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Abstract

In the past decades, polymer light-emitting diodes (PLEDs) have received much attention due to
their potential for easy fabrication of flexible full-color displays and lighting applications. One of
the most important steps in the light generation process is the injection of charges: inefficient
charge injection will strongly limit the device performance. For efficient charge injection, it is
necessary to have a good alignment of both electrodes with the respective energy levels of the
light-emitting polymer. In order to fully exploit the ease of fabrication of PLEDs, e.g. ink-jet
printing in a roll-to-roll process, all layers are required to be solution processable. In this project,
the solution-processable electron injection layer, which is a novel electron injection material
called caesium stearate is investigated. Experiments have been performed with electron only
diodes and light emitting diodes. Results of a broad series of electrical measurements of all-
solution processed organic light-emitting diodes with different polymers are presented. The
performance of these devices are compared to the standard OLED with Ba cathode. It is shown
that CsSt layer spin coated from ethanol solution can be introduced as an efficient electron
injector in single layer OLEDs based on red/ blue/ white emitting polymer. For the polymers used
in this work comparable conversion efficiencies of the under investigation devices and
conventional Ba based OLEDs can be achieved. However, the comparison of the ambient
stability of the under study samples with that of Ba based device implies different degradation
mechanism of OLEDs. Moreover, electron injection from CsSt has been studied with different
encapsulating contact layers. It is found that devices are relatively sensitive to the choice of
capping metal.

In addition, a double layer solution-processed OLED together with a single layer one including an
electron transporting layer is studied as well. Although the results of single layer device presented
comparable results with Ba based LED, CsSt is recommended as a better option for solution-
processed cathode purposes due to easier reproducing process.
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Chapter 1: Introduction

1.1Introduction

In the last several decades organic semiconductors have opened a new window in the
world of technology. Since the discovery of conductivity in the polymer semiconductors
[1], a new generation of electronic devices based on organic materials has been
extensively investigated. In addition to the cheap and easy processing advantages of
organic semiconductors with respect to inorganic ones, which is an attractive feature for
marketing, organic based electronic devices hopefully may enables to fabricate flexible
and transparent devices. That is why recently scientists have strongly concentrated on
fabricating devices such as organic field effect transistors (OFETS), which could serve as
the main component in cheap and flexible electronic circuits [2,3], organic solar cells
[4,5], that may bring cheap, mass-producible and relatively efficient energy sources to
the market, and organic light emitting diodes (OLEDs), the promising candidates for
flexible full-color displays and lighting applications [6,7].

Organic light-emitting diodes (OLEDs) have been studied vastly since the discovery of
electroluminescence in poly(p-phenylene vinylene) (PPV) [8]; a conjugated polymer
exhibiting semiconducting property. In this category of light-emitting diodes, organic
semiconductors are employed as an active or emissive layer due to their unique
electronic properties which combine the electrical property of conventional inorganic
semiconductors and the versatility of organic chemistry. However, organic based LEDs
provide lower efficiency in comparison to inorganic LED performances. This deficiency
stems from the fact that most conjugated polymers have relative low mobility, and in the
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case of OLEDs the unbalanced charge transport property of conjugated materials is an
additional factor which has to be considered. In this respect, there are a lot of attempts to
render OLEDs competitive with inorganic ones [9-14]. Although the so far fabricated
OLED:s are not as efficient as inorganic LEDs, they have a great potential in producing
inexpensive large area flexible full-color displays which is inaccessible with single
crystal structure inorganic materials that used in conventional inorganic LEDs. The
abovementioned peculiarity is a remarkable advantage of OLEDs over inorganic LEDs,
which makes them as of particular interesting research field.

Two different types of OLED fabrication routes are realized based on the class of
materials or the applied technical method for depositing them. One type corresponds to
the small molecule OLEDs, in which the device is fabricated via evaporation of low
molecular weight molecules under high vacuum. The other one is related to the solution-
based polymer LEDSs, concerning all types of organic semiconductors including small
molecules, oligomers, polymers and nanoparticles that can be deposited by solution-
based methods such as spin coating. The disadvantage of the former method is that
thermal evaporation requires relatively expensive vacuum technology, while the latter is
a promising route in low-cost fabrication of large-area devices. Therefore, recently, a
solid consideration is focused in the solution processing technique, which is also the
interest of this project. Many efforts have been done to synthesize new materials that
exhibit sufficient charge transport as well as being solution processable [9-14], although
there are still big challenges to overcome the limitations of this method. The most
important problem in preparation of solution-processed multilayer OLEDs can be
summarized as follows: the bottom layer, in most of the cases, can be affected by the
solution of subsequent layer. Therefore, many attempts have been devoted to propose a
general solution for this problematic process. One approach is using intermediate liquid
buffer layer to separate layers with different functions [15-17]. Example of such
materials are glycerol and 1,2-propylene glycol [15]. They have high protection
capability due to the high viscosity, which arises from hydrogen bonding. Using
water/alcohol soluble polymers or salts is another approach to fabricate solution based
multilayer OLEDs. Along these lines, a series of triphenylamine-based conjugated
polyelectrolytes were reported as effective hole transporting materials [18-20].
Alternatively, for the first time Cao and coworkers introduced amino-/ammonium-
functionalized polyfluorene as electron transporting material and pointed to the
water/alcohol soluble property of this material [18, 21-24]. Other efforts in this area can
be found in Refs [25-28]. Another suitable method to prevent erosion or mixing of the
interfaces in solution-processed OLEDs is to employ cross-linkable materials. These
materials consist of special agent groups, which, after being exposed to ultraviolet (UV)
irradiation, create an insoluble network. Using this approach, there are many reports on
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the synthesis of conjugated polymers that include reactive agents, to create optimal
conditions for cross-linking [9-13].

Although numerous studies have been done to improve multilayer solution-processed
OLED:s, a fully solution-based OLED has still not been achieved. In addition to the hole
transport layer (HTL), emissive layer (EML) and electron transport layer (ETL), an
organic light-emitting diode includes electrodes. In conventional OLEDs typically a
transparent and conductive indium tin oxide (ITO) used as an anode and a low work-
function metal formed via vacuum deposition technique is used as a cathode. To realize
a fully solution-based OLED, the electrodes should also be fabricated from solution-
processable materials whose performances are comparable with the efficient traditional
ones. An important point is that besides low electrical resistance of these materials, a
suitable work function is required, to have efficient charge injection. While Ohmic
charge injection is accessible through thermally evaporated charge injection layers,
providing such layers from solution is not straightforward. There are a few reports on
preparing solution-processed metal cathodes suitable for OLEDs [29-31], materials such
as Au, Cu and Ag are some examples in this field. Among them solution-processed Ag
has been attracted more attention to play the role of cathode in future OLEDs with
polymer substrates [32], however, currently there is no report on utilization of that. In
our opinion, the abovementioned materials do not seem to be good candidates for
cathodes because of their high work-functions and Fermi levels that make a high
potential barrier for injection of electrons. Recently, caesium carbonate (Cs,CO3) has
been introduced as a very efficient electron-injection material in OLEDs [33-36].
Notably, the solution-processed Cs,CO; does not function as good as thermally
evaporation processed of that [37,38].

The aim of this project is to develop a solution processed OLEDs by investigating the
solution-processable electron injection layer, which is a novel electron injection material
called caesium stearate (CsSt). The advantage of caesium stearate with respect to
caesium carbonate (Cs,CO5) is that a better solubility as well as better adhesion on top
of the polymer surface on which it is spin coated can be obtained, which is due to the
long hydrocarbon chain on the caesium stearate. The general perspective of this work is
to access an efficient electron injection from a solution-based cathode layer (CsSt) in
single layer OLEDs based on red/ blue/ white emitting polymer. Chapter 2 gives short
overview of organic semiconducting materials and briefly describes the device physics
of organic diodes. Then the chapter is continued by explanations of fundamental theory
of charge transport and charge injection in OLEDs. In chapter 3 the device fabrication
and materials used in this work are presented. The experimental results are discussed in
chapter 4 and finally, we end the report with a brief conclusion.
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Chapter 2: Theory

2.1Introduction

Inefficient charge injection will strongly limit the device performance, especially in case
of semiconductors with low mobility, it is important that the Fermi levels of the
electrodes align with the HOMO and LUMO of the organic material that is used as
emissive layer (EML) in a single layer OLED. Creation of interface barriers between
electrodes and organic layer hinder the injection process, resulting in unbalanced charge
injection, and as a consequence an excess of one type of charge carrier would decrease
the conversion efficiency. Therefore, this chapter devoted to basic theoretical
background governs the charge injection and charge transport processes in an OLED.
First, the organic semiconductor, the active material of an OLED, is described. In the
follow, organic diodes are introduced and the electrical characteristics of them are
discussed as well.

2.20rganic Semiconductor

The discovery of relatively high electrical conduction in polyacetylene doped with the
halogen iodine in 1977 [1-3], which awarded with the 2000 Novel Prize in chemistry,
makes the organic materials or polymers as an active elements in electronics. This
special class of polymers exhibits the semiconducting properties. However, the
semiconducting behaviors in organic materials like anthracene and poly(N-vinyl
carbazole) (PVK) was studied earlier [4-8]. The alternation of single and double bonds
in the structure of such organic materials, socalled conjugation, causes the
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semiconducting property. In conjugation semiconductors, one carbon atom combines
with two other carbon atoms and one hydrogen atom or a side group through the three
sp? hybridized electrons in the outer shell, which results in-plane ¢ bonds. The fourth
electron of carbon forms a P, orbital perpendicular to the plane of ¢ bonds. This P,
orbital of one carbon has overlap with other P, orbitals of neighboring carbon atoms
which leads to formation of = bonds [figure 2.1(a)]. The = bond electrons are delocalized
over a distance in the backbone of polymer structure, as illustrated in figure 2.1(b). The
delocalized electrons fill up whole band which is called Highest Occupied Molecular
Orbital (HOMO) and can excite to the empty n*-band which is called the Lowest
Unoccupied Molecular Orbital (LUMO). Therefore, the HOMO and LUMO levels
resemble the valence and conduction bands in the inorganic semiconductors,
respectively [figure 2.2]. The energy difference between HOMO and LUMO levels
corresponds to the band gap and it is typically between 1-4 eV which covers the entire
visible spectrum. After the discovery of electroluminescence in poly(p-phenylene
vinylene) (PPV) [9], organic semiconductors considered as a good candidate for OLEDs
and optoelectronic devices. Some prototypical examples of organic polymers which are
used mostly in OLEDs are presented in figure 2.3. These organic polymers are easily
processed from solution and the solubility and the emission color can be tuned by
modifying the side groups [10].

Contrary to inorganic semiconductors, organic materials do not have well ordered
energy bands. Organic polymers are very disordered materials in which the conjugation
structure might be broken due to kinked and folded chains or chemical defects. So, one
should think of polymers as a segments with different lengths. Every segment of
different length has a different energy. The distribution of energy levels is usually
approximated by a Gaussian function [figure 2.4].

(a) (b)

Figure 2.1. (a) Schematic of conjugation in the polymer backbone, (b) extension of = bond
electrons over the backbone structure.
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Figure 2.2. Electronic structure of an intrinsic organic semiconductor.
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Figure 2.3. The chemical structure of (a) poly(phenylene vinylene) (PPV), (b) poly(2-methoxy-
5-(2'-ethylhexoxy)-1,4-phenylenevinylene)(MEH-PPV) and (c) polyfluorene.

Energy

P DOS

Figure 2.4. Illustration of the shape of density of states in HOMO and LUMO levels of an
organic semiconductor.
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Since the conjugation length is limited, electrons and holes have to hope from one
localized site to the unoccupied neighboring segment site. Therefore, conduction in the
organic semiconductors is dominated by the hopping mechanism. This is the main
justification of less electrical conductivity of organic materials in comparison to
inorganic ones. However, in contrast to inorganic semiconductors, mobility, a measure
of conductivity of a material, is strongly thermally assisted in organic semiconductors.
The study of mobility helps one to understand organic material characteristics. It is
observed that higher mobility is resulted by increasing temperature which indicates that,
with the aid of phonons, charge carriers can overcome the potential barriers to jump into
unoccupied localized states in higher energy levels. Therefore, mobility is a temperature
dependent parameter proceeding by the hopping which initially described by Miller and
Abrams [11]. Further transport measurements of organic devices have shown that charge
carrier mobility depends not only on temperature but also on the applied electric field
together with charge carrier density [12].

2.30rganic Diodes

A simple design of organic diode consists of a single layer of organic semiconductor
material sandwiched between two electrodes. Depending on the materials which are
used as electrodes, three different types of diodes are achieved as illustrated in figure
2.5. Two of them are known as single carrier devices, since they allow only one type of
charge carrier, electron or hole, transfer through the device. These diodes are used to
study the charge transport in organic semiconductors. In a single carrier diode, one of
the electrodes is selected in such a way that it produces a large potential barrier for
unwanted charge carrier, so the current in the device is provided by injection of
favorable charge carrier from the other electrode that has a good alignment of work-
function with HOMO (hole only device) or LUMO (electron only device) of the active
layer [figures 2.5(a) and (b)]. The third type of diodes is a light emitting diode in which
electrons are injected from cathode and holes are injected from anode into the LUMO
and HOMO level of organic semiconductor, respectively. The charge carriers move
toward each other and due to the coulomb interaction they attract each other which
results in the formation of excitons. The formation of excitons is followed by emission
of light which is due to a so-called recombination process. Depending on the band gap
of the semiconductor, the light output may be created in a region of the visible spectrum.
The abovementioned processes that govern the operation of OLEDs are shown
schematically in figure 2.5(c).
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Figure 2.5. Design of single-layer organic diodes: (a) hole only diode, (b) electron only diode,
and (c) light emitting diode together with illustration of basic operating processes of OLEDs; 1-
charge injection, 2- charge transport and 3- recombination.

2.4Electrical Characteristics of OLEDs

The process of luminescence in organic light emitting diodes is under the influence of
complexes electronic procedures; charge injection and charge transport through the
devise. The process of entering charge carriers into the active layer is referred to as
charge injection since the carriers enter through the surface boundary. Depending on the
potential barrier at the interface the current might be either charge injection limited or
bulk limited. In practical diode thicknesses if the injection barrier ¢ < 0.3 eV the current
is limited by bulk transport [13], otherwise the charge transport rate in the active layer is
higher than the injection rate, then the electrode cannot supply as a reservoir anymore
and the current becomes limited by injection. Additionally, in the case of light emitting
diodes the unbalanced charge injection also gives rise to a large decrease of the
conversion efficiency. This section is mostly inspired of Refs [14 and 15].

2.4.1 Charge Injection

A formation of interface barrier between semiconductor and metal contact is illustrated
in figure 2.6. Before contact two systems are in their original states (left picture in figure
2.6). Upon contact, the Fermi levels of metal and semiconductor line out, as a result, the
band bending appears in the orbital levels of semiconductor. Then, the interface energy
barrier is the energy that charge carriers need to go from the Fermi level of the metal
into the conduction level (LUMO level in organic semiconductors) of the semiconductor
after the contact; ¢, = E. — Eg. By comparing the work-function of metal (¢y) and
work-function of semiconductor (¢s) three different types of contact barrier would be
resulted as shown in figure 2.7. If the metal work-function is larger than semiconductor
work-function (¢ > ¢g), electrons would be depleted from semiconductor, so the
contact region cannot supply enough charge carriers to the bulk of the semiconductor

10
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and the contact is called injection limited for electrons while it is ohmic for holes [figure
2.7(a)]. Under the condition of figure 2.7(b) the Fermi levels and, as a consequence, the
work-functions are equivalent, therefore no redistribution of charge carriers is needed.
When the metal work-function is smaller than that of semiconductor (¢py < bs),
electrons flow from metal to the semiconductor and holes are accumulated at the
interface, as a result the contact is ohmic for electrons and at the same time it is injection

limited for holes [figure 2.7(c)].

TV TV
—E¢ —— E¢
777777 E - E

7 F 77 F

%) )
F—E E i —E
Tt v v T+ v
(@) (b) (©

Figure 2.7. Different barrier types upon the contact of a metal and semiconductor. (a) describes
the condition of ¢, > ¢4 where the contact is injection limited for electrons and it is ohmic for

holes, (b) corresponds to a neutral contact ¢,, = ¢¢, and (c) shows the ohmic contact for
electrons and injection limited situation for holes (¢,, < ¢).

11
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In an OLED a high work-function material such as poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT-PSS) and a low work-function material, like
Barium (Ba), are chosen as two electrodes. After connection, at zero voltage, the Fermi
levels line out by flowing electrons through the external circuit from the cathode (Ba) to
the anode (PEDOT-PSS) which leads to formation of a built-in electric field. This built-
in electric field opposes the drift current. As long as the applied voltage is below the
built-in voltage, the current is dominated by diffusion and increasing of the voltage
(V> Vy;) leads to fully surmounting the built-in field and providing the situation of
recombination. These situations are depicted in figure 2.8.

Ba

PEDOT-
PSS

Figure 2.8. lllustration of band diagram of an OLED with ohmic contacts at (a) no applied bias
(V=0), (b) when V=V, and (c) V>V, .

2.4.2 Current-Voltage Characteristics

The main feature of current-density-voltage (J-V) characteristic of an organic LED is
being non-linear, which is associated with the fact that the driving current is due to the
injection of charge from the electrodes and not resulted from the bulk-generated carriers
[16]. Whenever the ohmic contacts are formed by the appropriate electrodes in an
OLED, three different regimes can be distinguished in a plot of J-V measurements: 1)
leakage, 2) diffusion and 3) space charge limited current (SCLC) regimes. This feature is
observed for a typical OLED device in figure 2.9. From figure, at low voltages the
current is dominated by leakage current. Leakage current behaves linearly with
increasing voltage up to a certain amount of voltage which is here approximately 1.6 eV.
Above 1.6 eV, the dependence of density current on the voltage changes from linear to
the exponential trend, which is known as diffusion regime. At higher voltages, above
built-in voltage, the behavior of current verses voltage tends to a quadratic dependence
and reaches the maximum value in high biases so-called space charge limited regime.

12
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So, one can use a J-V plot to estimate the built-in voltage at which the current starts to
deviate from the exponential behavior. In this example it is ~2.2 eV apparent in the
figure.
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Figure 2.9. An example of typical J-V measurements of an OLED.

2.5Summary

In summary, organic semiconductors were introduced as prominent materials in new
technologies such as OLEDs. It was explained that the semiconducting property of
organic semiconductors stems from the alternation of single and double bonds in the
backbone. Organic polymers are disorder materials in which the conduction is
dominated by the hopping mechanism which is temperature assisted. These organic
polymers are easily processed from solution and enable to proceed solution processable
OLED:s.

The charge injection, one of the important processes of OLED operation, was described
in detail. The importance of alignments between the work-function of electrodes and the
HOMO and LUMO levels of active layer in an OLED was highlighted. The nonlinearity
characteristics of current-density-voltage of OLEDs, an electric field dependent quantity
including leakage, diffusion and space-charge limited current, was shown using an
example of J-V measurements of a typical OLED.

By considering the fundamental concepts mentioned in this chapter we use a novel
solution processed electron injector material in our experiments. The results of our
investigations will be discussed in the following chapters.

13



Chapter 2 | Theory

Refrences

(1]
(2]
(3]

[4]
(5]
(6]
[7]
(8]
(9]

[10]

[11]
[12]

[13]
[14]
[15]

[16]

H. Shirakawa, E. J. Louis, A. G. MacDiarmid, C. K. Chiang, and A. J. Heeger, J. Chem.
Soc., Chem. Commun., 16, 578 (1977).

C. K. Chiang, C. R. Fincher, Y. W. Park, A. J. Heeger, H. Shirakawa, E. J. Louis, S. C.
Gau, and A. G. MacDiarmid, Phys. Rev. Lett., 39, 1098 (1977).

C. K. Chiang, M. A. Druy, S. C. Gau, A. J. Heeger, E. J. Louis, A. G. MacDiarmid, Y.
W. Park, and H. Shirakawa, J. Am. Chem. Soc., 100, 1013 (1978).

M. Pope, H. P. Kallmann, and P. Magnante, J. Chem. Phys., 38, 2042 (1963).

W. Helfrich and W. G. Schneider, Phys. Rev. Lett., 14, 229 (1965).

H. Hoegl, J. Phys. Chem., 69, 755 (1965).

D. M. Pai, J. Chem. Phys., 52, 2285 (1970).

W. D. Gill, J. Appl. Phys., 43, 5033 (1972).

J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H.
Friend, P. L. Burns, and A. B. Holmes, Nature, 347, 539 (1990).

A. C. Grimsdale, K. Leok Chan, R. E. Martin, P. G. Jokisz, and A. B. Holmes, Chem.
Rev., 109, 897 (2009).

A. Miller and E. Abrahams, Phys. Rev., 120, 745 (1960).

W. F. Pasveer, J. Cottaar, C. Tanase, R. Coehoorn, P. A. Bobbert, P. W. M. Blom, D. M.
de Leeuw, and M. A. J. Michels, Phys. Rev. Lett., 94, 206601 (2005).

P. W. M. Blom, and M. C. J. M. Vissenberg, Mater. Sci. Eng., R 27, 53, (2000).

T. van Woudenbergh, Zernike Institute PhD thesis, ISBN: 90-367-2277-2, (2005).

H. T. Nicolai, Zernike Institute PhD thesis, ISBN: 978-90-367-5398-2 (Electronic
version), (2012).

J. Kalinowski, Marcel Dekker, New York, U.S.A, ISBN: 0-8247-5947-8, (2005).

14



Chapter 3: Device structure and Characterization
Technique

3.1Introduction

In the current chapter, the design of the device and the experimental procedures for
fabrication and characterization of that are described. Also, the materials used
throughout this research are introduced in the follow.

3.2Device Fabrication and Electrical Measurements

An illustration of the under study OLED devices is presented in figure 3.1. As
mentioned before, the purpose of this project is to investigate the solution-based OLEDs
which can be fabricated by spin coating method. Therefore, the materials that are used in
such LEDs are organic materials with typical low conductivity which necessitate the
fabrication of very thin layers of the order of 100 nm. Dust particles are detrimental for
operation of such nano-scale layers, so whole the fabrication procedures have been done
in cleanroom environment. The samples were processed on top of 3 x 3 cm? glasses
patterned by indium tin oxide (ITO) layer. After cleaning substrates in the wet station
ultrasonically by acetone and propanol, they were dried in oven at 140°C for 10 minutes
and subsequently exposed to ultraviolet (UV) irradiation. However ITO is a suitable
transparent conductor allowing the generated light to escape through the bottom contact,
it is not smooth enough and spikes of that may pierce through the active layer and create
shorts. In addition, the work function of ITO tends to be decreased with time. In order to
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overcome these unexpected side effects, a conjugated polymer poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT-PSS) was used as
a flattening layer which prevents current leakage caused by local shorts, and improves
the work function as well. The spin coated PEDOT-PSS layer was typically 60 nm in
thickness. In order to remove the remaining water, samples were backed at 140°C and
then the next steps were following inside the nitrogen-filled glovebox.

. CsSt
> Al
7

Emissive polymer

- PEDOT:PSS

~ITO

Glass

(a)

Figure 3.1. Configuration of OLED samples; (a) an illustration of different layers, (b) the top
view, and (c) the OLED under operation.

A series of polymers from red to the blue luminescent, consisting MEH-PPV, NRS-PPV,
SPB103-001, SPB001-002 and SPW106, were spin coated from solution as an emissive
layer. All polymers, except MEH-PPV, were dissolved in Toluene and MEH-PPV was
dissolved in chlorobenzene. The program which used to spin coat them was set at 1000
rpm. In the last step, a new salt of caesium that is synthesized from stearic acid and
caesium carbonate [figure 3.2] was spin coated as well, from ethanol solution, and
finally, the cathode was capped with 100 nm aluminum. The capping layer was
deposited through the mask using thermal evaporation technique under the chamber
pressure 10~¢ mbar. The overlap of bottom (ITO) and top (Al) contacts defines four
active areas in each device, ranging from ~1x10°m?to~1x 10~*m?2. It is
schematically shown in figure 3.1(b), and an example of OLED under operation can be
seen in figure 3.1(c).

0
Il 1 I )
HC~(CH,) ~C~0-H + CP90-C-0°0® —y 2HC—(CH) ~C-0°C® + €O, T + H,0

i . Caesium stearale i
Stearic acid Caesium carbonate Carbon dioxide ~ Water

Figure 3.2. The Synthesis of the caesium stearate (CsSt).
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In this thesis several different structures of OLEDs were investigated, like single-carrier
devices or inverted one, via replacing the anode and cathode by other appropriate
electrodes of which we will mention to them in the next chapter.

The current-voltage measurements were performed in the nitrogen-filled glove box
using a computer controlled Keithley 2400 SourceMetere and the emission spectra were
collected via a Si-photodiode connected to a Keithley 6514 electrometer. Thicknesses
were measured by a Dektak 6M Stylus Profiler.
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Chapter 4: Results and discussion

4.1 Introduction

In this chapter the results of our experimental data of studying OLEDs, in which CsSt is
employed to play the role of electron injector, are presented. It is demonstrated that CsSt
can act as an effective cathode for single layer conventional OLEDs based on variety of
luminescent polymers. Afterward, a short study on an electron transporting material
called LP121-F4, a polyfluorene derivative, is treated and a brief conclusion is provided
at the end of this chapter.

4.2 Solution processed electron injection layer; CsSt

OLEDs based on series of polymers with different band gaps and characteristics are
discussed in this section. Different device configurations are investigated. In all the
OLEDs the ITO electrode covering by PEDOT-PSS plays the role of anode and CsSt is
considered as cathode, unless we point to that where the device has different structure
than the conventional ones. To clarify our results we compare them with a reference
device in that Ba is employed to inject the electrons into the LUMO level of active
material instead of the case study cathode, i. e. CsSt. Barium, a metallic material which
has to be deposited through the thermal evaporation technique, has a low work-function
close to 2.6 eV introducing it as a good electron injector for a broad variety of polymers.
First the results of PPV derivative based LEDs are presented, and then the devices with
two types of blue polymers (SPB001-002 and SPB103-001) and a white copolymer
(SPW106) active layers are studied.
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Chapter 4 | Results and Discussion

4.2.1 Charge injection and recombination in derivatives of poly(p-phenylene
vinylene)(PPV)

First, the results of a conventional OLED consisting 150 nm poly(4'-(3,7-
dimethyloctyloxy)-1,1'-biphenylene-2,5-vinylene) (NRS-PPV) emitting layer are
discussed. NRS-PPV is a well-studied derivative of prototypical conjugated polymer
called poly(p-phenylene vinylene)(PPV). The band gap of NRS-PPV is approximately
equal to 2.2 eV, yielding a red/orange emission.

The film formation processes can affect both the thickness layer and how the layer
covers the beneath layer in quality. The two important factors which in regarding to
cathode layer can directly impress the charge injection at the interface layer as well as
quantum efficiency (QE) (photon/charge carrier). So we tried to find the optimum spin
coating program for 2 mg/ml concentration of CsSt. Among the different programs that
were used, the best results were in associated with the 1000 rpm spin coating program of
the cathode layer which are depicted in figure 4.1 together with the data of Ba based
OLED as a reference. It can be observed that the light output and current efficiency
(light output/current) of the under investigation devices are comparable with the
performance of reference device over the whole applied voltages. It may imply that the
contact is ohmic and there is no injection limited. However the current feature of sample
with open lid coating program is more consistent with reference device and for an
unknown reason the current density of sample with closed lid programming is higher
than Ba based device, figure 4.1.(c) shows that the maximum efficiency of the device
which is coated with closed lid condition is slightly higher than that of all devices. So, it
IS not clear to claim which program is better than the other. Besides the quantity of the
device efficiency, the uniformity of lighting area is also of importance. For the two cases
with 1000 rpm coating (open and closed lid), a uniform shining area with very tiny dark
spots was seen, in contrast, the other samples with different spin coating program
exhibited a nonuniform lighting with random dark parts. We may conclude that this is
the reason of less efficiency belongs to the devices with higher speed coating of cathode
(these results are not shown here), since larger part of the device is not active in the
light-emission process, although the current also was not efficient enough.

The use of different concentration of material may lead to creation of a layer with
different thickness. Here, as the same as previous one, the best results of an OLED with
the cathode of 5 mg/ml CsSt were related to the 1000 rpm spin coating of cathode. In
this case, as figure 4.2 indicates, the current is more sensitive to the spin coating
program in comparison to the previous samples. In addition, the currents are order of
magnitude lower than that of previous ones. This seems that the injection would be
somewhat problematic for these samples as compared to the devices with 2 mg/ml CsSt
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cathode. The reason of that is still a challenge and it is not proved to be a consequence of
thickness problem. Nevertheless, the light output and efficiency of the device in which
the cathode is spin coated with closed lid are comparable with the performance of
reference device, especially in higher operating voltages. Since the quenching effect
would be expected to be the same in all devices, so the lower efficiency in low voltages
may be justified by the higher leakages in under study device.
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Figure 4.1. (a) J-V characteristics of OLEDs consisting 150 nm NRS-PPV (active layer) with
different programs of spin coating 2 mg/ml CsSt as a cathode at room temperature compared to
the device with Ba cathode (blue line). The corresponding (b) photocurrent density and (c)

efficiency of devices.
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Figure 4.2. (a) J-V characteristics of OLEDs consisting 150 nm NRS-PPV (active layer) with
different programs of spin coating 5 mg/ml CsSt as a cathode at room temperature compared to
the device with Ba cathode (blue line). The corresponding (b) photocurrent density and (c)

efficiency of devices.
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In the next step, in order to have an idea how the electron injection functions we replace
the top metal contact (Al) with Ag to investigate if the mechanism of injection is related
to the top contact material. We have chosen Ag because it has a work-function close to
that of Al but it is much less chemically reactive. Al and Ag have been thermally
evaporated with the thickness of 100nm and 80nm, respectively. 2 mg/ml CsSt was spin
coated by 1000 rpm with closed lid. From the figure 4.3(c), the maximum efficiency of
the device including Ag contact is ~10~> and the efficiency of the Al top contact device
is ~7.4 x 10™*. Therefore, as results show [figure 4.3], this replacement gives rise to a
huge reduction in light output and consequently less efficiency. Although the
mechanism is not understood, this seems that CsSt could not inject electrons from the
Ag to the active layer, significantly. It may concern with the effect of slightly difference
between the work-function of contacts, which is evaluated to be ~4.3 for Al and ~4.6 for
Ag, or this result may imply that an interaction between CsSt and Al at the interface
plays important role in injection of electrons from Al to the emissive layer. Analogous
results have been achieved in studies of cesiumcarbonate (Cs,Co;) material as a cathode
in PLEDs [1-2]. Huang and co-workers have reported that the solution-processed
Cs,Co5 forms an Al-O-Cs structure at the interface of Al contact, and they concluded
that the reaction of Al with spin-coated Cs,Cos is the origin of formation a low work-
function interfacial layer and hence much effective injection is resulted [1]. In addition,
recently, Zhao et al. have detected the diffusion of Al into the Cs,Cos; in their
experiments and from the spectra of the Al XPS they recognized an interaction between
Al and Cs,Cos [2]. Moreover, in the studies of thermally evaporated Cs,Cos, it has been
demonstrated that however the main mechanism of injection is ascribed to the
decomposition of Cs,Co; during the vapor deposition, the reaction of thermally
evaporated Cs,Co; with Al can further reduce the work-function of the cathode and
improve the injection process [1, 3 and 4].
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In the following an other derivative of PPV polymer called poly(2-methoxy-5-(2'-
ethylhexoxy)-1,4-phenylenevinylene)(MEH-PPV) is investigated. MEH-PPV differ
from NRS-PPV by it’s side-chain and has almost the same band gap which results in
red/orange emission. So, for this material spin coating of 2mg/ml CsSt with 1000 rpm
revealed the best result as well. This result of MEH-PPV based device with the thickness
of 145 nm is compared with that of reference device in figure 4.4. As can be seen from
the figure 4.4(c) the efficiencies are in the same order of magnitude.

The emission spectrum of devices indicates no shifting, due to CsSt cathode, occurs in
color emission [figure 4.5].
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Figure 4.5. Emission spectra of 145 nm MEH-PPV based OLEDs with different cathode; Ba
cathode (blue line) and CsSt cathode (red line), recorded at 5 V.

In order to compare the lifetime of devices with the Ba based device, the samples were
kept inside the nitrogen-filled glovebox and after 4 days the current density was
measured. The efficiencies were in the same magnitude as before but a lot of dark spots
were created on the shining areas. Then the samples were taken out of nitrogen-filled
glovebox, on day 6, and were characterized in the room atmosphere several times in a
day with 2 hours duration in between. The efficiencies still were almost the same as
before in magnitude but more dark spots were observed in the lighting areas. The
measuring was continued and 2 days later, only some spots were lightening in the
reference device (they may resemble the created short currents due to the numerous
operation) and slightly larger parts were shining in the under study devices. These
results are shown in figures 4.6, 4.7 and 4.8. From these observations, it seems that the
degradation mechanism of samples is different, as the Ba based device degrades faster in
terms of current and luminance while the CsSt based OLEDs degrade faster in terms of
efficiency.

In this respect, the use of air-stable charge-injection interfaces is of particular
importance. Recently, metal oxides have gained interest for this purpose. In fact, metal
oxides are considered as a good candidate since they bring forward the combination of
criteria such as good electrical conductivity, high transparency, ability of depositing on
large areas as well as high air stability. The high performance devices reported with this
point of view are those which consisting of both a metal oxide cathode and anode [5-10].
In these devices, actually, the organic emissive material is sandwiched between two
metal oxide electrodes and the device is protected from the environment. Such a kind of
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Figure 4.6. Stability of an OLED consisting 145 nm MEH-PPV (active layer) with Ba cathode.
(@) J-V characteristics, and the corresponding (b) photocurrent density and (c) efficiency of

device.
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cathode spin coated with open lid. (a) J-V characteristics, and the corresponding (b) photocurrent
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of device.
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OLEDs are known as hybrid organic-inorganic light-emitting diodes (HyLEDs) having
the advantages of both organic and inorganic materials with inverted architecture
compared to conventional ones. In an inverted structure, the cathode is deposited on top
of bottom contact and anode is placed on top of active layer. Examples of metal oxides
used in this field are molybdenum trioxide (MoO5) and vanadium pentoxide (V,05) as
hole injectors, zinc oxide (ZnO) and titanium oxide (TiO,) as electron injectors. As a
cathode, ZnO exhibits a low work-function and, more recently, Bruyn et al. have
demonstrated that ZnO is as efficient as Ba in conventional OLEDs and provides
exceptional stability [5]. Furthermore, in Ref [6] Lu and coworkers have provided better
alignments between work-function of ZnO and the LUMO level of several polymers
including MEH-PPV, Poly[9,9-didecanefluorene-alt-(bis-thienylene)benzothiadiazole]
(PF10TBT) and an indacenodithiophene copolymer with a benzothiadiazole acceptor
unit (IDTBT) by electrical conditioning which resulted in a comparable efficiency of the
inverted OLED with the normal geometry OLED. They have attributed this observation
to the processing conditions of ZnO that they used in their experiments which leads to
accumulation of hole carriers at the interface of ZnO/polymer. Other report shows
efficient electron injection can be achieved by ZnO in a F8BT based HyLED [7].
Afterwards, it was shown that electron injection into the F8BT was improved by
modifying the ZnO surface using Cs,Co5 [8]. A thin layer of solution-processed Cs,Cos
in contact with ZnO leads to not only a decrease in substrate work-function, but also an
interfacial n-doping of the polymer by the Cs,Co5 [8-9]. Later on, further improvement
was revealed in the report of Vaynzof et al. via coannealing of the Cs,Co; and the F8BT
films [10].

In this work, with the same purpose, we employed CsSt material to enhance the electron
injection from ZnO into the MEH-PPV, although, unfavorable result is obtained [Figure
4.9].

ZnO was dissolved in ethanol from a precursor solution of Zinc acetyl acetonate hydrate
(Zn(acac),) with the concentration of 20 mg/ml followed by conversion to ZnO at
55°C. To fabricate inverted OLEDs, ITO patterned substrates were heated at 55°C for
few minutes and a layer of ZnO was spin coated in ambient condition yielding layer
thickness of 20 nm. After annealing the samples at 120°C for 1 minute, they were
transferred into the nitrogen-filled glovebox and 2 mg/ml CsSt was spin coated at 1000
rpm rate in the case of under investigation device. Active layer (MEH-PPV) was
deposited and fabrication procedure was followed by evaporating a 10 nm MoO; layer
encapsulated by 100 nm Al layer under pressure of 107 mbar. Our result which
belongs to ordinary inverted device (without CsSt layer) is in consistent with the result
of Ref [6].
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In order to investigate the electron injection property of CsSt more precisely, electron
only (EO) devices were prepared. All devices were constructed on glass substrates on
which a layer of Al with the thickness of 30 nm was evaporated. Depending on the
cathode material which would be investigated as either a bottom or top contact, different
layers were deposited subsequently, finally, all the devices were encapsulated by 100 nm
Al. The active material was 140 nm MEH-PPV.

The electron injection characteristic of CsSt was investigated by the structures of
Al/CsSt/MEH-PPV/AI and AI/MEH-PPV/CsSt/Al as a bottom design cathode and top
configuration cathode, respectively. As figure 4.10 shows, CsSt acts as a somewhat
more efficient cathode when it is deposited on the bottom contact. Hysteresis curves in
the plots are the feature of EO devices; that is probably due to permanent trapping of
electrons.
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Figure 4.10. J-V characteristics of EO diodes with different structures. The Blue plot
corresponds to the structure where CsSt is used on top of active layer and the red plot is for the
device in which CsSt is used as a bottom electrode.

The electron injection ability of bottom design CsSt cathode is compared with that of Ba
in figure 4.11. The curves show electron injection of CsSt is comparable to that of Ba
(the difference is by a factor of 7) when the backward bias is applied. Dealing with EO
diodes, it is necessary that the fresh samples to be tested, so slightly difference can be
seen in the currents when switching inversely.
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applying forward and backward biases.

By considering the hypothesis that the bottom design CsSt acts as a better injector
together with the fact that the electron barrier is smaller where the Al is used as a bottom
contact [11], we aimed to study an inverted OLED in which the ZnO is replaced by a
thin layer of Al. The thickness of Al was chosen to be 5 nm. For comparison, the result
of ordinary inverted OLED (ZnO/MEH-PPV) is also presented. Consider the blue and
red curves in figure 4.12, although it is not completely clear if the injection would not be
problematic, we believe that the lower photocurrent may stems from the fact that 5 nm
Al was not transparent enough to allow the light to escape from the device. Hence, a
device with 2 nm Al was considered. In this case for sure there is not sufficient electron
to recombine with holes, since the measurements reveal lower photocurrent with respect
to the device with 5 nm Al despite of the fact that 2 nm Al is more transparent. In
conclude no reasonable results were achieved by this new suggestion of inverted OLED
configuration, because having effective electron injector and transparent electrode
simultaneously cannot be provided by Al.
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4.2.2 Charge injection and recombination in blue polymers: SPB001-002
and SPB103-001

Blue emitting polymers have wide band gap which makes the injection to be
complicated for both electrons and holes. In order to overcome this problematic issue,
different approaches have been investigated in Ref [12] by Nicolai. One rout is the
incorporation of arylamine units to improve the injection and transport of holes, as hole
injection is understood to be more challenging due to the deep HOMO level of these
polymers. SPB001-002 and SPB103-001, investigated blue emitting materials in this
thesis, are two examples of such polymers with different amounts of hole transporting
unit. Fist the results of SPB001-002 with 190 nm thickness are presented in figure 4.13.
Here, the only reasonable result is given by spin coating of 1.5 mg/ml CsSt with 1000
rpm when the lid is open. However, interestingly enough, the efficiency of the case
study device is slightly higher than that of reference, the lighting area was not uniform
and random parts were shine which indicates that the CsSt cannot be coated smoothly on
top of this polymer.

The other blue polymer, SPB103-001, is studied under different conditions of spin
coating 2 mg/ml cathode material as well, and compared with reference device in figure
4.14. This polymer has a lower LUMO level with respect to the previous one leading to
lower potential barrier for electrons and hence more efficient electron injection. This
feature can also be observed by comparing the J-V and J,, —V plots of the two
reference devices, where in the case of SPB103-001 based device the higher current
acquired in lower voltages on one hand and the turn on voltage is lower on the other
hand which demonstrates lower band gap.

Although, the two under investigation SPB103-001 based samples show lower currents
in compared to the Ba based device, they exhibit comparable efficiencies in high biases.
We ascribe the lower efficiency in low voltages to the higher leakage current of them.
We would like to mention that the lighting areas were uniform and only very tiny dark
spots were observed. The active layer thickness was 90 nm.
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4.2.3 Charge injection and recombination in white copolymer: SPW106

The devices in this section are based on a 90 nm active layer of white emitting
copolymer in which green and red dyes are incorporated in a blue backbone. Therefore,
due to the wide band gap associated with blue backbone polymer, finding suitable
injection materials is challenging. From the figure 4.15, it is clear that the current
densities are quite low but the efficiencies are good enough and comparable to each
other in high operation voltages. As mentioned before, the lower efficiencies of devices
based on 2 mg/ml CsSt cathode (coated by 1000 rpm either with open or close lid) in
low voltages attributed to the higher leakage current in comparison to reference device.
It is worth to point that the active areas were uniform with very tiny dark spots in all
devices.

Seeking to know the reason of low current feature of the devices, we investigated hole
only (HO) devices with the structure of ITO/PEDOT-PSS/SPW106/Mo0/Al, because,
deep HOMO level is known as the characteristic of this copolymer and it has been
proved that MoO; acts as a more efficient hole injector in polyfluorene derivatives, the
class of materials which used as a backbone here [12]. In conclusion, figure 4.16
temperature scan of J-V measurements demonstrates no crucial difference between
injections in terms of PEDOT-PSS and MoO. The scans are performed in forward bias.
The hole mobility, po~1071° m?/Vs, is determined few order of magnitudes lower than
common luminescent polymers in this class of polymers. So, it may conclude that this
copolymer is not a good conductor intrinsically.
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Figure. 4.15. (a) J-V characteristics of OLEDs consisting 90 nm SPW106 (active layer) with
different programs of spin coating 2 mg/ml CsSt as a cathode, compared to the device with Ba
cathode (blue line). The corresponding (b) photocurrent density and (c) efficiency of devices
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4.3Electron transport in polyfluorene derivative: LP121 F4

One of the loss mechanisms that suppress the luminescence in the OLEDSs is exciton
quenching at the cathode. In this line, multilayer OLEDs are interesting; however
solution-processed multilayer devices remain problematic. In this work, a double layer
solution-processed OLED is shown using an electron transporting polymer known
LP121 F4. The LP121 F4 polymer supplied by MAX-PLANCK institute is a
polyfluorene (PF) derivative with the chemical structure of figure 4.17 which is soluble
in polar solutions. The polymer was spin coated from ethanol with the concentration of 9
mg/ml. The program used for coating is 1000 rpm with closed lid, yielding ~20 nm
thickness of layer measured by AFM. This polymer is used as an electron transporting
material between Ba and the active material which is 185 nm MEH-PPV. As depicted in
figure 4.18 the results of the device are the same as what we get from the reference
device. The extra electron transporting layer did not increase the efficiency. This
unexpected result may be justified with the discussion of Ref [13] where the authors
have investigated two different thicknesses of MEH-PPV OLEDs and quantitatively
studied the effect of two different loss mechanisms; non-radiative trap-assisted
recombination and exciton quenching at the cathode. They realized that for devices
thicker than 100 nm, non-radiative trap-assisted recombination is the dominant current
efficiency loss mechanism rather than quenching effects.
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Figure 4.17. Chemical structure of LP121 F4 polymer.

We were interesting to know how the electron transporting layer would affect the results
when it is used in the device without Ba cathode. Interestingly enough, the results were
considerably comparable with that of reference device, indicating that electron injection
into the polyfluorene electron-transporting layer is efficient even from an aluminum
cathode. All the devices were different from each other slightly only at high voltages;
however the lighting areas of devices including electron transporting layer exhibited
some dark spots which were even larger dark parts in the case of single layer device with
PF derivative layer.
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Figure. 4.18. (a) J-V characteristics of OLEDs consisting 20 nm electron transporting layer with
the structure of ITO/PEDOT-PSS/MEH-PPV/LP121-F4/Ba/Al (green line) and ITO/PEDOT-
PSS/MEH-PPV/LP121-F4/Al (red line). compared to the device with Ba cathode (blue line). The
corresponding (b) photocurrent density and (c) efficiency of devices.
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4.4Conclusions

In conclusion, solution processable OLEDs were investigated in this work. An electron
injector material called caesium stearate (CsSt) was introduced as a cathode which can
be deposited through spin coating method and can replace conventional cathode layers
deposited by thermal evaporation under high vacuum. The electron injection property of
CsSt layer was investigated precisely using electron only diodes and it is shown that
CsSt can be as efficient as Ba cathode. This result is also evident from the observations
of a broad series of electrical measurements in different regions of spectrum (red/ blue/
white emitting active layers) presenting comparable device performances with that of
evaporated Ba cathode based OLEDs. These results enable us to render fully solution
processed OLEDs.

Study of devices fabricated with different encapsulating contact layer showed that
electron injection from CsSt layer is relatively sensitive to the choice of capping metal.
Moreover, comparison of lifetime of devices with reference one, which is a Ba based
device, implies different degradation mechanism of samples.

In addition, a brief study was done on a solution processed double layer OLED together
with a single layer one consisting an electron transporting layer. Although the results of
single layer device had good agreements with the results of reference device, we believe
that CsSt is better option for solution-processable cathode purposes, since it can be
reproduced much easier than polyfluorene derivative polymer that used here as electron
transporting layer.
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