode the sheet resistance is of 8-12 Q/o. But, when some
additive, as DMSO (5 %), is added into the solution to separate PEDOT from PSS the sheet
resistance is improved to 100-200 Q/a. Even more, when another additive (2-propanol) was
added to improve the adhesion and the package of the PEDOT:PSS, the sheet resistance was
91 Q/o. It is worth of mention these anodes got two or three layers deposited to reach the

mentioned sheet resistances.

Following this idea, separate PEDOT from PSS to induce lower sheet resistance (higher
conductivity), we worked evaporating an amount of volume of this conductive PEDOT:PSS,
by applying a high temperature in order to modify its microstructure which is reported that
can be affected by applying a high temperature or by lack of water[120]. This volume
evaporation is basically, removing water from the dispersion of PEDOT:PSS. With this lost
of water, the conductive fractions of PEDOT must be closer than before (Fig. 52) and the

PSS can be separated by some treatment as mentioned before.
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Volume evaporation was tested at different percentages, with final volumes of 90 %, 80 %
and 70 %. When we got 90 % of volume, the anodes shown a good transmittance but a high

Volume
evaporation

rn

PEDOT-rich core Water

PSS-rich core

Fig. 52. Volume evaporation induce proximity between conductive fractions
(PEDOT).

value of sheet resistance when is compared with the values obtained for 80 % and 70 % of

volume, because of this, we choose to work only with 80 and 70 % of volume.

After volume evaporation, DMSO was applied on the films of PEDOT:PSS as post-
treatment. DMSO has the function of breaking or the hydrogen bonding between PSS
fractions, which leads to separate PSS from PEDOT and then the conductive fractions of
PEDQOT are even closer than before improving the conductivity of the film as is shown in
Fig. 53. This post-treatment with DMSO improve the conductivity of the film up to four
orders, and is based on the screening effect caused in the interaction or bond between the
fractions of PEDOT and PSS leading to the release of PEDOT from the shell of PSS. This

release benefits the connection among PEDOT fractions and then the conductivity.
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Fig. 53. Schematic diagram of the separation of PEDOT from PSS before and after DMSO

addition.

In Fig. 54, morphologies of PEDOT:PSS anodes fabricated on rigid substrates are shown.

When 80 % of volume was used, we found that the best results were at 140 and 130 nm of

thickness, generated by only one layer of PEDOT:PSS. For 140 nm, the sheet resistance had

a value of 57 Q/o and a roughness of 3 nm. On the other hand, for 130 nm the sheet resistance

was of 73 Q/o and a lower roughness of 1-2 nm.
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Fig. 54. PEDOT:PSS anodes (in glass) morphologies fabricated by volume evaporation,
with different thicknesses a)80% vol - 140 nm — Roughness 3 nm — Rs= 57 Q/o b)80% vol
- 120 nm — Roughness 1-2 nm — Rs= 73 Q/o ¢)70% vol — 460 nm — Roughness 3 nm — Rs=

31 Q/a d)70 % vol — 220 nm — Roughness 2 nm — Rs= 50 Q/o.

When a volume of 70 % was used to produce a film with 460 nm of thickness, the sheet
resistance was of only 31 Q/o with a roughness of 3 nm. On the other hand, by using the
same amount of volume a film with a thickness of 220 nm was produced with a sheet

resistance of 50 /o and a roughness of 2 nm.

In the AFM images, a number of grains about 1 um or less of diameter are visible. These
could be domains of PEDOT that were not completely homogeneous in the deposition and
persisted in that way. It is worth of mention that the dispersion of PEDOT:PSS deposited by
spin coating was not filtered because its viscosity is high due to volume evaporation which

difficult the procedure.

Another important factor together with the sheet resistance is the transmittance. As can be
expected, at a bigger thickness lower transmittance. In the case of the anodes fabricated with
80 % of volume, the transmittance was of 85-90 % at 550 nm. After 550 nm, shifted to the
infrared, the transmittance decays while in the bandwidth of 350-550 nm the transmittance
is even higher than 90 %. Also, in the case of anodes in which 70 % of volume was used, a
transmittance of 75-80 % is reached but around of 800 nm decays even down of 60 %. But,

around 400 nm, they had a transmittance of around 85 %. Then, if this anodes are used in
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OLED devices, the bandwidth around 400-500 nm (violet-blue) will have the better
extraction of light, while in the bandwidth between 500-600 nm (green-yellow) will be lower
and after 600 nm (orange-red) the extraction will decrease significantly. This actually is not

a big problem for OLED devices because in general is precisely the bandwidth of the violet-
blue which have the lower efficiency while the bandwidth of 500-800 nm has not this

problem.
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Fig. 55. Transmittances of PEDOT:PSS anodes fabricated by volume evaporation at
different rpm and deposited in common glass.

In Fig. 56, morphologies for PEDOT:PSS anodes deposited on flexible substrates of acetate
are shown. These flexible substrates were made of common acetate, and the films were
deposited by spin coating too. For the specific case of conductive PEDOT:PSS, it was
necessary the use of oxygen plasm treatment before the deposition of the film, this is because
the adhesion is enhanced by applying this treatment. Again, only 80 and 70 % volumes were
used for the PEDOT:PSS anodes fabrication. For 80 % of volume with a thickness of 130 nm
a sheet resistance of 40 Q/o and a roughness of 6 nm. For 110 nm at the same volume, the
sheet resistance was 70 Q/o and a roughness of 5 nm. Also, as can be seen in the Fig. 56, the
PEDOT:PSS surface deposited in flexible substrates is too different compared with the rigid
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ones, this could be because the adhesion is different in the acetate, and the temperature in the
annealing treatment is lower (100 °C).
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Fig. 56. PEDOT:PSS anodes (in acetate) morphologies fabricated by volume evaporation,
with different thicknesses a)80% vol - 130 nm — Roughness 6 nm — Rs= 40 Q/o, b)80% vol
- 110 nm — Roughness 5 nm — Rs= 70 Q/a, ¢)70% vol — 600 nm — Roughness 8 nm — Rs=
15 Q/o, d)70 % vol — 340 nm — Roughness 8 nm — Rs= 33 Q/n.

On the other hand, when a volumen of 70 % is used to fabricate flexible PEDOT:PSS anodes
the sheet resistance is even lower, even almost the same value that the commercial ITO, but
the thickness is too high. For example, depositing at the same rpm used for 80 % of volume

@ 130 nm, the thickness obtained by using 70 % of volume was 600 nm and the sheet
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resistance of only 15 Q/o. Adding only 500 rpm more, the sheet resistance changes to 33

Q/o. This is because the high viscosity obtained at 70 % of volume.

When the AFM images for PEDOT:PSS anodes deposited in acetate are compared with the
deposited in glass, a huge difference can be seen. The adhesion is really different among
them. If the anode is fabricated in acetate, bigger grains of similar dimensions can be seen
while in glass just a few and smaller grains are present. These grains must big domains of
PEDOQOT, because the sheet resistance in anodes fabricated in acetate is lower, in general, than
their similar deposited in glass. For example, the flexible anode of 130 nm presented a sheet
resistance of 40 Q/o and the rigid anode of 140 nm was 57 Q/o, both at a similar

transmittance, even when the roughness value in the second one is the half of the first one.

As can be seen in Fig. 57, when acetate is used as substrate, the difference between use 80 or
70 % of volume has great influence in transmittance. When 80 % of volume was used, the
transmittance was about 85 % (40 Q/o) at 550 nm while when 70 % of volume was used

(both deposited at the same rpm) the transmittance decays to 55 % (15 /o) at 550 nm.
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Fig. 57. Transmittances of flexible PEDOT:PSS anodes fabricated by spin coating with

volume evaporation of 80 and 70 % with the same rpm and deposited in acetate.
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In the case of the PEDOT:PSS anode with higher transmittance, this last remains between 85
% and 70 % after 550 nm, but in the case of the second one the transmittance decays even
lower than 30 % because the higher thickness of the film. Between 350 and 550 nm the
transmittance of PEDOT:PSS anode that used 80 % of volume remains really stable in 85-
90 %, while the one that used 70 % of volume change from 55 % to 70 %. Again, this
transmittances are beneficial for the bandwidth with lower performance in OLEDs, which is
the violet-blue (400-500 nm).

In Fig. 58 PEDOT:PSS anodes fabricated on acetate are shown, the one with higher
transmittance (85 %) had a sheet resistance value of 40 Q/o while the one with lower

transmittance (55 %) had a value of 15 Q/o.

(a) (b)
Fig. 58. PEDOT:PSS anodes deposited in acetate by using (a) 80 % and (b) 70 %

of volume and deposited at the same rpm. Area of 4.5 x 4.5 cm.

In Fig. 59 some values of reported PEDOT:PSS anodes are shown and compared with our
obtained values. For example, Liu et. al.[115] reported a sheet resistance of 70.36 Q/o and a
high transmittance of 90 % (@550 nm) for PEDOT:PSS based anode, treated with sulfuric
acid (H2SOs4), which are similar values to ours, but we are not using hazardous materials as

sulfuric acid.
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Fig. 59. Transmittance versus sheet resistance values of PEDOT:PSS, PEDOT:PSS:GO and

hybrid anodes reported in literature and made in this work (PEDOT:PSS).

Zhao et. al.[121] applied 3-Hydroxy-1-propanesulfonic acid (HPSA) as a modification layer
on PEDOT:PSS film via spin coating. The sheet resistance of the PEDOT:PSS/HPSA bilayer
film was 98 Q/o, and its transmittance at 550 nm was around 80 %. In 2017, Bjorn et. al.[73]
reported an anode based on four layers of PEDOT:PSS (total thickness of 133 nm) with an
excellent sheet resistance of 36 Q/o and a transmittance of 73 % by using a light oxygen
plasm treatment in addition to solvent blend additives and post treatments. Anodes (for
OLED:s) based on PEDOT:PSS, with a sheet resistance of 97 Q/o and transmittance of 85 %
trough modifying the surface of PEDOT:PSS films by using ethanol vapor were obtained by
Mohammad et. al.[122].

Also, Seo et. al.[17] reported an anode based also on PEDOT:PSS (solution mixed with 2-
ethoxyethanol) and by using methanol based post treatment with a sheet resistance of 116
Q/o and a transmittance of 82 %, this was obtained by using solvent post treatment with 2-

ethoxyethanol.
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Another type of ITO-free anodes reported in literature, based not only on PEDOT:PSS
polymer, as the reported by Liu et. al.[78] consists in a PEDOT:PSS/graphene oxide
composite anode with a sheet resistance of 73 Q/o and a transmittance of 85 %, which is
reached by optimization of the volume ratio of PEDOT:PSS and GO. Wu et. al.[123] reported
a sheet resistance of 92 Q/o and a high transmittance of 91 % with an hybrid anode of
PEDOT:PSS and graphene oxide. They developed this anode by using a low temperature
dipping treatment of the bilayer anode in hydriodic acid solution to remove the non-
conductive parts (PSS chains of PEDOT:PSS and functional groups on GO).

In 2019, Diker et. al.[124] reported a PEDOT:PSS:mGO anode with sheet resistance of 177
Q/o and high transmittance of 90 % by applying a sulfuric acid post treatmet and then an O

plasma treatment on the film by 3 minutes (@70 W).

On the other hand, the hybrid anodes are another type, which have in general best values of
transmittances and sheet resistances, but also their fabrication is not simple and present a
significant higher cost. For example, a hybrid anode by using Ag mesh and PEDOT:PSS (Ag
mesh/PEDOT:PSS) with a sheet resistance of 10 Q/o and a transmittance of 74 % was
reported by Park et. al.[125]. Kang et. al.[126] reported a hybrid electrode with structure
PEI/Ag/PEDOT:PSS, with a sheet resistance value lower than 10 Q/o and a high
transmittance of 95 %. Finally. Chen et. al.[127] reported an innovative hybrid anode by
using high-resolution Ag grids and PEDOT:PSS, with an excellent low sheet resistance of

only 1 /o and a transmittance of 78 %.

Our PEDOT:PSS anode was applied in the OLED shown in Fig. 60 by using a multilayer
architecture PEDOT:PSS anode/PEDOT:PSS/PF-2F/TPBI/LiF/Al and reached a maximum
luminance of almost 4000 cd/m? with a turn on voltage of 7 V. Likewise, J-V-L curves for
the best OLED device fabricated for the same EML, PF-2F, is shown. The turn on voltage of
the OLED using ITO as anode is about 2 V lower than the device using PEDOT:PSS anode.
Also, current densities are quite similar in both devices but the luminance is higher in the one

with PEDOT:PSS anode. Anyway, this luminance could be associated with the use of TBPi
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in that specific device. As can be seen, this anode can be used in optoelectronic devices, even
to fabricate flexible devices.
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Fig. 60. J-V-L curves for an OLED by using a PEDOT:PSS (in glass) anode with an
architecture multilayer PEDOT:PSS anode/PEDOT:PSS/PF-2F/TPBI/LiF/Al and its
comparison with one using ITO anode. Also, photograph of one rigid and one flexible

OLED devices, using this PEDOT:PSS anode, are shown.

6.5.1 Conclusions

In conclusion, the volume evaporation method is a simple way to obtain anodes with good
values of transmittance and sheet resistance. The use of only PEDOT:PSS and DMSO,
benefits the cost of fabrication when is compared with another PEDOT:PSS anodes that use
a wide variety of additives and even dangerous substances as sulfuric acid. Furthermore, even
when hybrid anodes in general are better than PEDOT:PSS anodes, its fabrication is too

difficult and expensive compared with the method presented here.
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7 CONCLUSIONS

It is evident that the field of research in OLED devices is still under development such as the

synthesis of new materials, that can be applied in different EML systems (single emissor or

host/guest) and the functionalization of specific layers in order to obtain the best electron/hole

balance i.e. the best performance. We are reporting fluorescent and phosphorescent OLED

devices by using new and also reported materials which can contribute in specific and simple

changes that could be beneficial to the performance of OLED devices. For example, the

addition of groups that benefit the processability of the materials (as the CF3 group) and the

charge transport (as bifluorene), the adequate use of the HOMO-LUMO levels and the work

function, the correct optimization of the EMLs and the buffer layers (ETL, EIL, etc.). Herein

the most important conclusions of this thesis are summarized.

Our results for OLEDs based on carbazole derivatives (CZ-1 and CZ-2) had very
acceptable current efficiencies (19.3 - 20.2 cd/A) and very high and competitive
external quantum efficiencies (8.6 - 9.5 %) due to a low generated current density
value (<200 mA/cm?). These values are significantly higher than the values obtained
with the TPD derivatives (luminances up to 1729 cd/m?, current efficiencies up to 4.5
cd/A).

OLEDs devices based on the new PF-2F polymer showed an acceptable external
quantum efficiency (for fluorescent materials) up to 2.6 % and an excellent current
efficiency of 35.3 cd/A, even under a simple used architecture. By the inclusion of
the trifluoromethyl group into PF-2F polymer, it led to improved processability and
an enhancement in the electro-luminescence of the OLED devices, which is a positive
influence on the overall device performance. Also, the enhanced performance is due
to its LUMO level, which is at only 0.2 eV from LiF/Al work function level, the
efficiency of these simple devices is high.

OLED devices based on the family of three new oligomers had a very high luminance
values when were fabricated by using a simple architecture which was significantly
improved by using a multilayer architecture. The luminance of the better one was

almost three times higher (29 499 cd/m?) and the current efficiency was even 3 times
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higher (8.3 cd/A and EQEmax = 2.2 %). The design of these materials, with more or
less “length” (or units), has direct influence on its luminance, efficiency and lifetime.
The shorter material had a lifetime 54 % higher that the longer one, this is 756 h
against 490 h, which is a significant difference. It is worth to mention that from the
obtained data and the lifetime model for this specific family of molecules, when
bigger luminance was reached in devices, the lifetime was higher too. Because at a
bigger length of the molecule, exist a higher probability that their energy is released
by de-excitation through vibrational relaxation which is inducing heat i.e. a faster
degradation of the material.

e For phosphorescent OLEDs the optimization of one simple layer as ETL, TPBi in this
case, has a considerable influence in the efficiency and luminance of the devices. This
is due the manipulation of the recombination zone i.e. the electron/hole ratio that is
injected into the EML.

Finally, the proposed fabrication method for PEDOT:PSS anode has shown very good results
with a really simple, cost-effective and fast fabrication. Most of the literature for PEDOT:PSS
anodes in general report values of sheet resistance of 102 Q/o, but this anode fabricated with
a dispersion of PEDOT:PSS concentrated at 80 % and deposited in acetate has values of one
order of magnitude smaller (40 Q/o) and an acceptable transmittance (> 85%) with only one
deposited layer. This is due to the induced closeness among the conductive fractions
(PEDOT) by the loss of water and the subsequent DMSO post-treatment applied.
PEDOT:PSS dispersion increased its viscosity and then only one deposit was necessary. As
was expected, the use of the post-treatment helped to enhance the conductivity taking off the
non-conductive fractions (PSS). For these good values of sheet resistance and transmittance
obtained, in both rigid and flexible substrates, this PEDOT:PSS anode could be applied not
only on OLED devices but in a variety of optoelectronic devices such as organic photovoltaic

cells and perovskite solar cells.
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8 Perspectives

OLED devices could have a higher lifetime and better performance by using at least one more
layer and if they are encapsulated too. Also, phosphorescent OLED devices based on Ir(ppy)s
could have a better performance by using a different host material, as CBP or m-CBP. Could
be an interesting study the use of a TADF material as host for the phosphorescent guest,
which has recently shown that could improve significantly the OLED performance. Even we
could try by combining our fluorescent materials with TADF materials in a hyper-
fluorescence emitter system (now called the 4™ generation OLED emitters) in order to obtain

a higher efficiency, luminance and color purity.

This conductive PEDOT:PSS polymer based anode could be used in different devices and
also deposited in glass or plastic substrate as common as acetate. The sheet resistance should
be slightly better adding more post-treatments or even by using a plasma treatment directly
in the layer. Even when the cost/time would be higher, it will remain being cheaper than
another kind of anodes. Also, slot die coating could be used to deposit this anode in bigger
areas and in both kind of substrates: rigid and flexible. In the case of the flexible ones, from
only one anode of large area deposited, could be extracted (cut) a “massive” quantity of
anodes. Of course, this anode could be used for a wide variety of rigid and flexible
optoelectronic devices as OLEDs, OPVs, and PSCs.
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10 APPENDIX. Additional OLED devices

OLED devices with different materials were made in order to obtain efficient devices. The
devices shown in this appendix were not extensively described above because their

performance was not so high as the ones reported before.

The polymers shown in the Fig. Al were used as EML in OLED devices, with an architecture:
ITO/PEDOT:PSS/polymer/LiF/Al. OLED devices were fabricated with the same method
used for PF-2F polymer.

Ry
P21
Fig. Al. P13 and P21 polymers used as EML for OLED devices
P13 based OLED devices, with different thicknesses of EML, shown luminances quite
similar but with different turn on voltages (4.3 and 4.9 V) as can be seen in Fig. A2. Current
efficiency for the device with the thicker EML was 0.1, On the other hand, for the EML
deposited at 2000 rpm, the current efficiency was of only 0.06 cd/A.

J-V-L curves for P21 based OLEDs are shown in Fig. A3, with maximum luminances of
around 1800 cd/m? for two different thicknesses but with turn on voltages of almost 1 V of
difference (4.4 and 5.3 V). Maximum current efficiency for both devices was the same (0.55
cd/A).
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As can be seen, both kind of OLED devices shown relatively good turn on voltages, low-

medium luminances but they have very low efficiencies because their really high current of

densities.
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Fig. A2. J-V-L curves for P13 polymer based OLED devices.
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Fig. A3. J-V-L curve for P21 polymer based OLED devices.
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